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NRC Plant Aging Research Program - Overview

Robert J. Bosnak
Division of Engineering
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

ABSTRACT

Aging degradation in operating nuclear power plants must be managed to
prevent safety margins from eroding below the levels provided in plant design
bases. "Aging" is universal in nature. No industrial complex including
nuclear power planis (NPP) should be considered immune from its effects. For
NPP, aging is manageable if its symptoms are recognized and predicted, if it
is monitored, and if appropriate steps are taken for timely mitigation of age-
related degradation.

The Division of Engineering’s (DE) Plant Aging Res.arch program is a
mulii-branch, multi-disciplined, integrated approach to understanding and
managing age-related degradation in safety-related components, systems, and
structures (CSS) by the Materials Engineering, the Electrical and Mechanical
Engineering, and the Seismic and Structual Engineering Branches,

The hardware oriented engineering research is concerned with degradation
of:; 1) the components of the primary system pressure boundary (with principal
attention paid to the reactor pressure vessel), 2) safety-related electrical
and mechanical componenis and systems, and 3) the civil engineering structures
and materials, including containment. Emphasis on the reactor pressure
vessel stems from its importance to plant safety. It is a component which is
not redundant and for which failure is not acceptable. The pressure vesse)
integrity research program is the oldest of three areas of aging research
providing a hi?h quality information data base to understand and make
regulatory decisions involving fracture mechanics; fatigue life, including
initiation and propagation; material properties and flaw growth; irradiation
effects; neutron dosimetry and surveillance data analysis; non-destructive
examination (NDE) techniques; and annealing issues including validation
testing. Programs (n the electrical and mechanical enginee. ing area and the
civil engineering area are similarly developing the needed technical
information data bases and guidance for understanding and managing aging of
selected CSS in nuclear power plants of all ages and types.

The cging management process central to these efforts, as develoved by
tne DE research program, consists of three key elements: 1) select and
prioritize components, systems, and structures for which aging must be
managed, 2) identify and understand the relevant aging mechanisms and their
effect on the propert.cs or performance of the selected CSS, and 3) take
appropriate action to manage degradation through effective inspection,
surveillance, condition monitoring, trending, preventive and corrective
maintenance, and mitigatior to prevent reduction in safety margins,

This paper provides an overview of the aging-related research programs
sponsored by the Division of Engineering, Office of Nuclear Regulatory
Research.
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Environmentally Assisted Cracking and Fatigue of Reunctor Structural
Materials in LWR Environments
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AGING MANAGEMENT OF MAJOR LWR COMPONENTS'

V. N. Shah, U. P. Sinha. A. G. Ware
Idaho National Engineering Laboratory

The Aging Assessment and Mitigation Project has comprehensively evaluated
degradation mechanisms affecting the structural integrity of the major light
water reactor (LWR) components and has identified several options for managing
their aging. The three primary degradation mechanisms acting on the components
are embrittiement, fatigue, and corrosion (including stress corrosion cracking).
This paper focuses on the management of stress corrosion cracking (SCC)
mechanisms: primary water stress corrosion cracking (PWSCC) of pressure boundary
components in PWRs, and intergranular stress corrosion cracking (IGSCC) and
irradiation-assisted stress corrosion cracking (IASCC) in BWR vessels, Effective
2ging management of the SCC mechanisms includes evaluation of interactions
between design, materials, stressors, and environment; identification and ranking
of the susceptible sites; reliable inspection of damage; mitigation of damage,
including modifications in water chemistry: and repair and replacement using
corrosion-resistant materials,

Primary water stress corrosion cracking has cav:ed both axial and circumferential
through-wall cracks in Alloy 600 components constituting the PWR primary pressure
boundary. Two major concerns about PWSCL failures are an unisolable pressure
boundary leak and corrosion of any carbon or low-alloy steel base metal exposed
to leaking borated coolant. PWSCC cracks have been found in tubes on both hot-
and cold-leg sides and in tube plugs of recirculating steam generators.
Recently, these cracks have also been reported in pressurizer instrument nozzles
and heater sleeves and in control rod drive mechanism nozzles. Fabrication
records of all Alloy 600 components in PWRs need to be reviewed to estimate
residual stresses and to characterize microstructure so that the components can
be ranked according to their susceptibility to PWSCC., Components with high
residual stresses and ne intergranular carbides have high susceptibility if
operating temperatures are high, and such components need to be inspected for
PWSCC  damage. In aadition, methods need to be developed for ultrasonic
examination for boric acid corrosion of base metal around the failed Alloy 600
nozzles. Alloy 690, a PWSCC resistant material, may be used for replacement of
failed Alloy 600 components.

Intergranular stress corrosion cracking has caused through-wall cracking in BWR
pressure vessel nozzle welds and is a potential degradation mechanism for vessel
interior attachment welds. Two major concerns are a crack initiating in the weld
propagating into the vessel base metal and a leak through the primary pressure
boundary. Welds most susceptible to IGSCC are those having Alloy 182 weld
material; having high residual, applied, and thermal tensile stresses; and having

! Work sponsored by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, wunder DOE Contract No. DE-ACO7-760D01570;
Dr. G. H. Weidenhamer, Technical Monitor.



a high electrochemical potential. In addition, the 1GSCC susceptibility of welds
increases as the BWR coolant conductivity increases. The estimated residual
tensile stresses at the attachment welds not subject to postweld heat treatme t
are high (280 to 480 MPa), whereas the stresses at the welds subject to postwel!
heat treatment are low (140 to 280 MPa). The applied stresses are generally low
except at the welds attaching the jet pump riser brace to the vessel. Thermal
stresses are due to differential thermal expansion of the weld and base metal,
The electrochemical potential of the attachment welds in the upper region of the
vessel is high because of the high oxidizing power of the BWR coolant leaving the
core, where 1t is subject to radiolysis. Specialized equipment and techniques
are being developed for remote automated inspection of penetration welds, for
example, inspection of the incore monitor housing-to-lower head welds, An SCC
monitor may be employed to estimate any IGSCC crack initiation or growth in the
nozzle and the attachment welds,

Recent SCC test results indicate that the hydrogen water chemistry, which has
been found effective in suppressing IGSCC in recirculation piping, has a
potential to protect the attachment and nozzle weld materials. However, it does
not provide the same level of protection to all weld locutions on the vessel,
because the electrochemical potential varies. Susceptible welds in the upper
region of the vessel, which have a higher electrochemical potential, will require
a greater amount of hydrogen injectien than the ones in the downcomer region or
in the recirculation piping. The greater amount of hydrogen injection has
several adverse effects that should be addressed, such as an inire3se in the
steam line radiation fields associated with an increased partit,oning of N-16 in
the steam phase. Damaged welds may be repaired by replacin “lioy 82 malerial
with the corrosion resistant Alloy 82 material, by applying -ervosion resistant
cladding to protect susceptible materials from exposure to BWR cooizrt. and by
using clad overlay as a short-term solution. Underwater wet welding ang cutting
techniques are being developed for the vessel repair.

Irradiation-assisted stress corrosion cracking can occur = the tighly irradiated
BWR reactor internal components fabricated from s*ainless steel and nickel base
alloys. Several failures of the stainless steel! zomuenenis, such as an incore
uide tube and a neutron monitor dry tube, are a’*ribg*&d te IASCC, Based on
ield experience and laboratory tests, IASCC doc mor gccur below & certain
threshold level of fast fluence; the threshold oepends on material, stress
levels, geometries, and enviranment. Ege thr;sho', tur Type 304 stainless steel
componeg}s with high stresses is 5x10° n/cm®; with loe stresses the threshold
is 2x10° n/cm A relatively high level uof dissolved oxygen and a crevice
eometry can lower the threshold and accelerate any existing IASCC damage.

velopment of specialized equipment and techniques for inspection, use of
hydrogen water chemistry, and the unc “water weld repair discussed above for the
BWR vessel welds are also app..cable here to manage IASCC damage. Modified heat
treatment and [ASCC-resistant materials are being developed for replacement of
damaged reactor internal comr - ts. For example, preirradiation solution
annealing treatments in the lz.' to 1300°C temperature range can make Type 304
stainless steel more resistant to IASCC. High-purity Type 348 stainless steel
is also found to be IASCC-resistant.
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LESSONS LEARNED FROM FATIGUE FAILURES
IN MAJOR LWR COMPONENTS'

A. G Ware, V. N. Shah
Idaho National Engineering Laboratory

Fatigue is one of the leading degradation mechanisms affecting major 1ight water
reactor (LWR) components. Fatigue has caused surface cracks and, in some cases,
through-wall cracks and coolant leakage. This paper evaluates the fatigue
failure experience in the field and discusses the lessons learned that can be
employed in managing fatigue damage. The lessons relate to stressors causing the
fat igue damage; sites susceptible to the damage; and inspection, monitoring, and
mitigation of the damage.

Investigation of field fatigue experience has identified stressors and
degradation mechanisms that contributed to failures b’ e not accounted for
in the designs. Examples of such stressors are thermal stratification and
striping acting on PWR surge lines, high-pressure safety injection lines, and
feedwater nozzles. Design calculations for the fatigue usage factors for several
affected components are being revised to account for these stressors. Examples
of the mechanisms, which were not accounted for in the design, are
environmentally assisted fatigue and high-cycle thermal fatigue. Environmentally
assisted fatigue has caused cracking in PWR steam generator tubes, girth welds,
and feedwater nozzles. The need for revising the ASME fatigue design curves to
include environmental effects should be evaluated. High-cycle thermal fatigue
has caused crack initiation at the inside radius of the BWR feedwater nozzles and
in the PWR high-pressure injection lines.

The field fatigue failures have revealed several sites suscc,iible to fatigue
damage that were not originally considered vulnerable to fatigue. Examples of
such sites include welds and eibow base metal in PWR surge lines, safety
injection lines, and residual heat removal piping, and include PWR steam
generator girth welds. Base metal sites in elbows are susceptible to fatique
damage because of the ovalization of the elbow cross section caused by inplane
bending; the most susceptible site is the inside surface of the flank of an
elbow. Fatigue test results for pipe bends and finite element analyses for surge
lines subject to thermal stratification have identified elbow base metal as a
susceptible site for fatigue damage.

Current inservice inspection requirements concentrate on the inspection of welds;
however, as discussed above, several field failures have occurred in the base
metal (away from welds) not included in the inservice inspection program. ASME
Code Section Xl requirements might be expanded to include sites where high

' Work sponsored by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under DOE Contract No. DE-ACO7-761D01570;
Dr. G. H. Weidenhamer, Technical Monitor.
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fatigue usage is predicted (including base metal sttes{ or where there has been
a history of failures. Such sites would include surge line elbows ard feedwater
nozzles. Inservice inspection reqguirements in some other countries include
examination of susceptible base metal sites. For example, the inservice
inspection requirements for the newest generation of nuclear power plants in
Germany include inspection of the elbow base meial.

Inservice inspection experience indicates that the detection of thermal fatigue
cracks is difficult because these cracks generally are tightly closed during the
inspection period when pressure and thermal stresses are reduced, The
conventional inservice inspection techniques and procedures satisfying the ASME
Code minimum requirements are inadequate to detect the presence of such tight
cracks., Inspections with conventio.sl ultrasonic methods were unable to detect
a through-wall crack on the Farley safety injection line., Reliable inservice
inspection for the fatigue cracks may be performed during hydrotesis when the
cracks are opened sufficiently to be detected. Advanced methods, such as the
time-of-flight diffraction technique, need to be developed and field tested tu
inspect sites susceptible to fatigue cracking. Acoustic emission monitoring for
fatigue crack growth needs to bhe tested in the field.

Uncertainty in the amplitude of the stressors and limited access for inspection
at certain susceptible sites have resulted in a need for the developmeat of on-
line fatigue monitoring techniques. Utilities are applyirg these techniques to
more accurately determine the severity and numbers of cycles for the transients
that contribute to fati?ue damage at susceptible locations. Further development
of these techniques will be of potential benefit in better estimating the fatigue
usage at critical sites, in supplying useful information in making inspection and
repair/replacement decisions, and in modifying operating procedures to mitigate
fatigue damage. The present generation of nuclear plants was not instrumented
to acquire all the information needed for fatigque monitoring; thus, indirect
measurements from the existing plant instrumentation must be used. Some newly
constructed nuclear power plants in Germany, France, and Japan are being
instrumented with additional local sensors for the express purpose of fatigue
monitoring. This should be considered in the design and construction of the
advanced LWRs.

Understanding the stressors that cause fatigue damage can lead to the development
of mitigaticr techniques, which include modified designs and changes in operating
procedures. For example, the cladding has been removed from the inside radius
of BWR feedwater nozzles to eliminate stresses caused by differential thermal
expar-ion between the cla, ‘ng and the base metal. Some plants now have
preheating tanks to raise the temperature of auxiliary feedwater closer to that
of steam generator coolant, thus mitigating the thermal shock loads. Procedural
requirements also can be implemented, such as limiting the differences in
pressurizer and reactor coolant system tempera.ures to no more than 200°F during
?eatups and cooldowns to reduce the effects of thermal stratification in surge
ines.
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to reduce the ensile stresses on the inside surf of the bend area of the end
hooks. For the pole pin connecting Fhase A of L. . breaker contacts. smooth
corners should be machined, free frow surface defects. Improper welding
practices at the pole shaft levers should be avolded. Assuning a factor of
safety of 2, the life of a DS-416 (or "".206) breaker (& estimated to be 5000
eycles, Based on an assumption that & breasker, such as reactov trip, is
typloally subjectod to 250 cyeles annually: this translates to & breaker life of
20 years.
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Aging and Low-Flow Degradation of Auxiliary Feedwater Pumps’

M. L. Adams
Case Western Reserve University
for
Oak Ridge National Laboratory
NRC Technical Monitor: Bill Farmner

SUMMARY

Auxiliary feedwater (AFW) pumps are used in safety related AFW Systems at pressurized
water reactor plants, The function of AFW pumps is 1o deliver water from either a
condensate storage tank or, as a vackup. from the emergency service water system, to the
steamn generators, The water that is pumped 1o the steam genetators is evaporated, thereby
removing decay heat from the reactor conlant system.

The pumps are automatically started in response to several emergency conditions, such as
low steam generator level, a safety injection signal, and emergency bus undervoltage.
However, many plants also use the pumps in support of normal shutdown and startup
sequences, sinc~ the main feedwater system pump capacity greatly exceeds demand during
these conditions, The other principal service seen by the pumps is during testing.

The AFW pumps are multistage (normally § 10 © stages) high-head centrifug.. pumps,
normally driven by motors or + ‘bines. Rotating speeds for the motor-driven pumps are
nominally 3550 rpm, while those for turbine-driven pumps are routinely closer 1o 4000
rpm. Rated pump deliveries range from roughly 200 10 1200 gpm.

Much of the operation of AFW pumps is at low-flow conditions. Once the reactor has been
shut down, the reactor decay heat generation rate and the attendant AFW pump flow
requirement drop exponentially. For example, if full pump capacity is required to remove
all decay heat at ten minutes after a reactor shutdown, just over a third of the pump capacity
would be required for heat removal after five hours. Of course the heat removal
requirements during reactor startup following an outage are insignificant relative 1o typical
pump capacity. As a result, much of the pump operation in support of these startup and
shutdown evolutions is essentially at minimum flow.

* Research vponsored by the Office of Nuclear Regulatory Research, U 8. Nuclear Regulatory Commission
under Inleragency Agroement DOE 1886-8082-8B with the U, §. Department of Energy under contract No.
DE-ACOS-840R 21400 with the Martin Marietta Energy Systems, Inc,
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Aging Evaluation of Nuclear Plant RTDs
and Pressure Transmitters

H M Hashemian
Analysis and Measurement Services Corporation
AMS 8111 Cross Park Drive
‘noxville, TN 37923

(615) 6911756

ABSTRACT

Resistance Temperature detectors (RTDs) and presswie, level and flow transmitters
provide almost all the vital signals that are used for the control and satety of nuclear power
plants. Therefore. it is crucial 1o ensure that the performance of these sensor remain adequate
as they age in the process under normal operating conditions

Two comprehensive research projects were conducted for the NRC to evaluate the effects
of normal aging on calibration stability and response time of RTDs and pressure transmitiers of
the types used for safety-related measurements in nuclear rower plants. Each project was
conducted over a three year period. The projects involved laboratory testing of representative
RTDs and pressure transmitters aged in simulated reactur conditions. The main purpose of these
projects was to establish the degradation rate of the sensors and use the information to
determine if the current testing intervals practiced by the nuclear power indusiry is adequate for
management of aging of the sensors. The results have indicated that the current nuclear industry
practice of testing the response tima and calibration of the sensors once every fuel cycle is
adequate. This is provided that all the safety-related sensors are tested for both calibration and
response time as opposed o testing one out of every two or four of the redundant sensors.

In addition 1o working to identify degradation rates and testing intervals of the sensors,
@ few outstanding issues regarding the performance of nuclear plant RTDs and pressure
transmitters were addressed. These included a comprehensive assessment of the acceptability
of the cross calibration method for on-line testir 2 of calibration of installed RTDs, the oil loss
phenomenon in Kusemount pressure transmitters, and the atects of sensing line blockages on
the overall response time of nuclear plant pressure sensing systems.

For both RTDs and pressure transmitters, the LER and NPRDS databases were searched
and anulyzed to augment the experimental data we generated by iaboratory tesis.
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K. R. Hoopingarner
Pacific Northwest Laboratory

J. J. Burns
U.S. Nuclear Regulatery Commission

Results of aging studies of emergency diesel generators (£DG) have shown
that techniques based » oractical system condition monitoring results could
improve average system conditions. Condition monitoring of about 25 operating
parameters of the engine and generator effectively indicates the functional
status of important chino components and the location of and when to apply
maintenance efforts. In contrast, intrusive engine inspections and overhauls,
based on time periods alone, tend to reduce engine and system reliability,
Pacific Northwest Laborltory“ under the Nuclear Plant Aging Research (NPAR)
p:oqraﬂ. his completed these aging studies of nuclear service diesel gener-
ators.

Based rn the results of the aging assessments, it is recommended that a

reliability centered program for managing emergency diesel generators inte-

rating testing, inspection, monitoring, trending and maintenance activities |
e considered. A reliability centered program will 1) reduce the aging |
stressors associated with present EDG test requirements, while providing |
improved confidence in the diesel generator’s capability to respond to |
accident situations, and 2) identify degraded and failing systems and com-
ponents needing replacement or repair before a fuilure actually occurs.

Based on the aging studies, it is recommended that monthly engine testing
be changed ti, a new approach that involves monitoring and trending. Monthly
surveillance testing should involve data acouisition on performance parameters
that indicate trends in component and subsystem conc .cion, Such data would

rovide short-term and long-term information on degraded performance and can
e used for practical reliability improvements. Systematic analysis of the
d:}a offers a basis to improve basic engine reliability and mitigate aging
effects.

(a) Pacific Northwest Laboratory is operated for the U.S. Department of
gg;;?y under Contract DE-ACO6 76RLO 1830. Study conducted under NRC FIN
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Operating Experiences and Degradation Detection”
for Auxiliary Feedwater Systems

Don Casada

Ouk Ridge National Laboratory
NRC Technical Monitor: Bl Fanner

SUMMARY

The Auxiliary Feedwater (AFW) System has historically been recognized as critical to
successful mitigation of pressurized water reactor (PWR) plant transients and accidents. A
report prepared for the Nuclear Regulatory Commission (NRC) by Oak Ridge National
Laboratory (ORNL) in 1990, NUREG/CR- 5404, ORNL-6566/V 1, “Auxiliary Feedwater
System Aging Study”, reviewed the AFW system design, testing requirements and
practices, and historical operating experience.  This study was carried out under the
auspices of the NRC's Nuclear Plant Aging Research (NPAR) program. 'The results of the
research are presented in this paper.

Eailure Data Review

Failure data trom the Institute of Nuclear Power Operation’s Nuclear Plant Reliability Data
System (NPRDS) and Licensee Event Reports were reviewed in detail. Various parameters
were evaluated during the review, including the component and subsystem affected,
method of detection, and the effect of the fatlure on the system. The numbers of failures of
specific components found in the databases we not deemed o be reliable indicators of
actual failure experience; however, the distribution of failures was considered 10 be
meaningful.

Five major categories of components for the AFW system were designated for the review:

¢ Pump drives

¢+ Pumps

+  Valve operators
¢ Valves

+ Other

It wis found that 37% of the system degradation was attributable to failures of pump
drives, including turbines, motors, and diesels. The bulk of the drive degradation was
found to ocour in turbine drives, which accounted fci 27% of overall system degradation,
Valve power operators, including motor, air, and electrohydraulic operators, were the
second leading mujor category of system degrodation, accounting for 28% of overall
degradation.

* Rosearch sponsored by the Office of Nuclear Regulatory Rosearch, U 8. Nuclear Regulatory Commission
under Interagency Agreement DO IKR6-BOR2 KB with the U, §. Department of Energy under contract No,
DE-ACOS-840R2 1400 with the Martin Marietis Energy Systems, Ing
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Three categories of methids of detection were designated

¢ Programmatic monitoring
¢« Routine obseryaiion
¢ Demand

Failures detected during planned, periodic inspections or iests, such as surveillance tests,
were deemed (0 have been deiected by programmatic monitoring. Failures detected by
operators or others duning the course of normal plant operation, such as the observation of
valve stem leakage or a control board annuncistor, were deemed 10 have been detected by
routing observation. Failures detected when the system was called upon to function in
support of normal o emergency operations, such as fallure of a pump to start on demand
following a reactor trip, were deemed 10 have been detected on demand.

It was found that the distribution of system degradation associated with programmatic |
monitoring, routine observation, and demand was 42%, 39%, and 18%, respectively.

The design of a reference AFW system for a cooperating utility's plant, and the associated

surveillance, operating, and maintenance procedures were reviewed. A principal purpose |
of the review was to determine the extent 1o which potential sources of failure would be

detectable by the exisiting monitoring programs.

It was found that there are two general categories of failure sources which would not have
been detected by the programmatic monitoring practices of the reference system:

* Failures of various instrumentation and control components that, for whatever reason,
are not tested periodically, and

* Failures of components to perform under design-basis typ? conditions (although
performance under less stringent conditions may be demonstrated periodically)

It was also found during the review of testing practices that some components appear 10 be

tested excessively, possibly leading 1o accelerated aging. This was attributed o be largely |
due 10 the difficulty of coordineting u variety of technical specification test requirements to

minimize testing of individual components (the focus of the testing program was naturally

mare oriented toward ensuring that all technical specification surveillances were met, not on

minimizing the numbers of tests).

It was concluded that additional focus on turbing drives, specifically turbine governors and
control systems, was merited. A phase | study is currently underway. It was also
concluded that the potential for optimizing test requirements related to AFW systems should |
be expiored. This study is scheduled to begin in FY 1992 |
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AGING ASSESSMENT OF RESIDUAL HEAT REMOVAL SYSTEMS IN BOILING WATER REACTORS®

Robert lLofare
Brookhaven National Laboratory
Upton, New York 11§73
and
Satish Aggarval
U §. Nuclear Regulatory Commission
Washington, DC 20555

SUMMARY

The Nuclear Plant Aging Research (NPAR) program was established by the U . §.
Nuclear Regulatory Commission to address concerns related to aging effects on the
safety and reliability of nuclear power plants. As part of the NPAR program,
various studies have been performed, the goals of which are to characterize aging
and service wear effects and ldentify methods of detecting and mitigating them,

Work under the NPAR program is structured inte two phases. In phase 1,
aging effects are characterized by {dentifying predorinant failure causes, modes
and mechanisms, along with the components most susceptible. The second phase
then uses phase 1 results to assess current survelllance and monitoring
practices, and develop functional Indlecators to mitigate aging effects. This
paper presents preliminary phase 1 results for the Residual Heat Removal (RHR)
gystem study,

In this study, the RHR system for Boiling Water Reactors was analyzed.
Various designs are used, however, the most typical includes two loops. Each
loop includes twe pumps and one heat exchanger, along with numerous valves and
instrumentation. The RHR system is capable of operating In several different
modes. The two most common are Low Pressure Coolant Injection (LPCI) and
Shutdown Cowling (SDC), which are the subject of this study.

The aging analysis included a review and evaluation of numerous RHR failure
records from various national data basei, as well as actual plant records,
Results showed that approximately 70% of the failures reported were related to
aging degradation, The dominant failure cause was normal service, while the
dominant mechanism was wear.

An evaluation of the component failures showed that va'ves were the
component most frequently failing followed by instrumentatio and controls. The
valve faillures invelved mostly motor-operated valves and typically were
characterized by leakage from the valve or fallure of the valve to transfer. The
instrumentation/control failures vere predominantly switch malfunctions where the
device was out of calibration or failed to operate, All components were found
to have a large fraction of fallures related to aging.

The fallure records were also reviewed to determine the effect of the
fallures. At the system level it was found that 53% of the reported fallures

*Work performed under the auspices of the U.§. Nuclear Regulatory Commiasion,
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resulted in degraded system performance, while 21% resulted In a loss of
redundancy. At the plant level it was found that a significant number of RHR
fallures were the direct csuse of engineered safety feature actuations, plant
shutdowns, automatic plant scrams, power reductions , and extension of outages.
In addition, several aping related RHR failures were found which resulted in
radiological releases,

This work has shown that aging degradation is a concern for RHR systems and
that it can adversely effect system performance, as well as plant safety. To
mitigate the effects of aging, good functional indicators are required. They
should be capable of detecting aging degradation in the inciplent stage to ensure
that system reliability is not compromised. Potential functional Indlcators for
the RHR system have been identified and are presented

These results have also provided a technical basis for evaluating
monitoring, inspection and maintenance practices. A preliminary review of
current practices has been made, Including a survey of several utilities, and
results are presented,
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The aging-friction factor study reached the following conclusions:

e The rates of corrosion of and deposition on valve sliding surfaces is not
1ikely to obstruct the mechanical tolerances of the valves.

¢ It is likely that corrosion and deposition products on valve sliding
surfaces will cause increases in the friction factors of these
components, but the magnitude of the problem is indeterminate requiring
further study in this area.

¢ Insufficient theoretical info-mation {5 available regarding deposition
on valve surfaces. The operating history review indicated a few problems
r:l;t;d to deposition have been reported, therefore, further study is
needed.

The INEL 1s presently conducting initial friction testing of material samples
to provide the answers to the guestions raised by the previous study. The
initial friction tests will focus on carbon steel samples and carbon steel clad
with Stellite. These materials are representative of the materfals used in the
valves of concern to the NRC's Generic Issue 87 (Failure of HPCI Steam Line
Without Isolation). Separate friction tests are planned on both uncorroded and
corroded samples to assess the impact of corrosion products on sliding friction.
The initial results of these tests are expected later this year.

The report EGG-SSRE-10039, *An Evalvation of the Effects of Valve Body
Erosion on MOV Operability” i1s the product of a study on erosion damage to MOVs
that could compromise the valve's operabilily. The purpose of the study was to
determine if wall th'nnsng could reduce structural strength so design basis
stresses could deform the body preventing valve cperation due to disk 1ndtng.
A finite-element mode]l was used to simulate the effect of thinning on the
structural integrity of the valve body. The valve chosen for modeling was a 16-
inch carbon steel globe valve typical of ones used in the RHR systams at BWRs.
A review of existing NRC operating history reports and sponsored research showed
this system to be subject to the erosion damage of concern and it was a first-
line safety system in the event of an accident. The specific valve selection was
?:;cd on the worst-case observed erosion damage that has been reported by the

ustry.

The evaluation using the finite-element model used two sets of damage
conditions: 1) a 4uplication of the actual damage that occurred in the worst-case
reported event for a first-line safety system valve, and 2) the maximum damage
that could occur when discovered by normal surveillance methods, The secor '
conditions reduced the wall thickness of the first set of conditions to simulate
through-wall erosion of the bridge and valve body. For both of the condition
sets, the analysis showed that peak stresses remained well below the yield
stresses for the body material. for al)l areas of the valve body, stresses peaked
at lﬂproxtnatcly 50% of yield stress. Given these results, we concluded it is
unlikely that thinning of the valve walls will result in deformation of valve
materials under design basis conditions.
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OPERATING EXPERIENCE REVIEW OF FAILURES OF
POWER OPERATED RELIEF VALVES AND BLOCK
VALVES IN NUCLEAR POWER PLANTS

G. A. Murphy

Nuclear Operations Analysis Center
OAK RIDGE NATIONAL LABORATORY

W. S. Farmer
NRC Technical Monitor

SUMMARY

This paper contains a review of report NUREG/CR-4692 "Operating Experience Review of
Failures of Power-operated Reliel Valves and Block Valves in Nuclear Power Plants” which
compiled nuclear power plant operating events involving failures of power-operated relief valves
PORVs) and associated block valves (BVs). Of the 230 events identified, 101 invoived PORV
mechanical failure, 91 were attributable to PORV control failure, 6 events involved design or
fabrication of the PORVs, and 32 events involved BV failures. The report contains a compilation
of the PORV and BV failure events, including failure cause and severity. The events are
identified as to plant and valve manufacturer. An assessment of the need to upgrade PORVs and
BVs to safety-grade status concludes that such action would improve PORV and BV reliability.
The greatest improvement in reliability would result from using newer, more reliable PORV
designs and improving testing, diagnostics, and maintenance applied 1o PORVs and BVs,
particularly the BV motor operator. A summary of interviews conducted with four PORV
manufacturers is also included in the report,

NUREG/CR-4692 was prepared by the Nuclear Operations Analysis Center (NOAC) in response
to a request from the Nuclear Regulatory Commission (NRC) Division of Engineering
Technology (DET) for a survey of power-operated relief valve (PORV) and block valve (BV)
operating experience. The information was provided under the Nuclear Plant Aging Research
(NPAR) Program to support the resolution of Generic Issue 70 (GI1-70) "PORYV and Block Valve
Reliability."

*Research sponsored by the Office of Nuclear Regulatory Research, U. S, Nuclear Regulatory
Commission under Interagency Agreement DOE 1886-8082-8B with the U. 8. Department of
Energy under contract No. DE-ACOS5-840R21400 with the Martin Marictta Energy Systems, Inc.
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ASSESSMENT OF DIAGNOSTIC METHODS FOR SOLENOID-OPERATED VALVES

Robert C. Kryter
Ouk Ridge National Laboratory’
W. S, Farmer
Nuclear Regulatory Commission

Summary

Solenoid-operated valves (SOVs) were studied at Oak Ridge National Laboratory as part of the
USNRC Nuclear Plant Aging Research (NPAR) Program. The primary objective of the study was
to «entify, evaluate, and recommend methods for inspection, surveillance, monitoring, and
maintenance of SOVs that can help ensure their operational readiness - that is, their ability to perform
required safety functions under all anticipated operating conditions,

Solenoid-operated valves are available, both with and without nuclear qualification, from a number
of different manufacturers and are found throughout nuclear power plants in relatively large numbers,

oftentim » - amponent of larger, more complex, and clearly safety-related systems such as
contaivmon. ‘ve actuators, BWR control rod scram systems, and PWR safety injection
syste © Thev Jly simple devices, with a long history of satisfactory operation in a variety
of t P n-nuclear industrial applications. However, their presence in systems
impc 1 res an especially high degree of assurance that they are ready to perform
their » ader ai! anticipated operating conditions, since failure of one of these small
and el ve devices could have serious conscquences under certain circumstances.

An carlier (Phase 1) NPAR program study described SOV failure modes and cavses and identified
measurable parameters thought to be linked to the progression of ever-present degradation
mechanisms that may ultimately result in functional failure of the valve. Using this carlier work as
a guide, the present (Phase II) study focused on devising and then demonstrating the effectiveness
of techniques and equipment with which to measure performance parameters that show promise for
detecting the presence and trending the pregress of such degradations before they reach a critical

stage.

Intrusive techniques requiring the addition of magnetic or acoustic sensors or the application of
special test signals were investigated briefly, but major emphasis was placed on the examination of
condition-indicating techniques that ¢can be applied with minimal cos: and impact on plant aperation
(see accompanying Table 1). These include remotely monitoring coil mean temperature, determining
vaive plunger position and verifying unrestricted SOV plunges movement, and detecting the presence
of shorted turns or insulation breakdown within the solenoid coil. The first of these techniques,
though perhaps the simplest conceptually, will likely benefit the nuclear industry most because SOVs
have a history of failure in service as a result of unwitting operation at excessive temperatures.

Experimental results are presented that demonstrate the technical feasibility and practicality of the
monitoring techniques assessed in the study, and recommendations for further work are provided.

*Managed by Martin Marietta Energy Systems, Inc,, for the US Department of Energy under Contract DE-ACOS-840R21400.

57

9 :
R W R ——————

i e



— e TR A T o SR

R R R R R R R R R R =N

Table 1. SOV monitoring methods evaluated in this study

e

Degradation(s) or
malfunction(s) Promise for in-
Method addressed Attributes plant use
Measurement of SOV Biectrical {ailure of coil s Nonperturbulive 1o plant operations High: ceady for
temperature, via coll and degradation of & No new sensors of signal cables are immediale use

resisiance or impedance

WNA A0S 4 a4 0 i N e e

Indication of valve position

clwtomers resuliing from
prolonged operition al
excessively high
temperalures

oxrvmn taw

Mechanical binding,

regjuired

No permanent instrumentation
required; can be applied as needed
from & remote location

Applicable 10 ac and de-powered
SOV

......

No need for add-on aensors or signal

B LT T R

High; some additional

and change of state upon sluggishness, of failure to cables development work
spplication of power, via shilt as a resuli of worn or ¢ Valve position readoutl from s remole  required
change in codi impedance improper parts or the location

presency of foreign ¢ Static method does not distuch SOV

materials inside the valve
Indication of mechanical Mechanical binding and o Detects simultaneausly (tegradation Medium; further
binding, by tracking changes sluggish shifting caused by of magnetic or spring o ces, an lesting needed 1o
in current and vollage at worn, swollen, or improper increase in [rictional fores ascertain cause of
SOV pull-in and drop-out parts or the presence of * No need for add-on sensors of cables  poor repeatability of
points foreign malenals inside \he or access to SOV test results

vilve o Applicable 1o ac- and de-powered

SOVs

Indication of shorted coil Electrical {ailure of s Detects presonce of delects within Low; uselul for
turns or insulation solenaid coil, caused bty coil that cannaot be revealed by other labaratory poal-
breskdown, hased on high-voltage turn-off means monem lests
charactenistics of electrical transients in combination:
transient generaied upon with insulation weakened
deenergizing a de SOV by profonged operation at

high temperatures
Indication of mechanical Mechanical binding and * No nead for add-on sensors. signal Minimai;
binding, by analyzing the sluggish shifting caused by cables, or access 10 SOV investigation of
time varying characleristics of  worn, swollen, or improper o Information could be oblained as a method abandoned
the inrush current parts or the presence of result of everyday valve operation early in the study
accompanying application of foreign materials inside the
elecirical power 1o the SOV vake
Indication of mechanical Wear of internal valve ¢ No need for add-on sensors, signal Minimal;
looseness within ac-powered parts, improper assembly, cables, or access 10 SOV vvestigation of
valves, via electrical detection  or replacement with o Nonperturbative 1o plant operations method abandoned
of humming or chattering of incorrect parts carly in the study.
the plunger assembly Addition of miniature
(frequency decomposition of ACOUSTIC SeNsSOr 10
steady-state coll current) SOV might prove

worthwhile
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SHIPPINGPORT STATION AGING MANAGEMENT LESSONS

R. P. Allen
Pacific Northwest Laboratory

J. J. Burns
U.S. Nuclear Regulatory Commission

The decommissioned Shippingport Atomic Power Station has been a major
source of naturally aged equipment for the U.S. Nuclear Regulatory
Commission’s Nuclear Plant Aging Research Program and other aging research
studies. The decommissioning of the Shippingport Station provided a unique
opportunity to conduct in situ assessments at an aged reactor and to obtain a
var;ety of naturally aged components and samples for detailed laboratory
evaluation.

As the first U.S. lar?e-scale. central-station nuclear plant, the
Shippingport Station paralleled commercial pressurized-water reactors in
reactor, steam, auxiliary, support, and safety systems. Its 25-year service
1ife (1957 to 1982) overlapped the construction and initia’ operating period
of most reactors currently operating. Also, because of su tantial modifi-
cations during the mid-1960s and 1970s, the Shippingport Station offered
unique exampies of identical or similar equipment used side-by-side, but
representing different vintages and degrees of aging.

As part of the Pacific Northwest Laboratory‘” Shippingport Station
aging evaluation work, more than 200 items, ranging in size from small
instruments and materials samples to one of the main coolant pumps, were
removed and shipped to various laboratories for evaluation. These items
included battery chargers, inverters, relays, breakers, switches, power and
control cables, electrical penetretiors, check valves, solenoid valves, and
motor-operated valves. Samples of piping from various plant systems also were
acquired for radiological characterization studies, and samples from the
primary system check valves, main stop valves, ard main coolant pumps were
removed for materials degrudation studies. In situ assessments of Shipping-
port Station components also were conducted, including the pre-removal visual
and physical examination of components, the testing of electrical circuits,
and special measurements to assist in selecting specific components for
further evaluation.

Naturally aged components and materials are subjected to the actual
in-plant environments, operating tonditions, testing procedures, and mainte-
nance practices. Thus, their evaluation is an important way to verify
expected degradation mechanisms and failure modes, to ensure that other
components will be minimally affected by aging, to validate aging projections
based on the 2xtrapolation of accelerated test data, and to detect unexpected

(a) Pacific Northwest Laboratory is operated for the U.S. Department of
Energy under Contract DE-ACO6-76RLO 1830. Work is conducted under NRC

FIN B2911.
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aging mechanisms (surprises{ that could significantly impact component or
system performance. The following are examples of the types of aging manage-
ment information that have been derived from the studies of the naturally aged
Shippingport Station components and materials.

WM&MWM
Naturally aged inverters and battery chargers from the Shippingport
Station were tested by Brookhaven National Laboratory. Although some
agino-induced changes were noted, it was concluded that aging had not sub-
stantially affected equipment operation. Similarly, Wyle Laboratories
conducted operability and performance tests of Shippingport Station circuit

breakers and relays, demonstrating that these components still met the
original specifications.

Comparison Data for Validating Aging Projections Based on Accelerated Aging
Studies

An Argonne National Laberatory investigation of the microstructural
characteristics of cast stainless steel from Shippingport Station primary
system valves and pump volutes verified that the low-temperature thermal
embrittlement mechanism for this naturally aged material is the same as that
of laboratory-aged material. This provided a unique opportunity to validate
and benchmark the laboratory studies.

Basic Insights on Degradation Mechanisms

An Argonne National Laboratory evaluation of samples from the inner wall
of the Shippingport Station neutron shielu tank, which represent base metal
and weld material exposed to different neutron flux levels, has provided
valuable information on possible low-temperature low-flux embrittlement
processes in reactor pressure vessel support structures.

Batact i of i At St i ik et i e

An Qak Ridge National Laboratory evaluation of a piston 1ift check valve
from the Skippingport Station found significantly more wear than would be
expected based on the valve's normal service environment. Similarly, an
evaliation of an 8-in. diameter gate valve and operator from Shippingport
Station revealed a previously unrecognized cable sizing problem.

ldentification of Condition and Performance Parameters to Detect and Monitor
Aging

An ldaho National Engineering Laboratory in-situ evaluation of
Shippingport Station electrical circuits confirmed the effectiveness of the
measurement system for detecting degradation of circuit connections and
splices.
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Effectivenc: s of Surveillance Methods for the
Class 1E Power and Reactor Protection Systems
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failures. Open circuit, wear, burned circuit, and out-of-adjustment failures ‘
were not effectively detected by routine IS&MM for the circuit breakers, J

The operational data review also revealed that approximately 40% of all
Reactor Protection System failures were not detected by routine IS&MM. Over
70% of all RPS events were accountable to transmitters, integrators, and
bistables. For transmitters routine methods were not effectively able to
detect failures caused by wear and aging/cyclic fatigue. Open and dirty
circuit failures were not detected effectively by routine 1S&MM for bistables.
Aging/cyclic fatigue and defective connections caused the failures not |
effectively detected by these routine methods for integrators. |

A standard Probabalistic Risk Assessment (PRA) was used to determine the
risk significant Class 1€ components. Truncation of the fault tree cut sets
left the circuit breakers, transformers and buses as the risk significant
components. The effects of aging were determined by simply applying aging
rates, as determined by expert opinion, to the initial failure rates used in
the PRA to determine if significant changes occurred as a function of time.
The failure rate for the circuit breaker increased the most at 20%, followed
by the transformer (6%) and the bus work (1%). Requantification of the PRA,
using the new failure rates, revealed a less than 1% increase in the core
damage frequency. This was verified by using operational data and statistical
methods to formulate an actual aging failure rate for the circuit breakers,
since they had the highest theoretical failure rate increase.

An in-plant evaluation was performed to study ways to improve current
IS&MY practices for both the (lass 1E and Reactor Protection Systems. The
cooperating plant currently uses a variety of advanced IS&MM. One method uses
electronagnetic signals to measures various parameter. of de-energized
electrical circuits. This system determines insulation integrity of the
system through measurements of capacitance, dissipation factor, impedance, and
insulation resistance. Time Domain Reflectometry is used to measure circuit
integrity. This method collects baseline data and uses it in a comparison on
later tests of the same piece of equipment: this has proven especially
effective for circuits. Other improved methods include the use of
state-of-the-art infrared technology. This method can be used on a "one time
only" basis to reveal hot spots and to collect data for long term trending.
The basic principle of this device is to measure the heat generated by
electrical equipment; the test data is compared to baseline criteria to
determine whether that component is within a certain operating range. Data
obtained from this system is stored on computers for analysis. A third system
used at this plant is Redundant Instrumentation Monitoring. This system is
used to verify calibration of on-line instrumentation. A computer reads
instrument output data from the plant computers. The system then allows
comparison of redundant channel outputs over time or trending of one channel.
The ability of all these systems to store data on computers (in an casily
retrievable form) allows plant personnel the ability to trend the 1E Power and
Reactor Protection Systems for aging related degradation.
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equipment temperature monitoring, periodic observation of circuit waveforms, and
component parameter measurements.

Mitigating the effects of aging degradation can be accomplished through a
combination of maintenance, design changes, and personnel training, It is
recommended that a comprehensive maintenance program be established for inverters
and battery chargers that addresses four areas: {inspection, testing, predictive
maintenance, and corrective maintenance. Guidelines for each of these areas have
been provided in research reports NUREG/CR-4564, 5051, and 5192,

Current maintenance practices at nuclear power plante were evaluated to
assess utility programs for addressing inverter and charger aging. Two
independent surveys, one by BNL and one by the Electric Power Researcn Institute
(EPRI) found that all of the surveyed plants specified some maintenance
activities for chargers and inverters, and most utilities are cognizant of this
equipment's importance to safety and availability., However, the wide range in
the type of maintenance performed, and the varying levels of success achieved
could reflect inadequacies at some plants. While emphasis has been placed on
maintenance practices for mitigating equipment aging, the potential improvement
in vital bus reliability through design improvements should not be overlooked,
As plants age, there should Le an awareness of improvements in equipment to take
advantage of advances which could minimize the plant’s aging effects and maintain
or enhance its established performance and safety goals. One recommended design
improvement is the automatic transfer switch. The device reduces the impact of
inverter degradation by sensing the failure and switching the vital bus to an
alternate electrical source without interrupting power to safety related
instrumentation, controls, and equipment.

Other recommended improvements resulting from this research include the
application of equipment for detecting and suppressing electrical bus transients
experienced regularly in power plants, the use of higher voltage and temperature
rated components in the inverter circuitry, and the addition of forced air
cooling to reduce the overheating problems experienced.

With personnel induced stresses accounting for approximately 15% of the age
related inverter and charger failures, it is recommended that training be
provided and procedures be established for the operation and maintenance of this
fairly complex equipment.

Mairtenance must be performed periodically to refurbish and/or replace
components which exhibit aging. In addition te discrete components such as
capacitors, transformers, and semiconductors, the integrity of other entities
such as cable connectors, wiring, and structural fasteners must also be
maintained to assure proper equipment operation under normal operating and
postulated accident conditions. While it 1is not possible to prevent all
component failures, preventive maintenance activities and condition monitoring
techniques can be effective in reducing the number of fallures.
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AN OVERVIEW OF THE STRUCTURAL AGING PROGRAM

Dan J. Naus
Oak Ridge National Laboratory (ORNL)
Oak Ridge, TN 37831-8056

E. Gunter Arndt
. 8. Nuclear Regulatory Commission (NRC)
Washington, D. C. 20855

ABSTRACT

The Structural Aging (SAS) Program was initiated at ORNL in mid-1988 and
has the overall objective of preparing a report which will provide NRC
license reviewers and licensees with the following: (1) identification
and evaluation of the structural degradation processes; (2) issues to be
addressed under nuclear power plant continued service reviews, as well
as criteria, and their bases, for resolution of these issues: (3)
identification and evalu tion of relevant inservice inspection Or
structural assessment programs in use, or needed; and (4) quantitative
methodologies for  assessing  current, or predicting  future,
structural safety margins. The SAG Program consists of three technical
tasks: Materials Property Data Base, Structural Camponent
Assessment/Repair Technology, and Quantitative Methodology for
Continued Service Determinations.

The objective of the materials property data base task is to develop a
computer-based structural materials property data base which will
contain information on the time variation of material properties under
the influence of pertinent environmental stressors and aging factors,
Two camplemeritary data base formats, hardeopy and electronic, have been
developed and contain information on the performance of concrete,
conventional steel reinforcement, prestressing steel, and structural
steel materials. Also under this task a state-of-the-art report has
been prepared which identifies and evaluates models and accelerated
aging techniques and methodologies which can be used in making
predictions of the remaining service life of concrete in nuclear power
plants.

T Pasearch sponscred by the Office of Muclear Regulatory Research, U.S,
Nuclear Regulatory Camission under interagency Agreement 1886-8084-5B with the U.8.
Department of Energy under Contract DE-ACOS5-840R21400 with Martin Marietta Energy
Systems, Inc.

The submitted mamuscript has been authored by a cantractor of the U.S.
Govermment under Comtract No. DE-ACCS-840R21400. Accordingly. the U.S. Goverment
retains a nonexclusive, royalty-free license to publisn or reproduce the published
form of this comtribution, or allow others to do so, for U.5. Govermment purposes.
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