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ABSTRACT

Acoustic emission (AE) monitoring of selected pressure
boundary areas at TVA's Watts Bar, Unit 1 Nuclear Power Plant
during hot functional preservice testing is describad inthis
report. The report deals with background, methodology, and
results. The work discussed here is a maor milestone in a
program supported by NRC to develop and demonstrate application
of AE monitoring for continuous surveillance of reactor pressure
"boundariesto detect and evaluate growing flaws. The subject
work demonstrated that anticipated problem areas can be over
come. Wrk iscontinuing toward AE nonitoring during reactor

oper at ion~.
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EXECUTI VE SUMVARY

A programdevoted to devel oping and denmonstrating the use
of acoustic emission (AE) methods for continuous surveillance of
reactor pressure boundaries to detect flaw growth is in process
at Pacific N~orthwest Laboratory. This work is sponsored by the
US. Nuclear Regulatory Commission. In an initial phase,
technol ogy was devel oped inthe laboratory to identify AE from
crack growth and to utilize that AE information to estimate flaw
severity. Two key subsequent ||ohase£ are concerned with evaluat
ing and finalizing the technol ogy through testing on an inter
mediate scale test vessel (Phase 2) and demonstrating the
technology on an operating reactor (Phase 3). Phase 2 has been
conpleted and the results are being reported separately.

Through the cooperation of the Tennessee Valley Authority
(TVA), Phase 3 of the program is being conducted at the Watts Bar
Unit 1 Nuclear Power Plant. Selected areas of the pressure
boundary are being monitored with an AE system during preservice
testing and initial reactor nonitoring.” The cold hydrostatic
preservice test was nonitored and results reported previously.
This report isconcerned with the more recent AE nonitoring of
the hot functional test.

Locations on the pressure system to be monitored were
selected with the concurrence of the cognizant TVA, NRC, and PNL
personnel . The following three areas were instrunented for AE

moni t ori ng:
* Reactor coolant inlet nozzle No. 2

* The loop 2 accunulator safety injection piping near
the connection to loop 2 cold Ieg

* Asection of the reactor pressure vessel bounded at
the top by the loop 2 inlet and outlet nozzles.

AE equipment used consisted of steel waveguide sensors
tuned to a selected frequency response, signal conditioners, a
commercial data acquisition system, and a PNL-built waveform
recorder for signal pattern recognition analysis. Monitoring
instrumentation was located in the auxiliary instrument room
with connection to the AE sensors on the reactor through perman
ently installed cabling. Cable connection through containment
was by way of twisted three-wire penetration conductors.

The results obtained from AE monitoring hot functional
testing are very significant to the objective of continuous AE
nonitoring. Reactor system temperature and cool ant flow noise
during hot functional should be similar to that during reactor



oF?a ion. Under these conditions, we were able to demonstrate
the following major Itens:

* Cool ant flow noise can be overcome as a problem to
noni toring.

* AE signals from a fracture specimen were detected
under essontially operating conditions.

* Spontaneous acoustic information was detected and
| ocated on the No. 2 inlet nozzle.

At coolant flow conditions of 350°F, 400 psig and above, the
waveguide sensors show only limited response to coolant flow
noi se. They, however, readily detected AE signals from a
fracture specimen mounted on piping in the vicinity of the
sensors. Spontaneous AE from the No. 2 inlet nozzle was also
detected and |ocated. Both detection functions were accom
plished at operating reactor coolant conditions (5570F, 2235
psig). The sensors and associated electronic amplifiers did not
show any deterioration from exposure to the high tenperature
envi ronnent .

The significance of these results lies in the fact that they
resolve what has been cited as primary obstacles to AE monitoring
during reactor operation. The results dermonstrate the feasi
bility of continuous AE nonitoring to detect growing flaws In
reactor pressure boundaries.



ACOUSTI C EM SSI ON MONI TORI NG
OF

HOT FUNCTI ONAL TESTI NG
WATTS BAR UNIT 1 NUCLEAR REACTCR

1.0 1 NTRODUCTI ON

A program devoted to devel oping and denonstrating the use
of acoustic emission (AE) methods for continuous surveillance of
réeactor pressure boundaries to detect flaw growth is in process
at the Pacific Northwest Laboratory (PNL). 1  This work is
sponsored by the US Nuclear Regulatory "'Commission. In an
initial phase, technology was developed™ in the laboratory to
identify AE from crack growth and to utilize that AE information
to estimate flavw severity.? Two key subsequent phases are
concerned with evaluating and finalizing the technology through
testing on an intermediate scale test vessel (Phase 2) and
finally, denpbnstrating the technol ogy on an operating reactor
(Phase 3). Phase 2 testing has been completed at a test site in
Mannhei m  West Ger many.

Through the cooperation of the Tennessee Valley Aut hority
(TVA), Phase 3 of the program is being conducted at the Watts Bar

Unit 1 Nuclear Power Plant. Selected areas of the pressure
boundary are being rmonitored with an AE system during:

* Cold hydrostatic testing
* Hot functional testing
* Reactor startup and power operation.
Monitoring cold hydrostatic test has been completed and the
results have been reported. 3 This report is concerned with
results from AE nonitoring hot functional testing.
2.0 PRESSURE BOUNDARY AREAS MONI TORED
Locations on the pressure system to be monitored were
selected with the concurrence of the cognizant TVA, NRC, and PNL
personnel .  The following three areas of the Watts Bar Unit 1
nuclear facility were instrumented for AE moni t ori ng:
* Inlet nozzle No, 2 on reactor cool ant | oop.

* The loop 2 accunul ator piping near the connection to
loop 2 cold leg.



A section of the reactor pressure vessel bounded at
the top by the loop 2 inlet and outlet nozzles.

Figure 1 provides a general perspective of these |ocations in
rel[ation to the total reactor system

SIENSORkS umots
INALEE OMITE

NOZZLIS Of VESSEL

Figure 1. AE Mnitoring Locations on \Watts Bar, Unit 1
React or .

Inlet nozzle No. 2 was chosen because preservice ultrasonic
examinations had revealed small indications in the nozzle due to
underclad cracking. jSeveral crack like indications around
inlet nozzle No. 2 were detected during preservice examinations.
The larger indications were repaired and only indicationAs al
| owabl e under Section X remain.]l  Also, this isone of the
| ocati ons where coolant flow noi'se should be at a maxi mum

The accunul ator safety injectioln pipe near the loop 2 cold
leg was chosen as a good location to mount a fracture speci men
in conjunction with an array of AE sensors. The objective being
to eval uate detection of AE under essentially plant operating
environment. Again, this location should experience a maximum
cool ant flow noise.



The section of vessel wall is being monitored to hel!o assess
the feasibility of AE monitoring the vessel belt line fabrica
tion weld with sensors at the closest readily accessible |oca
tions on the vessel.

3.0 TEST EQUI PMENT AND | NSTALLATI ON

The AE equipment used for monitoring the Watts Bar hot
functional test consisted of tuned wavegui de sensors, conmer
cial high temperature sensors, signal conditioners, a Dune
gan/Endevco 1032D data acquisition system, and a PNL-built
waveform recorder for signal pattern recognition analysis.
Monitoring instrumentation was located in the auxiliary instru
ment room with connection to the AE sensors through permanently
installed cabling. Cable connection through containment was by
way of twi sted three wire penetration conductors.

3.1 SENSCRS

Location of gpecific AE sensors installed is shown in
Figure 2. The 14 sensors installed on the No. 2 inlet nozzle,
the accumulator pipe, and on the vessel wall under the No. 2
inlet and outlet nozzles consist of 1/8 inch diameter by two to
four feet long stainless steel waveguides with a differential
sensing element and a 20 dB gain differential nticroamplifier
mounted on one end. The other end of the waveguide is pressure
coupled to the structure. The two sensors Iinstalled at the
bottom of the vessel are Westinghoitse high temperature AE
sensors pressure coupled to the vessel surface.

The choice of 1/8 inch diameter for the waveguides i s based
on an experinental investigation. The propagation of elastic
waves through cylinders is a complicated phenomenon, which
depends strongly upon the cylinder dimensions, ultrasonic fre-.
quency, and especially the mde of propagation. Knowing this
information a' lows a theoretical formulation of the effect to be
generated. For the particular geometry and operating conditions
of these sensors, however, it was not clear how to apply this
theory because the nodes of propagation and excitation of the
waveguides are not well understood. As a result, it was decided
to proceed with an experimental evaluation for choosing the
proper wavegui de.

The major effect to be dealt with inwaveguide design Is
acoustic dispersion; i.e., different ultrasonic frequencies
travel at different speeds. Dispersion causes short ultrasonic
pulses (composed of many different frequencies) to be spread out
Intime. To quantify the effect of dispersion, a series of
measurements of pulse spreading was performed on rods of differ-
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Figure 2. AE Sensors Installed on Watts Bar, Unit 1 Reactor.

eat diameters. Inall cases the rods were 36 inches inlength.
A broadband pulse (center frequency of 500 kHz and bandw dth
approxi mately 60% approxi mately 2 m croseconds |ong was trans
mtted down the rods and the received pulse after one transit
t hrough the rods was recorded. Table 1 shows the results of this
experi ment.

Table 1. Affect of Waveguide Dianmeter on Internal
Di spersion of Pulse Energy

D anet er Recei ved Pul se
(i nches) Length (m crosec)
0. 315 300

0.190 300

0. 155 150

0.125 50

0. 095



From this sinple experinent, it was determ ned that the
t hinnest rod was the nost wuseful for faithfully transmtting
pul ses in the 300 - 500 kHz frequency range. The thin rods are
al so the least thermally conductive, and therefore, provide the
best thermal isolation for piezoelectric crystals and elec
tronics. The 0.125 inch rod was chosen as a conproni se between
the acoustical incentive to keep the wavegui de very small and the
need for sufficient nmechanical strength to facilitate the sen
sor/ ni croanp conbi nati on.

The sensors were characterized in the laboratory initi
ally. They were nmounted on a 12" x 12" x 4" steel block in a
manner simlar to the maunting on the reactor and a helium jet
was i npinged on the block. Heliumpressure is 30 psig and it is
fed through a #18 hypoderm c needle. The needle is placed
per pendi cul ar to the block surface 1-1/2" from the sensor wth
a standoff distance of 1/8". The helium gas jet is also
applicable as a field calibration nethod. Figure 3 Ahows typical
responses of the three sensor types involved in Watts Bar
moni toring plus a reference response of a broadband NBS sensor
to the heliue- ,as jet excitation. The significance of the NBS
sensor response is to show the frequency profile of the helium
gas jet input. The NBS sensor is essentially flat from 100 kHz
to beyond 1 MHz. A Tektronix Mdel 7L5 spectrum anal yzer was
used to produce the spectral traces. The spectral traces are
taken at the output of preanplification stages (mcroanplifier
20 dB plus the mid-anplifier 20 dB for wavegui des and nat chi ng
anplifier; 40 dB plus the mdanplifier 20 dB for Westinghouse
sensors and 60 dB for the NBS sensor). Differences in gain are
accounted for in Figure 3 so that the traces can be conpared
directly. The wavegui de sensors are tuned to a selected fre
guency response using inductive' tuning coils at the m croanpli
fier.

The spectral responses shown in Figure 3 are a logarithmc
measure. The analyzer reference point is the top of the grid
whi ch corresponds to 0 dBon the logarithm c scale. Wrking from
the top down, the logarithmc scale is in dB bel ow reference (10
dB/division). The analyzer reference value is 1 milliwatt when
a 50 ohm Input is used. The correspondi ng voltage val ues can be
det erm ned by:

Vpeak 0.224
| og P} x 0.707

Thus, on a voltage scale, the reference corresponds to 317
mllivolts peak.
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The inter .'acepressure required between the sensing devi ce and
the surface being monitored for effective acoustic coupling in
the 300-500 kHz frequency range has been evaluated experi nent
ally. The results indicate that about 15,000 psi is optinmum
i.e., no sensitivity improvement is observed above that and
sensitivity diminishes below that. With these waveguides having
a 0.05 diameter tip, 30 pounds force produces 15,300 pounds per
square inch pressure at the wavegui de/ structure interface.

The white sl eeve sections on the waveguide are to prevent
it from rubbing against *he structure. The outer end of the
waveguide is secured to the structure with a magnet for seismic
considerations. Cutouts were made in thL mirror insulation 10
accommodat e the nounted sensors.

As illustrated in Figure 2, two AE sensor arrays were
installed on the No. 2 inlet nozzle. One is a cylindrical array
which rmonitors the whole nozzle circunference. The other is P
guad array which concentrates on the region where AE infor.ratio:.
ias detected from the nozzle/vessel wei during cold hy')static
testing. Al eight of the wavegui de sensors in the two arrays
installed on the No. 2 inlet nozzle are tuned to 500 kHz peak
response. The final sensor mounted on the No. 2 inlet nozzle was
a pattern recognition sensor (PR-1). This was fed directly to
a wavefolm recorder where digitized waveforms were rec rded for
processing by a pattern recognition system. The response
characteristics of this sensor are shown in Figure 5. The

(REF 10 MILLIWATT)
10 | |
I 10dBm 500KHz
20 -l |
30 10dB 30KHz 100KHz

A

SOfiN

70
ELECTRONIC BACKGROUND

0 80

0 02 04 06 08 10
FREQUENCY MHz

Figure 5. Response Characteristics of Pattern Recognition
Sensor - Watts Bar, Unit 1.



primary difference between PR-i and the 375 kHz tuned sensors in
the arrays (Figure 3) is that 10 dB in peak sensitivity was
sacrificed during tuning 'Anorder to improve the bandwidth up to
700 kHz.

Sensors installed on the accumulator line are shown in
Figure 6. One sensor is not visible . it is on the back side of
the pipe opposite the sensor marked 2839. No insulation was
installed on the accunulator line at this location; hence, no
special effort was made to keep the contour of the stainless
steel bands close to the pipe as was done ol the nozzle. Sen
sors on the accunulator |ine are tuned to 375 kHz.

Figure 6. \Waveguide AE Sensors Installed on No. 2 Accumul ator
Line - Watts Bar, Unit 1.

The two sensors placed under the No. 2 inlet and outlet
nozzles to contact the vessel wall were 375 kliz tuned waveguides.
They were mounted using a bracket attached to the bottom of the
thermal shield annulus around the nozzles. See Figure 7. Some
difficulty was experienced with this arrangement because the

fixture placed the waveguide lip too high. It contacted the
start of the nozzle fillet radius rather than the flat vessel
wal | . As a result, it was difficult. to achieve the desired

pressure on the waveguide tip. Redesign of the fixture should
lower the wavegui de enough to overcont the problem



Figure 7. \Waveguide AE Sensor Installed on Vessel Wll Under
Inlet Nozzle No. 2 - Watts Bar, Unit 1.

In conpanion with the two sensors placed under the No. 2
nozzles are tw sensors |ocated directly below them near the
bottom end cl osure-to-vessel shell weld. One of these can be
seen in Figure 8. This sensor is a Westinghouse Mdel W.23842
hi gh tenperature AE sensor rniounted with a nagnetic fixture. The
sensor is not tuned in its present form

3.2 CABLI NG AND M DAMPLI FI ERS

Signal leads from the sensor/nicroanplifier output to the
contai nment penetration arc Bel den RG 141A/ U coaxial cable with

a 50 ohm i npedance. This cable is rated for an operating
tenperature up to 400°F. The cable is routed through rigid
conduit inside of containment. The penetrations wused are

twisted pairs which proved to be satisfactory in lieu of the
preferred coaxial penetrations. A penetration bundle was nade
available by TVA for testing in the laboratory in advance of
system installation. This testing showed that the inpedance
m smat ch between the penetrati on conductor and the coaxial cable
caused the mdanplifier to oscillate. This was overconme by
installing a special buffer in the first stage of the m danpli
fier.

At the outer end of the penetration (Figure 9), signal |eads
transferred to RG 58 coaxial cable in cable trays. The md
anplifiers were nounted in awall panel near the penetration exit
(Figure 10). From this point, the signal leads go to the



Figure 8. Westinghouse AE Sensor Installed it Bottom of Reac
tor Vessel - Watts Bar, Unit 1.

Figure 9. Containment Penetration Exit - Watts Bar.



Figure 10. Mdanplifiers Located Qutside Cont ai nnent
Watts Bar, Unit 1.

auxiliary instrument room where they terminate at three instru

ment racks installed to receive permanent AE moni coring instru

mentat ion.
3.3 MONI TORI NG | NSTRUVENTATI ON

Instrumentation planned for long term AE monitoring a
Watts Bar is not yet completed. In lieu of this, transportable
laboratory equipment was shipped to the site for the duration of
hot functional test monitoring. A Dunegan/Endevco Model 1032/1)
data acquisition system wps used to recei ve anid anal yze anal og
i nformati on. In addition, arrangements were made to use a
waveform recorder developed 'inder a Naval Air Development Center

program to record waveforms Cf acoustic signals produced in the
course of the test.

The Dunegan/ Endevco 1032/1) data acquisition system whi ch
receives the output from the sensor assemblies is microprocessor
controll ed. Acoustic enission events are detected and char
acterized by signal processing Circuit boards. ‘'ihe resulting
data are displayed and also stored on floppy disks to be accessed
for post-test analysis. A more detailed description of' the
Dunegan/ Endevco 1032/1) data acquisition system is presented in

Appendi x |.



The waveform recorder is a system developed at PNL to meet
a need for accurate digitizing and recording of acoustic wave
forms together with other related parametric information. Thle
system is centered around a microprocessor and stores the
digitized information on tape for retrieval and analysis. The
purpose in applying this instrument during hot functional test
ing was to record the waveform of signals detected for processing
by pattern recognition methods. Pattern recognition is a
process being devel oped to help isolate AE signals produced by
crack growth from other unimportant acoustic signals. Analysis
of waveforns collected from an actual reactor structure dufing
testing/operation is essential to refining the pvttern recogni
tion process. A more specific description of the waveform
recorder instrument is given in Appendix 11.

It isinportant to recognize that the AE system used isa
"breadboard" system assenbled to test the monitoring functions
developed under the NRC program. As such, it does not represent
the optimized data handling procedure. An engineering prot ot ype
system is being fabricated whi..h will incorporate the finalized
met hodol ogy.

4.0 TEST CONDI TI ONS

Hot functional testing is the last major reactor system
preservice functional test scheduled prior to fuel loading. It
has all of the elements of reactor operation present except for
the fuel load. Hot functional testing thus offers an excellent
opportunity to evaluate performance of a surv'y-illance system
such as the AE monitor system. In this instance, " the evaluation
was designed to consider the ability of the AE system to cope
with the reactor environnent and also to detect AE from crack
growth produced by a fracture specimen installed on the 10 inch
safety injection |ine.

The hot functional test is in process for about six weeks.
Description of the total test does not serve a useful purpose in
this report. The portion of the test during which AE testing was
actively performed is described in Figure 11 in the context
relevant to AE system evaluation. AE testing was performed
continuously during the cool ant tenperature/ pressure increase
from 1500F, 400 psig to 557°F, 2235€Psig over the period July 2
12, 1983. The aE system was then left on standby until July” 30
August 1, 1983 at which tine the systemwas again activated to
determine if system response was still consistent with the
Initial results at 55~7F, 2215 psig reactor coolant conditions.
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Figure 11. Hot Functional Test Sequence Relevant to AE
Monitoring - Watts Bar, Unit 1.

In order to test the capability of the AE system to detect
AE during simulated reactor operational conditions, a fracture
specimen (Figure 12) was pressure coupled to the 10 inch safety
injection line within the AE sensor array shown in Figure 6. The
speci nen was fabricated from tool steel, precracked, and heat
treated to produce a very low toughness material. It was loaded
mechani cal |y before installation and then secured to the pipe
with stainless steel bands. Crack growth was produced by thermal
expansion of the brass pin insert. Two such specimens were
t est ed.

5.0 TEST RESULTS

The results obtained from AE monitoring hot functional
testing are very significant to the objective of continuous AE
monitoring. Reactor system tenperature and cool ant flow noise
during hot functional should be similar to that during reactor
operation. Under these conditions, we were able to demonstrate
the foliowir.g major items:

1. Coolant flow noise can be overcome as a problem to
noritoring.
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Fi gure 12. Fracture Spr'cinen - Watts Bar, Unit 1.

2. AE signals froma fracture speci nen could be detected
under operating conditions.

3. Spont aneous acoustic information was detected and
| ocated on the No. 2 inlet nozzle.

4. Sensors and preanplifiers were not adversely affected
by the exposure to the high tenperature environnent.

5.1 COOLANT FLOW NO SE

Interference from cool ant flow noise has bLen one of the
maj or concerns relative to the validity of detecting flawgrowth
by conti nuous AE nonitoring in a reactor environnment. Wrk was
done nuch earlier to characterize coolant flow noise from both
BAR s and PWR s.(%»°) It appeared from these investigations
that the noi se probl emwas nmanageabl e. Subsequent wcrk done by
J.W MEroy and WF. Hartman att Phil adel phia El ectric Conpany's
Peach Bottom Unit 3 reactor(6,7) shows experinental evidence
that the fl ow noise problemcan be overcone using high frequency
(400-500 kHz) sensors.

Hot functional testing at Watts Bar Unit 1 has shown
concl uni ve evidence that the fl ow noi se is manageabl e at operat
ing conditions from an AE standpoint and also provides an
i ndication of where in a start-up sequence one night expect to



start effective monitoring. The flow noise conditions at the
locations Mmonitored represent a maximum. The noise will be less
severe at points in the coolant system more remote from the
punps. In some instances, val ve | eakage has been succes f Y
moni tored with accel eroneters responding below 100 kHz*

Referring to Figure 13, the detected noise from coolant
flow as A fuinction of temperature/pressure and sensor type 1S

150F -400 paig 350 F* 400 piug 4500F - 1200 psig 5576 - 2235 psig
A TUNED D ELEC.
40 - 600 KH2 NOISE
20 Li B TUNED E AE
375 KHz SIGNAL

1 C UNTUNED LEVEL
S 14 HI-TEMP.

12
010 V%

O - 1II

A SCD E A 6 CDE A B C D E A 8C D E
NOTES: 1) INFIORMATIOfV BASED ON 90 dB ELECTRONIC
AMPLIFICATION

2) AE SIGNAL LEVEL COMES FROM VAI UES MEASURED
DURING FATIGUE CRACK GROWTH IN AN INTERMEDIATE
VESSEL USING TUNED WAVE GUIDE SENSORS.

Figure 13. Coolant Flow Noise Vs. Temperature and Pressure
as a L'unction of Sensor Type - Watts Bar, Unit 1.

shown in relation to measured AE signal levels. It is important
to understand that the AE signal level range shown was measured
from fatigue crack growth with tuned AE sensors on an inter
medi at e scal e vessel test which PNL recently monitored in West
Ger many. The material was five inch thick A533B steel, the
sensors were similar to those used at Walts Bar, and test
conditions simulated reactor oOoerating conditions. On this
basis, it is considered legitimate to use those levels as a
reference here,

Noi se |evel values .ero derived from neasurijflnts of the
background noise level at the output of the mid-anps using an
oscilloscope. At this point, all waveguide sensor channels had



40 dB linear gain and the Westin%house sensor channels had 60 dB
linear gain. The results were then scaled up to a 90 dB gain to
relate more closely to an AE monitoring system. Details are
provi ded in Appendix [Il.

Figure 13 shows that the noise conditions at 150°F and 400
psig make detection of AE highly inprobable even with 500 kHz
tuned sensors under those conditions. As the coolant tenpera
ture and pressure increase, however, conditions inprove rather
dramatically. The tenperature increase appears to produce a
maj or portion of the change as illustrated by the increase to
3500F - 400 psig. At this point, the 500 kHz tuned sensors begin
to become effective for AE detection with an average signal-to
noise ratio of about 3.

As the tenperature and pressure increase to 4500F - 1200
psig and above, the coolant flow noise detected by the 500 kHz
sensor drops to less than one volt which should make it quite
effective for AE detection. The 375 kHz tuned sensor still shows
an appreciable noise level (4-1/2 to 5 volts) but could be used
for AE detection. The untuned high temperature sensor appears

to be very marginal for AE detection inits present form It
appears that the effectiveness of this sensor could be improved
by tuning to curtail low frequency response.

Considering the sensor response characteristics (Figure 3)
and the data i n Figure 13, the results indicate that the sensor
peak response needs to be in the 400 to 500 kHz range with tuning
to discriminate heavily (15-20 dB/100 klilz roll-off) against
lower frequencies to control coolant flow noise. This is
consistent with information dfitthered by JW. McElroy in his
recent report on AE moni tori ng(7) where he indicates 400 kHz as
the low end of the monitoring frequency range. Hs later
suggestion i n that report that monitoring as low as 100 kHz may
be feasible would be applicable to locations in the coolant
system much nore renote from the punps.

One rather obvious question to ask concerning the reduction
i ndetected coolant flow noise with increasing tenperature and
pressure is whether the sensor is simp(ijy loosing couplin? due to
thermal expansion of the mounting bands. This possibility was
tested periodically using an ultrasonic pulser to introduce
acoustic signals into the structure. This pulser was fixed in
place to minimize variation in the pulser input. One example of
the results of this testing is shown in Figure 14. This is a 375
kHz tuned sensor on the accumulator line. At 3500F - 400 psig,
the Pui ser signal is barely visible one and a haltf divisions left
of center. In the photo at 4500F - 1200 pslg, the ambie-nt noise
leadinig up to the signal is substantially reduced but the pulser
signal peak amplitude is identical in both cases showing that the
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SCALE-BOTH PHOTOS

VERTICAL: 1VOLT/DIVISION
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Figure 14. Detection of Pulser Signal by Tuned 375 kllz AE
Sensor - Watts Bar, Unit 1.

sensor sensitivity has not changed. The reduction in anbient
noise appears different in these photos comparea to what is shown
in Figure 13 for that type of sensor. The reason is that Figure
13 isa linear conparison while Figure 14 isthe output from a
logarithmc amplifier.

Another point to consider relative to sensors is the AE
detection range. Relating to the intermediate scale vessel test
in West Germany described earlier provides a gauge of this
critical parameter. The AE signal levels from fatigue cr:-ck
growth shown inFigure 13 were detected with a tuned waveguide
sensor array pressure coupled to the vessel surface similar to
those at Watts Bar Unit 1. The most distant sensor in the array
was about 10 feet from the source which indicates a delLection
range of at least that distance. The test environment included
glass fiber blanket insulation on the vessel surface and a vessel
tenperature of 5500F. Qther less direct investigation of this
issue performed on a raactor vessel at the Washington Public
Power Supply System Unit 4 at the Hanford, Washington ,iite
supports these results. The purpose of that work was to test
detection of simulated AE signals originating at the vessel
bolt-line. Referring to Figure 15 se-nsors were located on the
vessel in positions that cani be reached on an installed vessai.
The sensors used wre tuned to about 400 kHz peak response and
were surface mounted using an acoustic couplant. A simulated AE
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Figure 15. Detection of AE Signals from Reactor Vessel Belt
Line - B&W PWR Vessel, WPPSS Unit 4.

signal was injected c¢-n the outer surface of the vessel between
the sensors by fracturing a 0.5 mm Pentel pencil lead in contact
with the vessel surface. A damof absorbent mastic around the
signal source prevented direct surface wave propagation to the
sensors. As shown in Figure 15 these signals were readily
detected. This approach of detecting signals reflected from the
inside surface of the ferritic shell had to be used because the
stainless cladding inside of the vessel proved to be very
attenuative o' signals generated at the stainless to air sur

face. Although a sinulated AE signal was used and the sensors
were surface mounted, this provides another data point which is
consistent with the observation on the intermediate scale vessel

test in Germany.

Summarizing the coolant flow noise results:

* Even in areas of maxinmum coolant flow noise, noise
interference with detection of AE can be overcome for
coolant conditions of 3500, 400 pslg and above using
sensors tuned to 500 kHz with a lower frequency roll
off of 15-20 dB/ 100 KkHz.

* Below 3500F - 400 psig coolant conditions, it appears
that AE detection is not feasible even on a localized
basis in these areas of highest coolant flow noise due
to noise interference.

* In considering a given AE monitoring application on a
reactor, characterization of the noise could justify
alleviating some of the above constraints.



Evidence indicates that AE from crack growth should be
detectable at a distance of at least 10 feet using
pressure coupled 500 kHz tuned waveguide Sensors.

5.2 AE SIGNAL DETECTI ON- FRACTURE SPECI MEN

The fracture specimen described in Section 4.0 and Figure
12 was applied to test detection of AE signals under sinul at ed
reactor operating conditions in a maxinum coolant fl ow noise
area. The specimen was preloaded to a given value by tightening
the threaded plug wftij a torque wrench. It was then nounted on
the 10 inch accumulator pipe within the AE sensor array (Figure
6) while the reactor coolant was at the 5570F, 2235 psig
condition. The specimen fracture as a result of thermal expan
sion of the brass pin insert took place over about a 45 second
period as shown in Figure 16. These results are considered
significant because they represent detection of actual AE sig
nals in the high background noise using Sensors suitable for long
term reactor monitorin%. These results should be conservative
inthe sense that the AE signals were required to traverse the
pressure coupled specimen-to-pipe interface 1n order to reach
the sensors. Such an intervening interface would not, of course,
be present if the cracking were occurring in the pipe wall.

20.00
16-00
12-00
16.00-0
4000
000 0
10 1 0 3 4 0 6
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5.3 SPONTANEQUS AE DETECTED

During the final increase in reactor coolant temperature/
pressure (450°F/1700 psig to 557°F/2235 psig), acoustic signals
were detected on the No. 2 inlet nozzle. A feature of the data
that was of particular interest was the clustering of source
location points in the vicinity of the 2700 position on the
nozzle (Figure 17). The source of this data is not obvious. One
possible source is mirror insulation rubbing on the nozzle. This
shoul d not happen because the insulation is installed with a
clearance, and also, the signals are much shorter than would bo
expected from rubbing. Another potential source is one or more
indication identified in the nozzle-to-vessel weld during ear
lier inspection (page 25 of Reference 3).

1000

WATTS BAR INLET NOZZLE #2 450° TO 557°F

HOT FUNCTIONAL TESTING
500 VESSEL WALL 00 o0

K% i °0
t  PAE SENSORS REGION
Cw o B \_ OFINTE'EST joNINLE
oY X

Figure 17. Acoustic Data Detected on No. 2 Inlet Nozzle Dur
ing Final Pressure/ Tenperature Increase - Hot

Functional - Watts Bar, Unit 1.

The cluster is conprised of about 400 signals which were
rather evenly distributed over the final step. Figure 18 shows
t he accunul ation of acoustic data fromthe No. 2 inlet nozzl e and
the cool ant pressure/tenperature conditions over the region of
the test from 350°F/ 400 psig to 557°F/ 2235 psig. (Bel ow 3500F/
400 psig, background noise interferes with data identifica-



tion.) It is evident that the data accumulation in the last step
is more pronounced than in the earlier parts of the test. Also,
there was little indication of data clustering during the
earlier test steps. It is also interesting to note that the
acoustic data appears to be influenced by temperature change as
wel| as the pressure change. As illustrated in Figures i'9 and
20, the clustered signals appear to be somewhat unigque within the
total acoustic data from the No. 2 inlet nozzle. The peak signal
duration is in the 1 to 3 millisecond range foi clustered signals
as opposed to less than 1 millisecond for the total data (Figure
19). Aduration of 1to 3 msec. is in the range we would expect
for flaw generated AE. Insulation rubbing should produce nuch
| onger signals (greater than 10 msec.) Also, the anpli tude of
Eg)e clustered signals was higher than for the total data (Figure

These results have been discussed wth cognizant TVA and
NRC staff. TVA is working with PNL to better understand the
significance of the AE indication. Continued AE nonitoring of
the No. 2 inl nozzle during initial reactor operation is
pl anned as par6 of the NRC sponsored AE program

| n addition to determining parametric features of the data
col lected (event count, anplitude, duration, etc.), digitized
replicas of the signal waveforms were recorded. These are being
used in work to refine a pattern recognition technique for
identifying flaw generated AE signals in the midst of noise
signal s. his is discussed in Section 5.4.

5.4 ANALYSIS OF ACQUSTIC WAMEFORMVS

One of the specific objectives of the NRC-sponsored AE
program is to develop a method for distinguishing crack growth
AE signals from other irrelevant acoustic signals. This becomes
a very key element in the total approach being developed. It is
a necessary supplement to AE source location in order to provide
an accuraie neasure of the number of crack growth AE signals
originating from a given location which is then used to estimate
flaw severity. The approach selected for accomplishing AE
signal identification is a pattern recogni tion analysis of the
i ndi vi dual signal waveforns.

The pattern recognition approach goes on the assumption
that each waveform contains information uniquely identifying
the source process. Simple parameters such as signal rise time,
energy, duration, and peak tine, as wel| as nmore conpl ex para
meters such. as statistics describing the frequency or power
distribution, autoregressive parameters, €tc., are examined for
I'dentifying characteristics., Earlier work inpattern recogni
tion focused primarily on signal rise time, kurtosis, and other
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statistical means, but unforeseen difficulties have nmade these
features generally unsuitable, although il useful under
controlled conditions. -Autoregressive filters also appeared
prom sing. Features derived from tr'st sets achieved about 85%
correct classification when applied to a new set of data from
another controlled experinent. The results of the controlled
experiment were considered good enough to justify testing auto
regressive filters for classification of waveforms from field
tests (interm-diate scale vessel test and Watts Bar).

Acoustic signals from the internmediate scale vessel test
sel ected on the basis of source l|ocation, anplitude, and | oad
position were used as a training set to determine the features
forming the classification categories. Although the categories
were not as distinctly separated as one would prefer, this set
of features was applied to the Watts Bar data from the No. 2 inlet
nozzle. The cluster of data located near the root of a nozzle
at about 2700 was classified totally as crack related. In
contrast, only about 33% of the wavefornms from other |ocations
on the nozzle were classified as crack related. The initial
significance of these results lies in the fact that the pattern
recognition algorithm is making a selective determination of
wavef orm category and the deternination appears to be |ogical.
This information is not intended in the context of a conclusive
determination buE rather a test of pattern recognition using
acoustic data froma reactor. W expect to obtain information
from fol lowup inspection of the No. 2 inlet nozzle which wll
reflect on the credibility of the pattern recognition determina
tion and help in refining the technique.

Our roncerns with using autoregressive filtering as a means
of AE signal recogniton is with the difficulty in obtaining
adequate calibration information; not with the fundamental
feasibility. Work is continuing on an alternate approach which
may circunvent some of the problens.

5.5 | NSTRUMENT SYSTEM

Permanently installed cabling is now in place between the
sel ected AE monitoring locations and the auxiliary instrunment
room The cabling ternminates in the instrument room in three
installed cabinets designed to accommodate a prototypic AE
monitor system. Thus, this portion of the required facilities
for AE nonitoring during reactor operation is now in place.

Some reassurance of the ability of the sensor-microampli
fier units to withstand the reactor environment was gained. The
units were in place through about six weeks of exposure to
reactor operating tenperature (550°F) without any evident de
terioration. This result is further supported by the inter-



medi ate scale vessel test where sinilar sensors survived about
six nonths of exposure to a sinulated reactor environment of
5500F.  Qbviously, they were not exposed to nuclear radiation
which is the other environmental element of major significance.
Radi ation resistance is currently being evaluated to deternine
if it will be necessary to shield the sensor-microamplifier
during reactor operation.

6.0 CONCLUSI ONS

AE monitoring during hot functional testing at Watts Bar
Unit 1 provided results of major significance relative to con
tinuous AE nonitoring for detection of growing flaws. I nter
ference from coolant flow noise has been one of the primary
obstacles cited in arguments discounting the feasibility of
continuous AE nonitoring of reactors. The work at Watts Bar
demonstrated that this problem can be effectively overcone.

Mounting of AE sensors to meet the reactor constraints and
still be sensitive to AE signals has been a concern. The
pressure coupled waveguide sensors are acceptable to reactor
constraints on invasion of the primary pressure boundaries and
they denonstrated sensitivity to AE signals.

The ability of the AE sensors and preanplifiers to wth
stand the reactor environment is sill  another question. Exper
ience at Watts Bar and on the intermediate scale vessel test
provides evidence that the waveguide sensor-mcroanplifier
units can be used to nonitor a 5500F insulated surface for an
extended period w thout deteriorating.

In summary, 't.e feel that the results described in this
report demonstraie the feasibility of continuous AE monitoring
to detect growing flaws in reactor pressure boundaries.
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APPENDI X |

EGAN ENDEVCO 1032D DATA ACQUI SI TI ON
SYSTEM DESCRI PTI ON

PURPOSE OF EQUIPMENT

The Acoustic Emission Data Acquisition System is a multi
channel system which can be used as a real-tine systemor as a
stand alone unit for nonitoring of acoustic emssion activity
for structural integrity assessment. This microprocessor based
system, which may include up to 32 separate monitoring channels,
can be used to gather acoustic emission information for evalu
ation during real-tine operation. Recorded data can then be
analyzed using a 1032D system wherever located. In this way, the
analysis capabilities of the 1032D can be used to present
recorded data. In addition co source location (planar, linear,
cylindrical and spherical), the event attributes of anplitudck,
rise time, counts, and pulse duration may be used to provide
plots of: time history, distribution functions, and correla
tions with external parameters or one of the other attributes.
Fillter parameters (wi ndows) can also be set with the 1032D system
for further characterization of the source data.

EQUI PMENT DESCRr i'lON

The Acoustic Em ssion Data Acquisition used at Watts Bar
was configured as follows (see Figure 1-1 for system block
di agram:

1. DI E Model 6001 data acquisition system controller and
interface.

2 D) E Mdel 6002 dual signal processor hoards.

3. D)E Mdel 1111 system power supply.

4 Video termnal.

5. Model 74 Interdata computer.

The entire system, except for the video termina and
amplifiers, is housed in two 19-inch rack cabinets with casters.
The major hardware itens in a standard acoustic emnission data

acquisition 'ystem, and optional equipment, are discussed
briefly in , 'sequent paragraphs.
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rigure 1-1.  System Block Diagram

Data Acquisition System Controller and Interface

The Modd 6001 data acquisition system controller and
interface (DASCI) unit is an assembly with slots for 20 circuit
boards (cards) and motherboard with connectors for intercon
necting the circuit boards. One spare slot is allocated for
extender board storage. The left nost sixteen circuit board
slots are reserved for signal processor (SP) circuit boards,
Each signal processor board provides signal conditioning for two
channels, permitting a total of 32 channels of signal processi ng%
i n each data acquisition systemcontroller and interface. |
less than the full complement of 16 signal processor boards are
lljztlied’ the boards occupy the rightmost available slots, 16, 15

. .. , etc.

A front end processor (FEP) circuit board plugs into the
17th slot. The board has a full-function nicroprocessor Which
i s dedicated to operating the sixteen signal processor boards
and controlling event data transmission to the input/output
processor board.

The input/output processor (| ON)board in slot 19, like the
FEP board, is also microprocessor based. This hoard has primary
functions associated with acquiring real-tin, vent data from
the FEP and from its own analog-to-digititl inputs, buffering up

1-2



to 500 incomng events, and providing formatted output to the
Mbdel 74 mniconputer with interactive control.

Power Supply

A power supply for the data acquisition system controller
and interface is housed in a rack mounted assembly. This s.~pr~ly
can be connected to either 115 VAC 50 Hz or 60 Hz power as
specified. (Systems adapted, at the factory, to operate from a
200 VAC 50/ 60 CPS source, transform the higher voltage down to
the 115 VAC rangC.)' The output voltages and control signals are
connected to the data acquisition systemcontroller and inter
faces chasses.

The unit uses a Pioneer Magnetics PM267A-1-4 switching
power supply which provides up to 600 watts of dc output in
multi ple voltages. The outputs

+5 volts 40 anperes
+15 volts 10 anperes
-15 volts 10 anperes
+28 volts 3 anperes

NOTE: The ampere ratings are maximum for each channel. The
power supply cannot have all channels operating simultaneously
at full maxi mum

Noise isolation of the switching portion of tihc power
supply is provided by a heavy EMI filter which prevents switching
regulator noise from being coupled out to the marn power lines.
This filter also serves to filter out incoming noise on the main
power lines, effectively isolating the data acquisition system
controller and interface from |line noise.

DATA ACQUI SI T- ON

Data acquisition is peformed by the uata acquisition
system controller and interface. It measures all data of
in-crest relating to each acoustic emission event, stores the
Information temporarily in a buffer memory, and then outputs it
in proper format to the permanent storage medium. For each event
on each channel, the following signal attributes are measured:
(1) counts; (2) peak amplitude; (3) average signal level; (4)
duration; and (5) rise tine.

NOTE: Relative time measurements of first threshold
croussing (FTC), peak,, and end of event (EOE) are made and later
processed in the FEP and IOP boards to give det-' (based on

FTC or peaks), rise time, and duration.
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The time of occurrence of the event was determined from the
time of first threshold crossing (FTC).

The data acquisition sy.Atem controller and interface al
lows selection of q fixed or automatic threshold for event signa
detection on a per-channel basis. The automatic threshold was
used with the threshold set at 0.25 volts above backgr ound.

1-4



APPENDI X 11
ACOUSTI C WAVEFORM RECCORDI NG SYSTEM

The need for which this instrument was developed was
accurate digitizi n% and recording of AE and noise signal wave
forms togetliz' with other related parametric information. No
commercial instrument could be identified which was capable of
performing the required function; therefore, a development/ fab
rication effort was perfornmed to meet the need.

The AE Waveform Recording System, which grew out of the
devel opnent effort, is a two-channel nulti-purpose instrument
for recording acoustic waveform data. The system provides a
means for simultaneous recording of two waveforms in addition to
the measuring and recording of other experinental paraneters.

The instrument system concept chosen for this program is
shown in Figure 11-1. The data acquisition concept i s centered
around a high c‘oerformance 8-bit microprocessor (Zilog Z-80). An
industry standard bus system (known as STD) is used to implement
the microprocessor system Two Biomation 1010 transient ana
lyzers are used to digitize the AE waveforms. Each waveform is
characterized by 4096 digital words with each word having 10-bit
resolution (1 part in 1024). Each digital word comprises a time
sample of the analog waveform. A typical sampling rate is 5 MHz
or 1 sample every two-tenths of a microsecond. A single
microprocessor, rather than two, was chosen to extract *he
digital ctata from the Biomations. This was based upon informa
tion from a similar instrument system that showed that over 92%
of the acquisition/ record time was spent in writing to the
digital tape deck. Actual acquisition of the waveform took only
3% The remaining 5%was for acquiring miscellaneous header data
(i.e., load position, cycle count, etc.).

A video terminal keyboard communicates with a Z71-80 STD
bussed microprocessor system that is mounted in the rear of the

chassis. The ricroprocessor contains the operating system
which, through prompts on the CRT, communicates with the opera
tor for instrument setup and control of the test. In addition

to containing the operating system, the Z-80 handles: El)
interfacing of the digitized data to the tape deck, and (2)
acquisition of various external digital data (counters, etc.)
and analog parameters (gauges, etc.). Each waveform written to
tape has a header amended to it which contains test particulars
keyed into the system plus acquired external data. The 9-track
tape deck can store approximately 1,080 waveforms which include
headeras. ~ A slave nicroprocessor (8085) handles displaying of
the acquired external data on the CRT innear real-tinte.

1111



(ot inuos waveftorm .c quies tion rdl recordilin .peed is 1.
signal s/'second. This is accompi shed by us ng a DMA (di rcrt
memory access; process for' iinputtt inK digit izecd w.iaglorm diata
into Z-8> memory where wavetorms are stac kt d up aflll pl..ssfcd to the
9-*rack tape at a slower rate. The system h.i two» b).ilk-, t WX
bytes o buffer memory which rcan stort tive ae orms. Whel the
buffer is full, it can only oe emptied b\ trailsterr i to t(p);
and not by tlushing due to addiit ioi.tl incoming sigths.

Three sensors are used with two of them iA and H pertormi ng
the zone isolation (spatia ti ltering . Ilhis proid es anl
isolation zone which has both a | oat ing position and variablv
width. Control of the g is by front panel sett inKs. When a

signal originates with 'i the zone. a digita command from the
zone isolator (denoted as "VA ID") simultaneousty triggers both
Bionations. This will, dfter a ti e delay which is adjustable

from the front panel, stop the Btiomations (wh.ch are in the
pretrigger mode) from continuously recording. 'Pr end of record
signals the Z-HO microprocessor to dsart a DMA transfer of the
waveform data into system memory. The DLA conrcept is the tastest
mode for acconpli shing the transfer since the data Vgoes direc tly
into memor) and not through the CPL as it would wi th a programinmted
1/0 (input/output). When the two DNA's are ( of.plet-e, the /-MO
initiates a sequence f 1.0 transters for acquirkKng the A
parameter data set. This set consists of:

* 7 load ana)sis parameters

* peak time and pulse htight

* duration (16-bit capacity)

* flag registers

* total and valid counts (16t-bit t.pgsity i

* clock time (1 steotnd resolution,. 3-bait apacit%o)

* analog para.mtric%o with M bit resolution.

A v'tal attribtle 6yOtarhe ®h 1% rilatl 4ed a the I|I. o
anal ymi  tutittion. tor a periuodic th.aAtll a loadl, tihe wA-elof
is Ubdivided miti 1U00 part . When A  ‘4joutlt i- 9%tiet c' ul , It
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Figure 11-2.  Acoustic Enission \Waveform Recording System



APPENDI X |11

BACKGROUND NO SE LEVEL DETERM NATI ON AT
WATTS BAR UNIT 1 DURING HCT FUNCTI ONAL TESTI NG

The purpose of this appendix is to provide specific infor
mation on the procedure used in arriving at a measure of back
ground noise during hot functional testing at Watts Bar Unit 1.
Inthis instance, our interest was inaquantifying the response
of the AE sensors to noise produced by reactor coolant flow. The
design of the sensor frequency response profile was based on
Roi se )spectrum measur ements nade previously (Ref. 4 and 5 Main
eport).

Tlhe analog sign? output at the midamplifier for each
sensor channel was measured on an oscilloscope. At this point,
all wavegui de sensor channels had 40 dB linear electronic gain
(amplification) and the Westinghouse sensor channels had 60 dB
gain. The results were then normalized to an equivalent at 90
dB gain because this is the nomina gain we normally use into the
AE rmonitor analyzer. Also, the values are given in voltsPeak
rather than voltsPeak to Pesk* Thus, the results are more
readily related to monitoring parameters such as detection
threshold. Athough all of the sensor responses were neasured
and avera?ed to produce the summary of response to background
noise, only one typical sensor from each location is treated in
Figure IIl-i for sinplicity.

The voltage response values are cal culated by multiplying
the height of hie oscilloscope trace by the vertical sensitivi—y
setting, times th~e dB adjustment '.0 normalize to 90 dB gain and
dividing by 2 to arrive at voltsPeak. Inthe case of the tuned
waveguide sensors, the dB adjustment was 50 dB or a multiplica
tion factor of .216.23. For the Westinghouse sensors, it was 30
dB for a multiplication of 31.62.

|t appears that with tacreasing reactor coolant tenpera
ture and pressure (primarily tenperature), the upper frequency
content of the ilow noise shifts downward. By examining the
response characteristics of the different sensors used as given
inFigur# 3 of the main report, it appears that mninizing the
sensor sensitivity below about 250 kHz is the key to reducing the
sensor response to coolant flow noise.
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50. mV/div. - vertical

0.5 nsec/div. - horizontal

1.5 div. x .05V x 50 dB + 2 =
12Vp @ 90 dB

Reactor Coolant:  150°F, 400 psig

5 nVv/div. - vertical
0.5 meec/div. - horizontal
2.0 div. x .005V x 50 dB + 2 =
1.6Vp @ 90 dB
Reactor Coolant: 350°F, 400 psig
2. mv/div. - vertical
0.5 nsec/div. - horizontal
2.2 div. x .002V x 50 dB + 2 =

(@]

.7Vp @ 90 dB

Reactor Coolant: 557°F, 2235 psig

NOTE: Measurenents made with 40 dB el ectronic gain.

Figure I11-1la. Response to Reactor Cool ant Flow Noise
Sensor IN1, #2 Inlet Nozzle, Tuned to 500
kHz Peak Response.
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50. nVW/div. - vertical
0.5 nsec/div. - horizontal

2.8 div. x .05V x 50 dB + 2
22Vp @90 dB

Reactor Coolant: 150°F, 400 psig

10. mv/uiv. - vertical
0.5 nsec/div. - horizontal
2. div. _x .01V x 50 dB + 2 =
3.2Vp @0 dB
Reactor Coolant: 350°F, 400 psig
2 mv/div. - vertical
0.5 nsec/div. - horizontal
3.4 div. x .002V x 50 dB + 2 =
1.1Vp @ 90 dB

React or Cool ant: 5570'F, 2235 psig

NOTE:  Messurenents nmade with 40 dB el ectronic gain.

Figure III-1Db. Response to Reactor Cool ant Flow Noi se
Sensor IN5, #2 Inlet Nozzle, Tuned to 500
kHz Peak Response.
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50. nv/div. - vertical
0.5 nsec/div. - horizontal

3.2 div. x .05V x 50 dB + 2 =
25Vp @ 90 dB

Reactor Coolant: 150°F, 400 psig

50. nmv/div. - vertical
0.5 nsec/dtv. - horizontal

2.0 div. x .05V x 50 dB + 2 =
16Vp @ 90 dB

Reactor Cool ant: 350°F, 400 psig

10. nmVv/div. - vertical
0.5 nmsec/div. - horizontal

2.6 div. x .01V x 50 dB + 2 =
4.0Vp @ 90 dB

Reactor Cool ant: 557°F, 2235 psig

NOTE: Measurenments nmade with 40 dB el ectronic gain.

Figure Il1l-1lc. Response to Reactor Coolant Flow Noise
Sensor Al-1, 10" Accumnul ator Pipe, Tuned
to 375 kHz Peak Response.
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1. V/Idiv. - vertica
0.5 msec/div. - horizontal

40 div. x 1V x 30 dB + 2
63Vp C@ 90 dB

IReact or Coolant: 150°F, 400 psig

1. V/div. - vertilal

0.5 nsec/div. - horizontal

2.7 div. x 1.V x 30 dB + 2
43vp @ 90 dB

React or Cool ants 3507F, 400 psig

0.2 V/idiv. - vertica

0.5 nsec/div. - horizontal

3.6 div. x .2V x 30 d6 + 2
11.4Vp @ 90 dB

Reactor Cool ant: 557°F, 2235 psig

NOTE: Measurenents made with 60 dB el ectronic gain.

Figure 111-1d. Response to Reactor Coolant Flow Noise
Sensor SH 3, Bottom of Vessel, Westinghouse
Model W.23842 Sensor
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