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Abstract

This report is a summary of the results of a Phase 1 study
on the effects of aging degradations in pressurized-water
reactor (PWR) internal components. Westinghouse (WI2),
Combustion Enginecering (CE), and Babcock & Wilcox
(B&W) reactoss are included in the study.

Stressors associated with the operating environment inside
the reactor pressure vessel provide conditions that are
favorable o the development of aging-related degradauon
mechanisms. The dominant stressor is flow-induced oscil-
latory hydrodyn=zaic forces generated by the reactor pri-
mary coolant flow. Results of a survey of the component
failure information identified three major aging-related
degradation mechanisms: fatigue, stress corrosion crack-
ing. and mechanical wear.

Strategies for controlling and managing aging degradations
are formulated based on the understanding of the linkage

1

between stressors and aging degradation mechanisins,
Flow-induced vibration problems are resolved by conven-
tional engineering practices: by the elimination of excita-
tion sources or by de-tuning the structure from input exci-
tations. Uncertainties remaining in the assessment of aging
effects on PWR internals include long-term neutron irradi-
ation cffects and the influence of environmental factors on
high-cycle fatigue fatlures.

An effective plant in-service inspection (ISI) program will
ensure the structural integrity of reactor internals. Reactor
internals can be replaced if it is deemed necessary. There-
fore, an inspection method with early failure detection
capability will further enhance the safety as well as the
cfticiency of plant operations.
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Summary

Reactor internals operate in the environment inside the
pressure vessel; this is favorable to the development of
time-dependent or aging degradations. The main objective
of this study is o assess the effects of aging deoradations
on pressurized-water reactor (PWR) internal com ponents.
‘The assessment includes an evaluation of the eftectiveness
of the plant in-service inspection (ISI) program in detecting
failures in internals before they can affect the safety and
efficiency of plant operations. Westinghouse (WE),
Combustion Enginecring (CE), and Babcock & Wilcox
(B&W) reactors are included in the study.

Reactor internals selected for the study serve three basic
functions: they support the core; they provide housings for
control rods, control rod drive mechanisms, and in-core
monitors: and they direct and guide the reactor coolant
flow through the reactor vessel. Most internals are made of
type 304 stainless steel. Although they are located inside
the reactor vessel, fuel assemblies, control rods, control rod
drive mechanisins, and in-core monitors are not included
as mtemals in the present study.

Stressors are conditions that can initiate and sustain the
growth of aging-related degradation mechanisms. Reactor
iternals are subjected to stressors generated by applied
loadings (thermal and mechanical), by contacts with high-
temperature flowing water, and by exposures o high-
energy (11> 1 MeV) neutron fluxes. The applied loadings
of primary concern are flow-induced oscillatory hydro-
dynamic forces because they can excite structural compo-
nents into vibrations. The reactor cooling water provides
an environment that may contain conditions that are con-
sidered as favorable to the development of stress corrosion
cracking (SCC), Neutron irradiation effects are important
stressors 1o internal components located in close proximily
of the core. Manufacturing processes may also impose
stressors on nternals.

Aging-related degradation mechanisms gencrally associ-
ated with the primary stressors for reactor internals are
corrosion (including SCCY, fatigue, mechanical wear, ero-
sion, embrittement, creep, and stress relaxation. These
degradation mechanisms may develop at different rates,
and as a result they are not of equal importance in the
design life expectancy of the reactor. However, aging
degradations it they are not mitigated, will eventually lead
toa failure . e affected component. Reported failure
information and laboratory testing results can identify the
more significant aging-related degradation mechanisis,
SCC fatigue, and mechanical wear are the major aging-
related degradation mechanisms for PWR intemals.

X111

Major reported failure cases for PWR internals include
bolting failures i core support structures caused by fatigue
and SCC, fuel assembly damages caused by high-speed
leakage Nows through enlarged gaps in core batfle plates,
excessive thinning of flux thimble guide tubes caused by
flow-induced vibrations, and crevice-assisted SCC in con-
trol rod guide tube support pins. Some of these failures
have resulted in extended outages for repair work. but cur-
rently available information did not indicate that they have
compromised the safety-related functions of reactor
internals.

The plant in-service inspection (ISI) program calls for the
visual inspection of accessible arcas of reactor internals
durning refueling outages. Limitations of the visual inspec-
tion method are well known. Reactors licensed since 1978
are equipped with loose parts monttoring systems
(1.PMSs). The main objective of the LPMS is to alert plant
operators that loose parts are present in the reactor primary
system so that appropriate actions can be taken to limit fur-
ther damages to other reactor components and systems.
New technologies have been developed, and they have the
capability of carly failure detection in key core-support
internal components. They involve the use of neutron noise
vibration measurements and trending studies. ‘These prac-
tices, while commuon in France and Germany, have not
been formally incorporated into the IST program for 1S,
nuclear plants. They have been used on a voluntary basis,
Visual inspection, supplemented by ultrasonic and eddy-
current inspection methods, remain the major tools for
specting reactor internals in the ULS,

Most Tow-induced vibration and SCC problems have been
resolved by conventional engineering practices such as
clinihation ol excitation sources. detuning the structure
from externad excitations, design changes, and use of mate-
rals that will make the components fess susceptible to cor-
rosion attacks,

Small-amplitude tlow-induced vibrations in reactor inter-
nals are difficult to climinate, and high-cycle fatigue
renidns as an active degradation mechanism. Internals
close to the core are exposed o high-energy neutron fluxes
and neutron irradiation effects, and related degradation
mechanisms may become more prominent in the remaining
life of the reactor. Thermal aging in cast austenitic stainless
steel (CASS) internal components is in the same category.,
I the presence of active aging degradations, a vigilant
mspection program is needed o ensure the structural
integrity of reactor internals. The incorporation of an effec-
uve carly failure doetection method will further enhance the
safety and etficiency of plant operations,
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I Introduction

Systems, structures, and components of a commmercial
nuclear power plant are subjected to time-dependent or
aging degradations during operations, Effects of aging
degradations, if they are not mitigated, will eventually lead
1o failures that could adversely affect plant safety and per-
formance. The Office of Nuclear Regulatory Rescearch
(RES) has established the Nuclear Plant Aging Research
(NPAR) Program! to increase basic understanding of
aging-related degradations and their effects on reactor sys-
tfems, structures, and components. ‘The NPAR approach is
to perform in-depth studies on selected reactor systems,
structures, and components that are judged to be vulnerable
o aging degradations. Understanding the interrelationship
between stressors and aging-related degradation mecha-
nisms is also the basis for the formulation of strategies for
controlling and managing aging effects. One of the reactor
systems selected for aging study is reactor internals, and
the study is assigned to the Oak Ridge National Laboratory
(ORNL). The effects of aging on boiling-water reactor
(BWR) intermals has been addressed in a previous report.”
This report will concentrate on the aging assessment of
pressurized-water reactor (PWR) internals. Operating his-
tories of Babcock & Wilcox (B& W), Combustion
Engineering (CE), and Westinghouse (WE) reactors pro-
vide the majority of the information for the aging assess-
ment process. Westinghouse has licensed its PWR technol-
ogy to European and Japancese vendors, and appropriate
aging-related failure information of overseas reactors will
also be included in the study.

The term “internal™ is generally applied to reactor compo-
nents that are located inside the reactor pressure vessel.
Fuel assemblics, control rods, control rod drive mecha-
nisms, and in-core monitoring ¢equipment are routinely
replaced and are excluded from this study. Housings for
these components are considered as internal components.
Reactor internals perform many functions; the primary one
is to provide structural support and orientation to the core
and control rod assemblies (CRAs). Other internal compo-
nents direct and guide the coolant flow through the core
region and provide shiclding to the pressure vessel wall,

At the present time there are 73 PWRSs licensed for com-
mercial operation in the United States. Using the commer-
cial operation starting date as the reference for counting
reactor ages, 6 reactors or about 8% of the total are over 20
years old; 42 reactors or 58% are between 10 and 20 years
old, and 25 reactors or 34% are less than 10 years old.
There is a total of 907 reactor-years of PWR operations,
and the accumulated operating histories of these reactors

KL Luk, “Boiling Water Reactor lnternals Aging Degradation
Study- - A Phase 1 Report,” USNRC Report NUREG/CR-5754
(ORNI/TM-11876), 10 be published.

provide the information for studying aging cffects in
selected reactor components, The plant 1S1 Program is the
major source of information on aging-reiated failure for
reactor systems.

The aging assessment is performed in a multiple-step pro-
cess. The first step is the identfication and description of
reactor intermal components included in the study. The see-
ond step is to identify stressors that are presented in the
operating environment inside the pressure vessel. The third
step is to establish linkage between stressors and aging-
related degradation mechanisms. The final step is the iden-
tification of the more significant aging-related degradation
mechanisms based on a review of the operating histories of
PWRs and reported component failure information. The
establishment of the proper tinkage between an aging-
related degradation mechanism and the associated stressors
can be used as the basis for formulating strategies for con-
trolling and managing aging effects.

Sclected reactor internals are identified in Chap. 2 of the
report. The information provided in Chap. 2 includes a
bricl description of cach sclected component, the functions
it performs, and the material of construction. Primary
stressors inside the reactor pressure vessel are discussed in
Chap. 3. Stressors gencrated by applied loads, environmen-
tal conditions, and manufacturing processes are included in
the discussion. Chapter 4 identifies aging-related degrada-
tion mechanisms associated with the priniary stressors.
Potential aging degradation mechanisms include corrosion
(including SCQC), fatigue, mechanical wear, erosion,
embrittdement (thermal and radiation induced), creep, and
stress relaxation. Chapter S is a summary of the more sig-
nificant reported aging-related failures of PWR internals. It
includes discussions in the thennal shield support bolt fail-
ures in B&W, CL, and WE reactors; baffle plate water-
jetting problems in WE units; WE control rod guide tube
split pins failures; and flux thimble tube thinning prob-
lems. The core baffle bolt failures in Kraftwerk Union
(KWU)-built PWRs of the WE design are also included in
Chap. 5. The reported aging-related failure information
identifies three major aging-related degradation mecha-
nisms: fatigue, SCC, and mechanical wear.

This study also addresses issues concerning the inspection
and maintenance methods used to control and manage
aging effects in reactor internals. The effectiveness of the
visual inspection method is discussed in Chap. 6 of the
report, which also provides information on the develop-
ment of new technologies in these areas, such as loose-part
monitoring, neutron noise vibration measurements, and

NUREG/CR-6048



Introduction

trending studics. Chapter 7 is a summary of important
results in this Phase 1 aging assessment of PWR internals.

Reference

1. J.P.Vora, Nuclear Plant Aging Research (NPAR)
Program Plans, USNRC Report NUREG-1144, Rev. 1,
September 1987.*

* Available for purchase from National Technical Information Service,
Springfield, VA 22161.
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2 PWR Iaternal Components

Three domestic PWR vendors in the United States are the
Westinghouse Electric Corporation (WE), the Combustion
Engineering Company (C1), and the Babcock & Wilcox
Company (B& W), Of the 73 domestic PWRs in commer-
cial operation, S1 or about 70% of the total are Wi, 15
(20%) are CE, and 7 (10%) arc B& W rcactors. The three
reactor designs share some common features. but the inter-
nals are sufficienty different that using “generic”™ compo-
nents for aging studies is not feasible. The three reactor
internal systems will be treated separately.

‘The primary function of reactor intermnals is 10 provide
structural supports to the core and to properly position
CRASs under normal and accident operating conditions.
Reactor internals that perform such functions are compo-
nents of the core support system. Other internal compo-
nents direct and guide the coolant flow through the core
region and help to generate a uniform flow distribution to
enhance core heat transfer. A third type of core internals is
designed o provide gamma and neutron < fuelding to the
reactor pressure vessel, Housings {or in-core instrumenta-
tions are also considered as reactor internals. Even though
they are also located inside the reactor vessel, aging effects
in fuel asscmblies, control rods, control rod drive mecha-

nisms, and in-core monitors are not addressed in this study.

‘The majority of reactor intermnals are made of type 304
stainless steel. Unless st is specifically stated, it can be
assumed that the material of construction for an internal
component is type 304 stainless steel. Reactor internals are
designed in accordance with the requirements of Sect. Hi
of the American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel (B&PV) Code ' Vor reactors
that were designed and built betore the establishment of
Sect. 1 of the ASME B& PV Code, analyses were per-
formed to ensure that calculated stress values for reactor
components met the intent of the Cesde under specified
design conditions.

Information on internal components is obtzined from varn-
ous plant Final Safety Anatysis Reports (ESARS) and tech
nical reports published by the Blectnie Power Rescarch
Institate (EPR). The components included in the study are
those for a “typical” reactor made by the vendors, Reactor
design is an evolving process, and many design features
are plant specific. The teport will atempt o identify major
design changes in internal components, but no attempt will
be made to account for all design changes. Reactor inter-
nals are identificd by their names commonly used in plant
FSARs. They may be referred to by different names in
other reports, and confusions can be avoided by referring
to the detailed descriptions of the component in question.

2.1 Westinghouse (WE) Internals

W PWK internals are divided into three structural units:
the lower core support structure, the upper core support
structure, and the in-core instrumentation support structure. )
A simplified sketeh of the arrangement of WE reactor -
internals is shown in Fig. 2.1,

2.1.1 Lower Core Support Structure

‘The lower core support structure is the principal core sup-
port structure. It consists of the core barrel, the core baffic,
the tower core plate, the fower support columns, the bottom
support plate, the intermediate diffuser plate, the theral
shield, and the secondary core support assembly. A sketeh
of the lower core support structure is shown in Fig. 2.2,

In addition to its core support functions, the lower core
support structure also directs and guides the coolant flow
through the core. The coolant enters the vessel through
inlet nozzies and flows down the annular region between
the core barrel and the vessel wall. The thermal shield,
whien it is used, is located in the annular region. The main
coolant flow goes into a plenum at the bottom of the vessel
where it s turned around and then flows up into the core
through periorations of the botom support plate, the dif-
fuser plate, and the lower core plate. After passing through
the core, the coolant enters the upper core barrel region
occupicd by the upper core support structure. ‘The flow
then turns radially outward and leaves the core barrel
through outlet nozzles. The core barrel outiet nozzles direct
the coolant flow into the pressure vessel outlet nozzles.

In additon to the main coolant flow described above, there
are also secondary tlows in the reactor coolant system. A
small amount of cooling water is divented into the region
hetween the core battle and the core barrel, and this bypass
tlow provides additional cooling to the core burrel, Coolant
How is also directed into the vessel head plenum for cool-
ing purposes, and it exits through vessel outet nozzles.

2.1.1.1 Core Barrel

The core barrel i the main structure of the core suppon
system, Other core support structares are attached to the
core barrel, which transmits the weight of the core to the
reactor vessel. [ois also used to position the fuet
assemblies.

NUREG/CR-6048
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Figure 2.1 Westinghouse PWR internals
The barrel is o long. evhndrical, one-piece welded structure In some of the older WE reactors, the core barrel is i two-
divided into an upper and a lower regnon. Phe upper tange picce structure with the bottom of the core barrel connected
of the core harrel rests on a fedge in the reactor vessel head to the bottom support plate by te rods. The upper and
flange. and the lower end of the barrel s welded o the lower harrel sections are connected by a bolted jont,

hottom support plate. which in i is restramned by a radial
support svatem attached o the wall of the pressure vessel
The outlet nozzles are made by welding forged nings to
openings i the upper part of the core barrel
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Figure 2.2 Westinghouse PWR lower core support structure

2.1.1.2 Core Baffle

The core baffle forms the boundary of the core, and it also

directs and guides thic coolant flow through the core region.

The core baffle is made of vertical baffle plates and hori-
zontal former plates (also known as baffle radial support
plates). The horizontal former plates are bolted o the
inside surface of the lower part of the core barrel. The ver-
tical plates are bolted to the inner edges of the horizontal
plates, forming the boundary of the core. The bolts are
made of type 316 stainless sieel. Holes in the horizontal
former plates provide a flow path for the bypass cooling
flow in the region between the core barrel and the vertical
baffle plates. A cross section of the core showing the core
baffle and other components of the lower core support
structure is shown in Fig, 2.3,

2.1.1.3 Lower Core Plate
The lower core plate positions the fuel assemblies and

transmits their weights to the core barrel. This perforated
plate is located at the bottom of the core below the core

baffle assembly. The plate thickness is ~5.08 cm (2 in.). It
rests on a ledge on the inside of the lower core barrel. The
holes distribute the coolant flow to the core. FFuel assembly
locating pins, two per assembly, are inserted into the lower
core plate. They provide proper alignment as well as lateral
support to the fucl assemblies.

2.1.1.4 Lower Support Columns

The weight of the fuel assemblies is ~113,276 kg
(250,000 1b), and to prevent ex.cssive deformations of the
lower core plate, it is stiffened by the placement of short
columns between the lower core plate and the bottom
support plate (Fig. 2.2). The lower support columns are
also referred w0 as the core support columns. The top ends
of the columns are bolted to the under surface of the lower
core plate. The bolts are made of type 316 stainless steel.
The column lower ends are inserted into the bottom
support plate. A major portion of the fuel assemblies’
weight is then transmitted to the core barrel through the
bottom support plate.

NUREG/CR-6048
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Figure 2.3 Westinghouse PWR core barrel cross sections

2.1.1.5 Bottom Support Plate

The bottom support plate supports the lower core plate
through lower support columns. It transmits a major por-
tion of the fuel assemblies weight to the bottom of the core
barrel.

The bottom support plate. also known as the bottom disk,
is o perforated plate welded o the lower end of the core
barrel. Typical plate thickness is ~20.32 cm (8 in). Lower
ends of the core support columns are inserted 1nto the bot-
tom plate. Perforations in the plate distribute coolant flow
to the core,

The bottom support plate s an itegral part of the radial
support system at e lower end of the core barrel The
SHPPOT sysiem consists of kevs and kevways attachied to
thie bottom support plate and the reactor vessel wall.
Incone! clevis blocks are welded 1o the inside of the reactor
yessed al six uniformly spaced locations around the circum-
ferenee. Six fnconel insert blocks are bolted to these clev-
isens and act as keywiays, Six keys, alse uniformly spaced.
are welded 1o the outside surface ot the bottom support
plate. When the core barrel is lowered into the pressure
vessel. the kevs engage the keyways i the axial direction,
and Lteral motions of the core barrel fower end are
restrained. A sketeh of the radial key-keyway support sys-
tem is shown in Fig, 2.4,
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‘The bottom support plates in some of the older reactors are
made of Grade CE-8 cast austenitic stainless steel. When
they are casted, the bottom support plate is also referred to
as the bottom support casting. The bottom support plates
are also machined from type 304 stainless steel blocks,
2.1.1.6 Intermediate Diffuser Plate

The intermediate diffuser plate is a perforated plate located
hetween the Tower core plate and the bottom support plate.
It is attached o the fower support cotumns. The intermedi-
ate diffuser plate, also called the low mixer plate, gener-
ates o uniform coolant flow to the fuel assemblies. Notall
W units are equipped with intermediate diffuser plates.
Pertorations w the lower core plate and the bottom support
plate are used o provide the uniform flow distribution
when the diffuser plate s not used. fntermediate dittuser
plates in some of the older reactors are mide of Girade
C1-8 castanstenitic strnless steel. Cithiers are machined
from tvpe Mk standess steel plates

2.1.1.7  Thermal Shield

The thermal shicld protects the reactor vessel wall from
excessive gamma heating and radiation damauges. 1t shields
ihe vessel wall from tast neutron fluxes and gimnma radia-
tions. It is located in the annular region between the core
barrel and the reactor vessed wall,



PWR

ORNL-DWG 93-2888 ETD

[—-CLEVIS INSERT

/——QADIAL KEY

//

VESSEL

OWER SUPPORT
PLATE

Figure 2.4 Westinghouse PWR radial key-keyway system

The early thermal shields are made of shell scgments
assembled inside the reactor vessel. The shell segments
(typically three) were fastened together to form a cylindri-
cal shell by the use of pins or bolts. The lower end of the
shield was keyed to support lugs attached to the bottom of
the vessel. The top end was free. One WE PWR was

equipped with radial spacer pins at the top of the thermal
shield.

The intermediate thermal shield design is a one-piece
cylindrical structure and supported in one of two ways. In
one support system, the shield is rigidly bolted to the lower
edge of the core barrel, and a flexure support system is
used at the top. The flexure support is basically a structural
element with one end attached to the thermal shield and the
other end bolted to the core barrel. Six flexure supports are
spaced uniformly on the top of the shield. The flexure sup-
port system allows limited displacements at the top end of
the shield. A top-mount flexure support system is shown in
Fig. 2.5. Support conditions are reversed for the second
type of shield support system; the top has a rigid support,
and a flexure support system is used at the bottom edge.
Material surveillance samples are inserted into surveillance
specimen holder tubes that are bolted and pinned to the
outside of the thermal shield.
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The latest thermal shield design uses shielding pads. Four
shiclding pads, also called neutron shield pads, are bolted
and pinned to the outside of the core barrel. These pads are
located in areas with high neutron fluence levels to offer
the maximum protection to the reactor vessel wall. In this
design, material surveillance samples are located in speci-
men holder tubes bolted to the outside of the neutron shicld
pads.
2.1.1.8 Secondary Core Support Assembly

The secondary core support assembly, often referred to as
the core catcher, is an energy-absorbing device used to
limit the vertical displacement of the core and to absorb
some of the impact energy in the event of a catastrophic
failure of the core support system. Figure 2.6 is a sketch of
a typical secondary core support assembly. The number of
energy absorbers required is plant specific, and it is deter-
mined by the condition that the maximum stress value in
reactor internals (except in the absorbers) is below the
yield stress of the material of construction for the affected
component during a postulated core drop. Yield stress val-
ucs can be found in Sect. 1T of the ASME B&PV Code.

|

The energy absorbers, cylindrical in shape, are attached to
a base plate that is contoured to fit the bottom surface of
the reactor vessel. The top ends of the absorbers are con-
nected to columns that are bolted to the bottom support
plate. In the event of a core support failure, the energy
absorbers will limit the fall of the core as well as absorbing
some of the kinetic energy of the dropped core assembly.
This is accomplished through plastic deformations of a
volume of stainless steel, initially loaded in tension, in the
absorber, The plastic strain in the stainiess steel piece is
limited to ~15%, and then a positive stop is used to limit
the fall and transmit the additional loads to the bottom of
the reactor vessel.

2.1.2 Upper Core Support Structure
‘The upper core support structure is located in the upper
region of the core barrel. The assembly consists of the top

support plate, hold-down spring, deep beam sections, sup-
port columns, upper core plate, and guide tube assemblies.
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The upper core support assembly is defined by the top sup-
port plate on the top and the upper core plate in the bottom.
Proper spacing between the two plates is maintained by
support columns. Deep beam s *ctions are attached to the
bottom of the top support plate to increase its stiffness and
to minimize deflections. Guide tube assemblics provide
housing for CRA drive shafts and rod control cluster
assemblies (RCCASs). The upper core support structurc is
moved as a unit during refueling operations. A sketch of
the upper core support structure is shown in Fig. 2.7.

2.1.2.1 Top Support Plate

The top support plate, also called the upper support plate,
serves as the primary structure for the attachments of other
upper internal components. The plate transmits the weight
of these components to the reactor vessel.

‘The top support plate is a perforated flat plate that is stiff-
ched by deep beam sections at its bottom surface. The edge
of the plate rests on top of the upper core barrel flange. The
plate is held in place by the hold-down spring, which is in
turn held down by the vessel head flange. Perforations on
the plate provide access for the RCCAs and in-core ther-
mocouple conduits.

‘The top support plate is also the dividing boundary
between the upper plenum and the reactor vessel head
region. The coolant flow, which enters the upper plenum
through the upper core plate, is turned to a radial direction

TOP SUPPORT
PLATE

PWR

by the top support plate. The coolant flow exits through the
core barrel outlet nozzles.

In some WE units, the flat top support plate is replaced by
an upper support asscmbly. The upper support assembly is
in the form of a shallow top hat or an inverted shallow top
hat. In the top hat configuration, perforations on the top
surface provide access for the RCCA and in-core thermo-
couple conduits, The rim of the top hat serves as a support
flange, and it rests on the upper flange of the core barrel.
The undersurface of the top hat is stiffened by deep beam
sections. In the inverted top hat configuration, the bottom
is a thick plate, and perforations on the plate provide
access for the RCCA and in-core thermocouple conduits.
The rim of the inverted top hat rests on the upper flange of
the core barrel. The inverted top hat upper support assem-
bly is not stiffened by deep beam sections.

2.1.2.2 Hold-down Spring

The hold-down spring limits the axial movements of core
support structures. It is a large annular or ring spring. The
core barrel upper flange, the annular hold-down spring, and
the top support plate all rest on a ledge on the reactor ves-
scl head flange. When the vessel head is installed on the
pressure vessel, the hold-down spring is compressed by the
tightening of the closure nuts, and the components resting
on the ledge form a rigid joint that would restrict axial
movement of the core support structures. The hold-down
spring is made of type 403 stainless steel.,
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2.1.2.3 Deep Beam Sections

Deep beam sections are welded to the bottom surfaces of
the top support plate and the upper support assembly with a
top hat configuration. The beam sections increase the plate
stiffness, and loadings acting on the plate are transmitted to
the reactor vessel without excessive deformations. Deep
beam sections are not used in the upper support assembly
with an inverted top hat configuration.

2.1.2.4 Upper Support Columns

Upper support columns are tubular structures bolted to the
top support plate and the upper core plate. The bolts are
made of type 316 stainless steel.

The upper support columns maintain the proper spacing
between the top support plate and the upper core plate.
They transmit loadings from the upper core plate to the
stiffened top support plate that, in turn, transimits the load-
ings to the reactor vessel. Some of the support columns
also provide structural supports to in-core thermocouple
conduils.

2.1.2.5 Upper Core Plate

The primary function of the upper core plate is to establish
proper alignment for the upper core support structure, the
lower core support structure, fuel assemblies, and control
rods. The upper core plate is a perforated plate bolted to
the lower ends of the upper support columns. The bolts are
made of type 316 stainiess steel.

The upper core support structure is positioned with respect
to the lower core support structure by a pin-slot alignment
scheme. Four uniformly spaced flat-sided pins are welded
to the inside surface of the core barrel at the elevation of
the upper core plate. Slots are milled into the upper core
plate at the corresponding positions. When the upper core
support structure is lowered into the core barrel, the slots
engage the flat-sided pins in the axial direction, and proper
aligniment is achieved. The pin-slot alignment scheme will
also restrict lateral displacements of the upper core support
structure.

The top ends of fuel assemblices are aligned by locating
pins protruding from the bottom of the upper core plate.
The pins engage the fuel assemblics when the upper core
support structure is lowered into place.

2.1.2.6 Guide Tube Assemblies

Cruide tubes provide housings for control rod drive shafts
and RCCAs. They shicld these components from effects of
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cross-1lows in the upper plenum region of the reactor pres-
sure vessel. Guide plates are used to maintain proper spac-
ing of the RCCA rodlets in the guide tubes.

‘The guide tube assembly is a tubular structure and is
divided into two parts or assemblies, with the upper sup-
port plate serving as the dividing line. The upper assembly,
often referred to as the control rod shroud tube, is fastened
to the top of the upper support plate. RCCAs enter the
upper plenum through openings in the reactor vessel head,
and they are inserted into the top openings of the control
rod shroud tube. The lower part is called the control rod
guide tube. The top end of the control rod guide tube is fas-
tened to the bottom of the top support plate, and the lower
end is held in place by split pins inserted into the upper
core plate. The split pins are bolted Lo the guide tube bot-
tom; the support will allow limited axial movements of the
lower end of the guide tube, but lateral displacement will
be restrained.

2.1.3 In-core Instrumentation Support
Structures

In-core instrumentation support structures are stainless
steel tubular structures that provide housing and support to
in-core instrumentation such as in-core thermocouples and
thimbles of the reactor flux-mapping system,

Thermocouple housings penetrate the vessel through the
vessel head, while the flux thimble guide tubes enter the
vessel through the bottom. In a few of the older reactors,
all in-core instrumentations penetrate the vesscel from the
vessel head.

2.1.3.1 In-core Thermocouple Housing

In-core thermocouple housings house and guide in-core
thermocouples before their insertion into the core. The
housings start as port columns that penetrate the vessel
from the vessel head. They are also referred to as upper in-
core instrumentation port columns. These port columns are
slip-connected to in-line columns fastened to the top sup-
port plate. Thermocouples are inserted through these port
columns and the top support plate to positions above their
sensor locations in the core.

2.1.3.2 Flux Thimble Guide Tubes

Flux thimbles are components of the reactor in-core neu-
tron monitoring or flux-mapping system. They are inserted
into the reactor pressure vessel through the bottom. Flux
thimbles are retracted during refueling and maintenance
operations. Guide tubes provide housing and support to
these thimbles along most of their lengths. Because they



enter the reactor vessel through the bottom, they are also
referred to as lower in-core instrumentation.

A thimble guide tube is divided into two parts. The upper
part is located inside the fuel assembly, while the lower
portion is located between the reactor vessel bottom and
the lower core plate. The segment of the flux thimble
between the bottom of the fuel assembly and the top of the
lower core plate is not protected by the guide tube, and it is
exposcd to the reactor coolant flows,

When they leave the reactor vessel, flux thimbles are
located inside high-pressure conduits, which penetrate the
pressure vessel from the bottom, The high-pressure con-
duits, containing the flux thimbles, continue on to the scal
table. A simplified sketch of the flux thimble and guide
tube arrangement is shown in Fig. 2.8.

The thimbles are scaled at the reactor end. ‘The region
between the flux thimble and the high-pressure conduit is
maintained at the reactor coolant pressure, and it is sealed
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by a mechanical seal at the seal table. The flux thimble
tube and the high-pressure conduit are considered as a part
of the reactor primary pressure boundary.

2.2 Babcock & Wilcox (B&W)
Internals

B&W reactor internals are grouped into two main struc-
tural assemblies: the core support assembly and the plenum
assembly. In-core instrumentation guide tubes are a part of
the core support assembly, and CRA guide tubes belong to
the plenum assembly. A sketch of the arrangement of
B&W reactor intemmals is shown in Fig. 2.9,

The core support assembly is the primary core support
structure. The plenum assembly is used to maintain a
proper alignment of the control rod guide tubes,

2.2.1 Core Support Assembly

The core support assembly is the major core support struc-

ture, and it consists of the core support shield, the core
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harrel, the Tower grid assembly, the flow distributor, the
thermal shicld, surveillance specimen holder tube, in-core
instrumentation guide tubes, and internal vent valves. The
core support shicld and the core barrel are the major com-
poncnts of the core support assembly. They provide struc-
tural support and attachment points to other internal
components.,
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In addition to its core support functions, the core support
asseimbly also directs and guides the coolant flow in the
core region. The low enters the vessel through inlet noz-
zles, and the core support shield turns the coolant tlow
downward in the annular region between the core barrel
and the vessel wall, The coolant flow is turned upward at
the bottom of the vessel, and it goes up to the core through
the flow distributor and the bottom grid.



‘The core barrel guides the coolant flow through the core.
‘The main flow is upward through the fuel assemblies out-
lined by the core baffle. A small quantity of the coolant is
also diverted to flow upward in the region between the core
battle and the core barrel. The coolunt pressure in the core
baftle-core barrel region is maintained at a lower value
than the main coolant pressure in the core. The resulting
pressure differential helps to prevent the formation of ten-
ston stresses in the bolts attaching the vertical baffle plates
to the horizontal former plates. In the event of flow leak-
ages through gaps in the baffle plate joints, the nressure
difterential will force the coolant to move o ard and
away from the fuel assemblices. This bypass flow scheme
can prevent fuel assembly damages caused by balfle plate
walcr-jetting problems,

2.2.1.1 Core Support Shield

‘The core support shicld provides structure supports to other
internals and transmits loadings to the reactor vessel. The
shicld is a cylindrical structure with flanges at the ends.
The top flange is forged, and it rests on a circumferential
ledge in the reactor vessel closure flange. The core support
shicld fower flange is bolted to the top flange of the core
barrcl. The plenum assembly is located inside the core
support shicld. The position and orientation of the plenum
assembly with respect to the core support shicld are main-
tained by fixtures located on the shield inside surface. In
some B&W units the lower end of the core support shicld
is welded to the top of the core barrel,

‘The core support shicld wall contains two types of open-
ings. The first type consists of outlet nozzles used for reac-
tor coolant flow. The exact number of outlet nozzles is
plant specific. The flow nozzles are formed by welding
forged rings o the wall openings. ‘The rings mate with
mnternal projections of the reactor vessel outlet nozzles, The
ring scal surfaces are sized and finished so that a clearance
gap is maintained at cold condition to facilitie the installa-
tion and removal of components of the core support
assembly. When the reactor is heated to the operating tem-
perature, the differentiad thermal expansions ol the stiin-
less steel core support shicld and the carbon steel reactor
vessel will clase the gap and form the necessary seal sur-
face. The cold gap 1s sized so that when contactis made,
maxanun stresses in the reactor vessel and internal com-
ponents remain below allowable values as stupulated in
Sect HTof the ASME B& PV Code

The second types of opening in the shield wall are internal
vent valve openings. Mounting rings are welded o these
openings for the mstallation of the inte nal vent valve
assemblies. The exact number of vent valve openings is
plant specific, but most B&W plants are equipped with
four to eight internal vent valves,

PWR
2.2.1.2 Core Barrel

‘The core barrel supports the fuel assemblics, the lower grid
assembly, flow distributor, and in-core instrumentation
guide tubes. It guides the primary coolant flow through the
core,

The core barrel is a cylindrical structure with tlanged ends.
The upper flange is bolted to the lower flange of the core
support shield, and the lower flange is bolted to e lower
grid assembly. In some B&W units, the top end of the core
barrel is welded to the lower end of the core support shicld.

The core baftle is considered as an integral part of the core
barrel. The baffle is foried by bolting a series of horizon-
tal former plates to the inside surface of the core barrel.
Vertical baffle plates are then bolted o the inside edges of
the horizontal former plates. ‘The vertical baffle plates form
the boundary of the fuel assemblices,

2.2.1.3 Lower Grid Assembly

The lower grid assembly provides structural supports to the
fucl assemblies, the thermal shield, and the flow distribu-
tor. Fixtures attached to the lower grid assembly also align
the in-core instrumentation guide tubes with fuel assem-
blics™ instrument tubes.

The assembly consists of two grid structures connected by
short tubular columns and surrounded by a forged cylinder
with flanges at the ends. The upper grid structure is a per-
forated plate attached to the top flange of the forged cylin-
der. Pads bolted to the perforated plate are used o adign the
fuel assemblies and in-core instrumentation guide tubes,
The lower grid structure is formed by welded intersecting
plates. In some units, the lower grid stracture is a machined
torging.

Ihie fower and upper grid structures are connected by tubu-
lar columns . Also a perforated plate focated midway
between the two gnd structures is used o generate 4 uni-
tormly distnbuted coolant flow to the core. The lower gnid
structare rests on and 15 also bolted to the lower flange of
the core support shield. The top ange of the forged cylin-
der s holted to the lower flange of the core barrel,

2.2.1.4  Flow Distributor

The flow distributor is a perforated dished head with an
external flange that is bolted to the bottom of the lower
grid assembly.
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Perforations in the flow distributor produce a uniform
coolant flow to the core entrance. The flow distributor also
provides support to the in-core instrument guide tubes.

2.2.1.5 Thermal Shield

The thermal shield protects the reactor vessel wall from
excessive gamma heating and radiation damages. It shields
the vessel wall from fast neutron fluxes and gamma radia-
tions. The shield is located in the annular region between
the core barrel and the reactor vessel wall.

The thermal shield is a cylindrical structure. The upper end
of the shicld is restricted against radial vibratory motions
by restraints bolted to the core barrel cylinder. The lower
end of the shield is shrunk-fit onto the upper {lange of the
forged cylinder in the lower grid assembly. As an added
assurance, 96 high-strength bolts are also used to secure
the thermal shield to the upper flange of the forged cylin-
der. The bolts are made of grade A 286 stainless steel. A
sketch of the thermal shield lower support is shown in

Fig 2,10,

2.2.1.6 Surveillance Specimen Holder Tube (SSHT)

SSHTs are cylindrical tubes mounted on the outside sur-

face of the thermal shicld. Each tube can hold two surveil-
lance capsules, and the exact number of tubes in a reactor
is plant specific. There is an off-set for the tubes, and they
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are located at a short distance from the thermal shield out-
side surface. The span of the tube typically extends from
the top of the core support shield to the lower end of the
thermal shield. There are usually three support mounts for
each holder tube.

2.2.1.7 In-core Instrumentation Guide Tubes

In-core instrumentation guide tubes provide housing and
Supports o in-core instruments from penetrations in the
reactor vessel bottom head to instrument tubes in the fucl
assemblies. Guide tubes are segmented tubular structures
with different diameters for the various sections. The lower
end of the tubes are connected 10 instrument penctrations at
the vessel bottom head. The tubes then go through open-
ings in the flow distributor and the lower grid assembly
before being connected to instrument tubes in the fuel
assecmblies.

2.2.1.8 Internal Vent Valves
The use of internal vent valves is a unique design feature
of B&W PWRs, The primary function of the internal vent

valve is to release the pressute buildup in the reactor upper
plenum region following a cold-leg pipe break accident.

The internal vent valve assemblies are attached o mount-
ing rings welded to openings in the wall of the core support
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shield. The mounting rings also contain devices and fea-
tures that are used to align and position the valve assembly
for proper operation of the valve disk. The internal vent
valve assembly consists of a hinge assembly, the valve disk
with sealing surfaces, split-retaining rings, and fasteners.
The design of the internal vent valve is similar to that for
swing check valves. The vent valves are uniformly spaced
around the circumference of the core support shicld wall,
and the exact number of valves required is plant specific. A
sketch of an internal vent valve assembly is shown in

Fig. 2.11,

Under normal reactor operating conditions, the coolant
pressure in the annular region between the core support
shield and the reactor vessel wall (downcomer) is higher
than the coolant pressure in the core. The magnitude of this
pressure differential during normal operations is

~0.29 MPa (42 psi). It will generate a large force that will
press the valve disk seal face tightly against the tilted valve
body seal face. Thus internal vent valves are closed during
normal operations.

In the event of a cold-leg pipe . ak accident, the sudden
loss of pressure would lead (o rapid phase changes in the
primary reactor coolant. The coolant becomes a two-phase
mixture of steam and water. The pressure in the core region
will drop from the operating pressure of 15.5 MPa

(2250 psiy to ~10.6 MPa (1541 psi), which is the saturated
pressure at the operating temperature of 316°C (600°F).
The large thermal inertia of the core would prevent a rapid
change in the fluid temperature in the core region. A large
pressure differential now exists between the core region
and the pipe break location, which is at the ambient pres-
sure. The pressure differential will drive the reactor coolant
from the core region to the pipe break location through two

PWR

potential flow paths. The first flow path is through the hot
leg and the steam generator. The second flow path is
through the core and the cold leg. The flow rate through
cach path is determined by hydraulic resistances in cach
flow path. In any event, reactor coolant is transported from
the core region to the pipe break location. If the process is
not mitigated, the water level in the core will drop, and a
portion of the core may be uncovered. Note that the pro-
cess is dynamic, and the event could take place in a very
short time interval.

The internal vent valve is designed to achieve a quick pres-
sure ecqualization between the core region and the cold-leg
pipe break focation and to prevent the lowering of the wa-
ter level in the vessel below the top of the core. After the
pipe break occurs, decompression waves propagate from
the cold-leg pipe break location into the reactor vessel. The
fluid pressure of the core region becomes higher than the
pressure in the annular region between the core support
shield and the vessel wall. The direction of the resulting
pressure foree will now oppose the valve closing force
generated by the hinge assembly. The valve closing force
is overcome when the magnitude of the reversed pressure
differential attains a value of 1034 Pa (0.15 psi). The valve
will be fully opened with a pressure differential of no more
than 2069 Pa (0.3 psi). When the internal vent valves are
opened, the major reactor coolant flow path, the one with
the least flow resistances, will be from the upper plenum or
the core region to the cold-leg pipe break location. The
opening of internal vent valves together with the activation
of the emergency core cooling system can prevent the
uncovering of the core in a cold-leg pipe break accident.

Because of their important safety function, internal vent
valves are inspected and tested during refucling outages.
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The valves become accessible to visual inspections and
mechanical testings after the vessel head and the plenum
assembly are removed. A hook tool is used to engage the
exercise lug, and the freedom of the movement of the
hinged valve disk is tested. When the valve disk is raised,
a remole visual inspection is also performed on the valve
body and the sealing faces.

2.2.2 Plenum Assembly

The plenum assembly positions and supports the CRA
guide tubes. It also provides a path for the reactor coolant
to flow to the reactor outlet nozzles.

The assembly is made up of the plenum cylinder, the
plenum cover, the upper grid, and CRA guide tubes. Itis
located insidc the core support shicld and directly above
the core. The structural unit is formed by attaching the
plenum cover and the upper grid to the upper and lower
flanges of the plenum cylinder. CRA guide tubes connect
the plenum cover and the upper grid. Lifting lugs are
welded to the plenum cover, and the plenum assembly is
removed as a single unit during refueling operations.

The plenum assembly is aligned with the reacter vessel
closure head, control rod drive penetrations, and the core
support assembly. When the bolts of the vessel closure
head are tightened, a large clamping force is produced
between the reactor vessel, vessel closure head, the core
support shicld upper flange, and the plenum cover assem-
bly upper flange. The clamping force helps to form a rigid
joint between the components involved, and it will limil
movements of these components. Proper positioning is
attained by the locking of keyways in the plenum assembly
cover flange 1o keys in the reactor vessel flange. The bot-
tom of the assembly, which is the upper grid, is restrained
by the inside surface of the core support shield.

2.2.2.1 Plenum Cylinder

The plenum cylinder positions and supports CRA guide
tubes and guides the reactor coolant flow to the outlet noz-
zles. Tt is a cylindrical structure with flanges at the two
ends. The side wall contains holes as outlets for the reactor
coolant flow. The plenum cover is attached to the top
flange, and the upper grid is connected to the lower flange
of the plenum cylinder.

2.2.2.2 Plenum Cover

The plenum cover aligns the upper ends of CRA guide
tubes and provides support points for the lifting of the
plenum assembly. "T'he cover is formed by welding parallel
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intersecting plates to form square lattices, and the lattice
structure is covered by a perforated flat plate with an inte-
gral flange at the periphery. The inner edge of the integral
flange is attached to the upper flange of the plenum cylin-
der, while the outer edge of the flange is attached to the
upper flange of the core support shicld. Holes in the perfo-
rated plate arc positioned Lo match the upper ends of the
CRA guide tubes. Lifting lugs are welded to the plenum
cover.

2.2.2.3 Upper Grid

The upper grid aligns the lower end of CRA guide tubes to
the upper ends of fuel assemblies. The grid is a perforated
plate bolted to the lower flange of the plenum cylinder, and
itis also guided by the inside surface of the lower flange of
the core support shield. Perforations in the plate position
the lower ends of CRA guide tubes to the upper ends of
fuel assemblies.

2.2.2.4 CRA Guide Tubes

CRA guide tubes provide housing and support to the
CRASs. The tubes also shicld the CRA from the effects of
cross-flows in the plenum assembly. Guide tubrs are also
considered as structural components connecting the
plenum cover to the upper grid.

A CRA guide tbe is a tubular structure with a mounting
flange welded to one end. The mounting flange is bolted to
an opening of the upper grid, while the top end of the guide
tube is welded to a perforation in the plenum cover plate.
CRAGs are located inside the guide tubes.

2.3 Combustion Engineering (CE)
Internals

CE internals are divided into four structural units: the core
support assembly, the upper guide assembly, the flow skirt,
and the in-core instrumentation support system. A sketch
of the arrangement of CE reactor internals is given in

Fig. 2,12,

2.3.1 Core Support Assembly

The major core support structure is the core support
assembly, ‘The assembly consists of the core support barrel,
the core support plate, the lower support structure, the core
shroud, thermal shield, and the core support barrel to pres-
sure vessel snubbers. Because of flow-induced vibration
prablems, thermal shields have been removed from several
CE reactors. A typical core support assembly is shown in
Fig. 2.13.
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Figure 2.12 CE PWR internals

The core support assembly also directs and guides the
reactor coolant flow through the core region. The coolant
enters the pressure vessel through inlet nozzles and is
turned to flow downward in the annular region between
the core support barrel and the reactor vessel wall, The
coolant flow is turned upward in the lower plenum, It
flows through the flow skirt, the bottom of the core support
barrel, and the lower support structure before entering the
core through flow distribution holes in the core support
plate. At the core exit, the coolant flow is tumed 10 4 radial
direction in the upper region of the core support barrel and
leaves the barrel through outlet nozzles. A small portion of
the main coolant flow is diverted into the gap region
between the core shroud and the core support barrel. This
secondary flow is used to provide a more effective cooling
of the core shroud. Other minor bypass flows are leakage
flows through key-keyway alignment systems, instru-
mentation guide tubes, and nozzle clearances.

2.3.1.1 Core Support Barrel

The core support barrel transmits the weight of the fuel
assemblies to the reactor vessel. A typical total weight

of the fuel assemblics and claddings for a CE unit is
~133,333 kg (~300,000 Ib). The barrel also provides proper
alignment for the core support assembly, the upper guide
structure assembly, the reactor vessel, and the closure head.

The core support barrel is a long cylindrical structure with
an external ring flange at the top and cn internal ring flange
at the bottom. The top flange rests on a ledge in the reactor
pressure vessel. [Four equally spaced alignment keys are
press-fitted into the top flange of the core support barrel.
‘The reactor vessel, closure head, and the upper guide struc-
ture assembly flange are slotted to fit into the alighment
key locations. The keys are used to align the core support
assembly and the upper guide assembly with respect to the
reactor pressure vessel. A cut-away view of the core sup-
port barrel is shown in Fig. 2.14.

Two outlet nozzles in the upper section of the core suppont
barrel are fitted (o internal projections of the reactor vessel
exit nozzles. Four equally spaced guide pins are attached to
the inside of the core support barrel just below the outlet

NUREG/CR-60MR
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Phe core sapport plate rests ona fedge i the mside surface
of the core sapport el The ledge s jocated near the
Botton o the bartel The Tower support Siracture rests on
the utetingd ring fhatige at the botton ot the barrel.

Phe Towes cind of the core sapport harreb s restramed by
gruhbers Tocated ars the oursde sorface of the barrel The
wiubbers o radial and axad expansions of the core sup-
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2.3.1.2 Core Support Plate

I'hie core support pliate positions and supports the fuel
assemiblios. 10is a perforated flat plate, and the perforations
distribute coolant flow to the fuel asseiblies. The fuel
asseinblies reston the core support plate and are positioned
by locating pins (our for cach assembly) shrunk-fitto the
plate. The core support plate rests onaledge Tocated in the
iside surtace of the core support barrel near the bottom
erd. Fhe periphery of the plate is pinned, bolted, and lock
weldad to the ledge. The core shroud is also attached 1o the
core support plate
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2.3.1.3 Lower Support Structure

‘The iower support structure provides additonal stiffness to
the core support plate and also transmits a part of the core
assembly weight to the bottom of the core support barrel,
The lower support structure is a welded assembly that
consists of 4 cylinder, columns, support beams, and a bot-
tom plate. The core support plate is supported by columns,
and the bases of these columns are welded to support
beams. The bottoms of the support beams are welded o the
bottom plate, which is perforated for coolant flow passage.
The ends of the support hbeains are welded to the cylinder.
The lower end of the cylinder is welded to the perforated
bottom plate. The whole assembly rests on the internal ring
flange of the core support barrel. The outer edge of the
core support plate is also supported by the top end of the
cylinder. The cylinder guides the main reactor coolant flow
to the core and limits the core shroud bypass flow by
means of Soles located near the bottom of the cylinder.

2.3.1.4 Core Shroud

The cere shroud forns the boundary of the core and con-
trols the coolant flow through the core region. The shroud
is formed by bolting vertical shroud plates to horizontai
ceatering plates. The vertical plates, of varying widths,
hecome the core boundary. The bottom of the vertical

plates are attached to the core support plate by anchor
19
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bolts. The gap in the region between the core boundary and
the core support barrel is maintained by seven tiers of hori-
zontal centering plates. These centering plates are bolted to
vertical core shroud plates and centered during assembly
by adjusting bushings located in the core support barrel.
All bolted joints in the core shroud are lock-welded. The
location of the core shroud in the core support barrel is
showr in Fig. 2.14.

Most of the coolant flows through the core. Holes are
drilled in the horizontal piates to provide some coolant
flow through the region between the core shroud and the
core ..upport barrel. The flow in the gap region will elimi-
nate stagnation pockets and provide a more effective cool-
ing to the shroud. Improved shroud cooling would reduce
temperature gradients and minimize thermal stresses in the
shroud and the core support barrel.

2.3.1.5 Core Support Barrel to Reactor Vessel
Snubbers

The upper end of the core support barrel is clamped
between the pressure vessel flange and the closure head.
From a structural analysis standpoint, the core support
barrel has a cantilevered support at the upper end, and no
additional support would be needed. However, the core
support barrel is submerged in a turbulent flow and is sus-
ceptible to flow-induced vibrations, The amplitudes of
such flow-induced vibrations would be larger at the fower
end of the barrel when it is not restrained. Snubbers are
instailed at the lower end of the core support barrel to limit
and reduce the amplitude of potential flow-induced vibra-
tions. The locations of the snubbers on the core support
barrel are shown in Fig. 2.14.

The snubber system consisis of six equally spaced fugs
welded to the core support barrel outside surface. The core
support barrel lugs act as the groove of a tongue-and-
groove assembly. Mating lugs attached to the inside sur-
face of the pressure vessel wall serve as tongues. An
exploded view of the snubber assembly is shown in

Fig. 2.15.

When the core support barrel is lowered into the pressure
vessel, the pressure vessel tugs slide into the grooves of the
core support barrel lugs. Shims are bolted to the side sur-
faces of the vessel lugs, and the corresponding surfaces of
the barrel lugs are hard faced to minimize wear. There is
no direct connection between the lugs. The gap clearance
between mating surfaces will impose a limit on the barrel
displacements. The snubber system will not impede ther-
mal expansions in the axial and radial directions. It will,
however, restnct jaterai or circumierentiai expansions, The
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Figure 2.15 CE PWR core support snubber assembly

shubber system is not & fixed support system, and the core
suppat barrel is not immune from small-amplitude
vibrations.

2.3.1.6  Thermal Shield

The thermal shield is a eylindrical structure located in the
annular region between the core support barrel and the
reactor vessel wall. ‘The upper end of the shield is sup-
ported by nine uniformly spaced lugs attached to the out-
side of the core support barrel. The tugs restrict the axial
and tangential movement of the shield. A preloaded posi-
toning pin under cach lug is threaded radially through the
shicld and butts against the core barrel. The lower end of
the shield is held in place ina similar manner by 17 radial
pusiioning pins

jecatse of How-induced vibratton problems, thermal
slelds g been removed from several CEoreactors,

Anady sty results indicited it 1 is not necessary to replace
these shickds i the rencanming design hife of these reactors
Thermd shiclds are not osed i the newer Cunits

2.3.2 Upper Guide Assembly

The upper guide assembly conrists of the upper guide
structure support plate assembly, the tuel assembly align-

NURLG/CR-6048

ment plate, control element assembly (CEA) shrouds, and a
hold-down ring. The assembly is handled as a single unit
during refueling operations. A sketeh of the upper grid
asscimnbly is shown in Fig. 2.16.

‘The upper guide structure (UGS) support plate assembly
provides support and alignment to CEA shrouds, which
shicld the control rods from cross-flow effects in the upper
plenum region. The CEA shrouds also provide support to
in-core instrumentation. The fuel alignment plate positions
the upper ends of the fuel assemblies. The hold-down
spring holds down the fuel assemblies during normal oper-
ation and prevents the fuel assemblies from being lifted out
ol the core during accidents,

2.3.2.1 UGS Support Plate Assembly

The HIGS support plate assembly s g welded structure. The
assemblyv s constructed by welding a support flange to the
top of w ovhinder and a support plate 1s welded to the
yhnder iside surface at the eviimder madsection. In some
CHounits the support plate is tocated near the top of the
oylinder, yust below the support flange. The top of a grid
arriny structure, made of welding mtersecting deep beams,
is welded to the botom of the support plate The ends of
the deep beams are welded to the eylinder inside wall. The

tion and support the upper ends of CEA shrouds. Four
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Figure 2.16 CE PWR upper grid assembly

equally spaced keyways are machined into the top support
flange, and they engage the core support barrel alignment
keys. The key-keyway alignment scheme ensures a proper
alignment of the core with respect to the reactor closure
head and CEA drive mechanisms.

In the new CE units, the UGS support plate assembly is
replaced by a UGS support barrel assembly. The UGS sup-
port barrel assembly consists of a ring flange welded o the
top of a circular cylinder. A circular plate is welded to the
bottom of the cylinder. The ning flange rests on the hold-
down ring that, in rm, sits on the core support barrel

FETPSIPIPIE o DO S IPRESIPY S o 1 B
Uppei naingc. 1oul Binioniny Spaccd keyways aic

machined into the support barrel ring flange and the hold-
down ring, and they will engage core support barrel align-
ment keys. The bottom plate of the support barrel provides
support and alignment to CEA shrouds.

2.3.2.2 Fuel Assembly Alignment Plate

The fuel assembly alignment plate positions the upper ends
of the fuel assemblies and also provides support to the
fower ends of CEA shrouds. Locating holes are machined
into the plate to engage posts on the fuel assembly upper
end fittings. Four equally spaced slots or keyways are also
machined into the outer edge of the fuel assembly align-
uicini plaie, and tie ¢ cugage pius proisuding f1om the core

NUREG/CR-6048
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support barrel. The pin-kcyway arrangement restricts lat-
cral displacemen - of the upper guide assembly during
operations. The fuel assembly alignment plate presses
down on the fuel assembly hold-down ring, and the upward
reaction forces are transmitted via the alignment plate and
CEA shrouds to the flanged UGS support plate.

2.3.2.3 CEA Shrouds

CEA shrouds in most CE reactors are tubular structures.
They extend from the fuel assembly alignment plate to an
clevation above the support plate of the UGS assembly.
The shrouds protect CEAs from cross-flow effects in the
upper plenum.

The majority of CEA shrouds are the five-clement type,
and they are made by welding a cylindrical section to a
base; the basce is bolted and lock-welded to the fuel assem-
bly alignment plate. Flow channcl inlets are machined into
the cylindrical section at the base, and they serve as a pas-
sageway for the coolant flow through the fuel assembly
alignment plate. The upper ends of the shrouds are
connected to the UGS support plate by spanner nuts, which
would allow the shrouds to expand in an axial direction.

FFour-element shrouds are located at the periphery of the
UGS support plate, and they consist of a cylindrical section
welded to a base; the base is bolted and lock-welded to the
fucl assembly alignment plate. The upper section of the
shroud is welded directly to the UGS support plate.

In the older reactors, the CEA shrouds have a cruciform
configuration, and they extend from the fucel assembly
alignment plate to an clevation just above the reactor vessel
flange. The shroud is fabricated by welding tour formed
plates o four end bars to complete a cruciform-shaped
structure. The shroud ends are fitted with support pads.
The bottom ends are bolted and lock-welded to the fuel
assembly alignment plate and the top ends to the UGS sup-
port plate. CEAS located inside these cruciform shrouds
also shield them from cross-flow effects.

2.3.2.4 Hold-down Ring

‘The hold-down ring restricts axial displacements of inter-
nal components. Differential thermal expansions, fuel
growth, and rotations of the closure head during bolt tight-
cning and pressurization are major causes of internal com-
ponent axial displacements. The hold-down ring is ilso
referred to as the expansion compensation ring.

The hold-down device is @ segmented circular frame, and
cach ring segment is bolted to the flange of the UGS, Each
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ring segment contains plungers supported by Belleville
washers, and the compression of these devices will result
in an axial hold-down force acting on the upper guide
assembly. The ring segments are fabricated from type 403
stainless steel.

A shim plate is inserted into the space between the UGS
and the core support barrel flange to accommaodate internal
components’ axial expansions.

2.3.3 Flow Skirt

‘The flow skirt is a perforated right circular cylindrical
structure with stiffening rings at its top and bottom. The
skirt is supported by nine equally spaced machined see-
tions welded to the bottom head of the reactor pressure
vessel. There is no connection between the flow skirt and
other intemal components. The skirt is made o Inconcel.
‘The flow holes are designed 1o provide a uniform inlet
flow to the core.

2.3.4 In-core Instrumentation Support
Structure

‘The in-core instrumentation suppaort structure is a part of
the in-core neutron tlux monitoring system. It consists of
an instrumentation support plate that fits in the recess see-
tion of the UGS assembly and is supported by four bearing
pins. CEA shrouds extend through perforations in the
instrumentation plate. 'The in-core instruments are guided
and protected by in-core instrumentation guide tubes that
route the instruments te various locations in the core. The
guide tubes are bent and grouped together o form cluster
assemblies above the instrumentation plate. The clusters
are supported by frame-type structures bolted to the instru-
mentation plate, and they extend into the reactor vessel
head instrumentation nozzles. A sketeh of an in-core
instrumentation support structure is shown in Fig. 2.17,
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3 Primary Stressors

In the context of aging studies, stressors are conditions that
will promote the development and sustain the growth of
aging-related degradation mechanisms. Applied loads,
environmental conditions, and manufacturing processcs
can impose stressors on reactor internals.

Applied loading is an important stressor for intermal com-
ponents. The majority of the internals are not parts of the
reactor coolant primary pressure boundary and are not
subjected to static pressure differential loadings. Flow-
gencerated oscillatory hydrodynamic forces and preloads in
bolts are the applied loazdings of concem to reactor
internals.

The operating environment inside the pressure vessel also
imposes many stressors on internal components. Reactor
internals are submerged in the reactor primary coolan!
flow. The coolant temperature in the core region, where
most internals are located, is ~316°C (600°I%), and the
average coolant flow speed is ~4.9 m/s (16 {t/s). The nomi-
nal system pressure in the reactor vessel is ~15.5 MPa
(2250 psia). These conditions can generate many aging-
related stressors. Normal reactor operating conditions for
the three types of PWRs may vary, but in general they do
not deviate significandy from conditions mentioned above,

Becauwse of their proximity to the core, some intemals are
exposed to stressors associated with fast neutron fluxes and
the heating of gamma radiation.

Accidents can impose much more severe thermal and
mechanical loadings on reactor components. However, the
emphasis of the present study is on effects of normal plant
operations, which constitute the great majority of the Gper-
ating history of the reactor.

3.1 Applied Loads

Thermal and mechanical loads arc the migor applicd foad:
acting on reactor internals during normal steady-state and
transient (startup or shutdown) operations. Thermal Joad:
are produced by temperature gradients i component, i
thermal expansions of different materials, and by restrictes
thermal expansions. Mechanical loads ate generated by
static pressure ditferentials, preloads in bolis. ind floid
flow-penerated cyclic forees,

Reactor internals are designed to accommodite thermad
expansions: as a result. constraint-induced thermet Toads
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are kept at a low level. The existence of temperature gradi-
ents and rapidly changing temperatures in a component are
important thernal stressors. They can lead to thermal
cycling and fatigue crack initiation.

The two major sources of static applied loads are differen-
tial pressure loads and preloads in bolts. Most internals are
not a part of the reactor primary pressure boundary and are
not subjected to large static differential pressure loads.
Preloads in bolts can produce tensile stresses that may
reach the yicld stress value of the bolt material. Tensile
stresses of such a magnitude are considered as an essential
factor to the development of stress corrosion cracking
(sCOy.!

‘The appliced loads of primary concern to reactor internals
arc flow-induced oscillatory hydrodynamic forces. The
volume flow rate for PWRs ranges from 250 (o 380 1./s
{4000 10 6000 gal/min), and the coolant is forced through
the reactor vessel by reactor coolant pumps. Major sources
ol flow-related excitations are the pump-generated pressure
pulsations at the pump rotational speed, blade passing
frequencies, and their harmonics. Pressure pulsations can
act as periodic forcing functions on reactor internals, and
their effects are most pronounced at the entrance regions of
the vessel inlet nozzles.

Two types of hydradynamic forees act on a blunt object
when itis placed ina flow stream. The first type is a static
load and is usually referred to as a drag force. The second
type is a tume-dependent force induced by flow separa-
tions. The weights of the components and structural sup-
ports are sulficicnt 1o counterbalance the drag forces. The
cyelic or periodic Now-generated hydrodynamic forees
nuty toree a structure to vibrate. Flow-induced vibrations
can lead to fatigue failures and mechameal wear.

A tUnrd source of How-related stressors s the highly turby-
ot How generated by the foreed flow through gaps and
ot smadb openngs. A stucture focated 1 ihe wake of
such hgh-mtensity tarbulent fows can unacreo vibrations
cotsed by the tme-dependent byarodviam. forees. Balfle
pricdc water-Jeting s an exanndie ob such frow anduced
vibraion problens

3.2 Environmental Stressors

The prmary environmental stressors for reactor mterils
are related o the operating cavironment tisude the reacuos

pressure vessel Thev nchile contact with the peimary
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reactor coolant flow and exposure to fast neutron fluxes.
Long-term contacts with a high-temperatute fluid medium
and exposures to fast neutron fluxes may lead to physical
changes and deterioration in some of the materials of con-
struction for reactor internals. Neutron irradiation effects
may cause embrittlement and irradiation-assisted SCC in
stainless steel components. Parts made from cast austenitic
stainless steels (CASSs) are susceptible to thermal aging
effects.?

The coolant is borated water of high purity. The corrosive-
ness of the coolant is determincd by the quantity of dis-
solved oxygen content, concentrations of impuritics, and
boric acid present in the flow stream. The dissolved oxy-
gen is a product of the radiolytic reactions in the core, and
the process is generic to reactor operations, The hydrogen
overpressure system in the volume control tank of the
chemical and volume control system adds hydrogen gases
to the flow stream, which act as scavengers and remove
most of the dissolved oxygen. However, it is possible that
locally high concentrations of dissolved oxygen and other
impuritics may exist in crevices in some internal compo-
nents. PWR internals are susceptible to corrosion attacks.

Chlorides and fluorides are the two impurity components
in the reactor primary cooling water that are of concern to
reactor intemals. They can be introduced into the flow sys-
tem by condenser leakage and as impurities in the reactor
make-up water. Impuritics may be trapped in crevices, and
their concentrations may reach such a level that corrosion
cracks can be initiated in the affected components,

Boron, as bori¢ acid dissolved in the cooling water, is the
preferred nuclear poison used for reacuvity control in
PWRSs. Some reactor components, usually made of high-
nickel alloys, are susceptible to corrosion attacks in boric
acid solutions under a stagnant condition. Reactor internals
are submerged in a flowing fluid medium, and they are
usually not sensitive to bori¢ acid corrosion attacks.

An important environmental stressor for some internals is
the exposure to fast neutron (I > 1 MeV) fluxes. The neu-
tron irradiation effects are most pronounced for compo-
nents located in the immediate vicinity of the core.
Prolonged bombardments by ncutrons can change the
mechanical and physical properties of the matenals.
Specifically, they will increase yield and ultimate strengths
and reduce the uniform elongation to fracture and fracture
toughness. Irradiation effects can also lower the tempera-
ture at which creep can become a significant deformation
mechanism. Exposure to neutron fluxes can also lead to a
lowering of the threshold stress level that is considered as
necessary for the deveiopment of $CC.?
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could have potentially adverse effects in the structural
integrity of reactor internals.

3.3 Manufacturing Stressors

The processes used te fabricate reactor components may
introduce stressors to the finished parts. Welding, bolting,
cold working, and casting are four common processes used
in the making of reactor internals. Stressors are associated
with each of these processes.

Welding is a common method for attaching components
together to form an integral structural unit. Austenitic
stainless steel such as type 304 may be sensitized in a
welding process. The chromium depletion sensitization
process can make the finished products susceptible to SCC.
Residual stresses in weldments, if not properly heat
relieved, may also contribute to the development of SCC.

Many reactor core support structures are joined together by
bolts. Gaps and crevices in bolted joints can create a local
cnvironment that is conducive o the development of corro-
sion attacks. Pretoads in bolts and the resuliing tensile
stresses are stressors that can aid the SCC process.

Cold working is used in the making of some internal com-
ponents. The component is formed o a predetermined
shape by a bending operation. Plastic strain accumulation
and surface fTaws are the stressors associated with a cold
working operation. They can lead to crack initiations and
accelerated crack growths.,

Some stainless steel internals are cast in one picce. While
casting may climinate many of the stressors associated
with welding, bolting, and cold working, it is not a
stressor-free manufacturing operation. CASS components
are susceptible to thermal aging effects.

Suressars imposed on reactor internals by applied loads,
environmental conditions, and manufacturing processes are
the basic ingredients for the development of aging-related
degradation mechanisms. Stressors that are present in a
system, whether acting independendy or in conjunction
with others, will initiate the aging degradation process.
Degradation mechanisms develop at different rates and,
unless correction or preventive measures are taken, will
eventually lead to failures in the affected components. A
review of the failure history of reactor internals can pro-
vide useful information on the relative development rates
of potential aging-related degradation mechanisms.
Understanding of the synergictic relationship between



stressors and aging degradations is also the basis for the
formulation of strategies for managing aging effects.
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4 Aging-Related Degradation Mechanisms

The development of an aging-related degradation mecha-
nism is a time-dependent process. ‘The process is initated
when the necessary stressor or stressors are present in the
operating environment of the affected components. Oncee
started, an aging degradation mechanism will remain
active, and the deteriorating effects are cumulative. The
affected components will eventually fail unless mitigating
methods are used to remove the responsible stressors from
the operating environment. When it is not feasible to elimi-
nate the stressors, then it is essential to replace the
degraded components hefore failure. One of the objectives
of an aging study is to identify potential aging-related
degradation mechanisms associated with the primary stres-
sors of the system.

Aging-related degradation mechanisms generally associ-
ated with the operating environment of reactor internals are
corrosion, fatigue, crosion, mechanical wear, embrittle-
ment, creep, and stress relaxation. Corrosion includes gen-
eral wastage and SCCs. Erosion is the loss of material
caused by the tlow of an abrasive and/or high-velocity
fluid medium. Fatigue is vibration induced, and the respon-
sible oscillatory forces can be cither mechanical or thermal
in nature. Vibration can also lead to mechanical wear and
fretting. Embrittlement decreases the fracture toughness off
a material and is caused by thermal aging and/or irrachiation
effects. Creep and stress relaxation may lead to changes in
malterial propertics and structural deformation mechanisms.
‘They are usually caused by prolonged exposure (o high
temperatures and irradiation effects. The operating envi-
ronment inside a reactor pressure vessel contains stressors
that can activate all these potential aging-related degrada-
tion mechanisms.

4.1 Corrosion

Corrosion is a term applied to a class of aging effects in
which the structural integrity of a component is weakened
as a result of material deternioration caused by electro-
chemical reactions with the surrounding medinun. The
effects can be highly localized, or they can cover a large
portion of the structure. The localized effects usually take
the form of crack initiation and development, while the
more global effects are general corrosion and wastage.
Operating conditions, corrodents, and alloy compositions
would determine the dominant corrosion mechanisims in a
particular situation.

4.1.1 General Corrosion and Wastage

When a structure is submerged in a corrosive medium, the
surface of the structure can become oxidized, and corrosion

products can be removed by the fluid. The corrosion pro-
cess oceuars more or less uniformly over the entire contact
surface. A moving fluid medium can increase the corrosion
product removal rate. Austenitic stainless steels, specifi-
cally type 304, have good resistance to general corrosion
and wastage.! General corrosion and wastage are not con-
sidered as significant aging -related degradation mecha-
nisms for reacior internals made of stainless steels.

4.1.2 Corrosion Cracking

Materials that provide good resistance 1o general corrosion
and wastage, such as stainless steels, are often susceptible
to corrosion cracking. These failures are localized, and
they have the appearance of microscopic brittle fractures.
There is no visual indication of the presence of corrosion
products, and if the cracks are not detected, failures can
occur with litde or no advance warnings. Most SCC mech-
amsms require the presence of tensile stresses in the struce-
ture as well as a corrosive medium. Other types of corro-
sion crackings can develop without tensile stresses. Asa
general rule, the presence of tensile stresses may accelerate
the crack growth rate.

SCC s a major aging-related degradation mechanism for
reactor intemals. Crevices and irradiation effects can assist
the SCC process.

4.1.2.1 SCC

It is generally accepted that the simultaneous presence of
three conditions are necessary for the development of SCC
a susceplible material, a corrosive environment, and tensile
stresses. Elimination of any one of the three conditions will
stop the SCC process. Depending on the alloy composi-
tions and corrodents involved, cracks can develop along
boundaries between grains; such failures are known s
intergranular stress corrosion crackings (1GSCCY. In other
cases, cracks propagate along certain crystallographic slip
planes within the grains. These failures are referred to as
trunsgranular stress corrosion crackings (FGSCC). More
information on the fundamentals of SCCs can be found in
texts by Logat 2 and Romanov.?

Austenitic stainless steels, such as type 304, have good
resistance o general corrosion and wastage, but they can
be made susceptible to SCCs by a seasitization pr()cc.ss.“
When a component made of type 304 stainless steel is
heated or cooled stowly through the wemperiature range of
482 10 816°C (900 to 1500°1), carbon in the steel will pre-
cipitate out as chromium carbide along grain boundarices.
Chromium, which s a key alloying element for providing
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corrosion resistance, is depleted in regions adjacent to
grain boundaries, and the chromium-depleted regions are
susceptible to corrosion attacks. Slow cooling after anncal-
ings, prolonged stress-relieving operations, and welding
can provide the temperature condition that is needed o
sensitize stainless steels. For reactor internals made of type
304 stainless steel, welding is a likely cause of the sensiti-
zation process, and weld heat-affected zones (HAZ) are
common locations for SCCs.

It should be emphasized that a susceptible material by
itself, such as a sensitized stainless steel, cannot cause
SCC. Other conditions must also be present in the system
before SCC can occur.

The second requirement is a corrosive environment. Under
normal PWR operating conditions, the primary reactor
cooling water contains small quantities of dissolved oxy-
gen, chlorides, fluorides, and other impurities. The impuri-
tics may contribute to the development of SCC when they
are trapped in crevices in internal components.

Dissolved oxygen is a product of radiolytic reactions in the
core. In steady-state PWR operations, the NRC Standard
‘Technical Specification stipulates that the dissolved oxy-
gen content in the reactor primary cooling water be kept at
<100 ppb. The plant primary cooling water chemistry
requirements, as stated in the Final Safety Analysis Report
(I'SAR). meet and exceed the Standard “Technical Speciti-
cation requirements for dissolved oxygen. The reactor
chemical and volume control system, using hydrogen gas
as a scavenger for the dissolved oxygen, can maintain a
dissolved oxygen content at <5 ppb in the bulk of the pri-
mary cooling water system during steady-state power gen-
cration. At this concentration level, dissolved oxygen is not
a factor in the development of SCCL However, pockets of
high concentrations of dissolved oxygen may exist in
crevices and can contribute to the development of SCC. In
the presence of impuritics such as chlorides, SCC may he
initiated when the dissolved oxygen content is >40 pph.d
SCC inan oxygenated water environment is itergranular,

The Standard Technical Specification for PWR primary
walter chemistry also requires that the chloride and fluoride
contents be kept at <150 pph. Chlorides are of special con-
cern. Under favorable conditions, the presceuce of chlorides
and dissolved oxygen in the reactor primary cooling water
may promolte the development of SCC in austenitic stiin-
less steel components.® In general, the quantity of chlo-
rides required for the development of SCC decreases with
increasing dissolved oxygen content. Experimental results
with water in the range of 204 0 3167 (400 10 600°F)

’

indicaicd thai i the abscice of dissoived oxygen, SCC will
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not occur even when the chloride content attains a level as
high as 20,000 ppm. During steady-state PVv R operations,
the dissolved oxygen content in the bulk of (he reactor
cooling water is <5 ppb, and it is not likely that SCC can
develop under such a low level of dissolved oxygen.
Crevices, which can trap and create high local impurity
concentrations, are needed to initiate SCC in PWR
internals.

Sulfide is another corrodent that can cause SCC. It is not
present in the reactor cooling water. However, molyb-
denum disulfide (Mo§»), often used as a thread lubricant,
can create locally high sulfide concentrations in reactor
internals with crevice conditions such as those that existed
in bolted joints.” MoS; reacts with borated water, and one
of the reaction products is hydrogen sulphide (H5S), which
is highly corrosive. H3S can cause SCC in components
made of stainless steel. Reactor internals that use MoSo as
a fubricant are susceptible to sulfide-induced SCC,

Small quantities of fluoride are present in the reactor pri-
mary cooling water, and they may induce SCC in stainless
steel components. However, information on fluoride-
induced SCC in PWR conditions is very limited.

The development of SCC in reactor internals is only one of
many concerns that need (o be taken into consideration in
establishing an optimum primary cooling water chemisuy
program for PWRs. Cracking problems in steam generator
tubings and out-of-core radiation control are equally
important factors, More detailed discussions concerning
PWR primary water chemistry control can be found in
Refs. 8and 9.

‘The third requirement for the development of SCC s the
presence of tensile stresses ina structural component. In
the absence of significant irradiation effects, the magnitude
of the tensile stresses must exceed a threshold value before
SCC can occur. A generally accepted value for the thresh-
old stress s the yield stress of the material of construction,
Bolt prefoads and weld residual stresses can generate the
necessary tensile stresses in g reactor infemal component.,

Based on this information, it is reasonable to suggest that
crevices in PWR internals are likely locations for the
development of SCCLA “crevice condition™ is a general
term that is used to describe a small region in which high
concentrations of corrodents may be trapped. Crevices are
created by small holes, surtace deposits, narrow gaps in
gasket surfaces, lep, and bolted joints, The small region is
usually filled with a stagnant liquid, and a differential acra-
ton el is estabiished within e staghation region, i



differential acration cell can create locally high concentra-
tions of anionic species such as chlorides in the crevice,
The presence of bolt tensile stresses and dissolved oxygen
would supply the necessary conditions for the development
of SCC. Most crevice-assisted SCC s intergranular,

In addition to the crevice condition, exposures to fast neu-
tron fluxes can also assist the SCC process. SCC has been
observed in reactor components made of nonsensitized
stainless steels. In most cases, stresses in these components
arc not high, and they are much lower than the yield stress
of the material. A common factor in these nonsensitized
stainless steel components is the exposure to high energy
or fast neutron fluxes. These observiations seem 1o suggest
anew mechanism for the development of SCC. This form
of SCC s known as irradiation-assisted SCC (IASCC),
TASCC s mtergranular,

Basic understanding of IASCC s not complete. Many
theories have been proposed. but no one single theory can
satistactorily account £ . the irradiation effects on SCCL
Cieneral agreement is that a threshold neatron fluence level
exists below which TASCC is not likely to occur. The best
estimate of the threshold neutron fluence level® for stain-
less steel is =S x (020 neurons/em? (1> 1 MeV). The
cxpected hfetune neutron fluence levels tor internals
located 1 close proximity to the core, such as the core baf-
fle, in-core monitor housings, and the core support plate,
can exceed the threshold value, and such components are
susceptible o TASCC

One of the proposed theories suggested that the material
may he weakened by the tormation of bubbles in the solid
caused by a ransimutauon process. Austenitic stunless
steels contain trace quantitics of boron and can react with
thermal neutrons to form lithium and helium Y Hydrogen
gases are also produced by transmutation reactions 1volv-
g fast neutrons and clements such as nitrogen, nickel,
iron, and chromium ® These insoluble gases precipate trom
the solid and have a tendency to migrate to dislocations or
to grain boundarics ¥ Gas bubbles are discontinuities, and
they can weaken the structural material. ‘The solid may dis-
mtegrate if the bubbles are tused together, even when no
significant stresses are acting on the system Basic under-
standings on bubble sizes, their weakening effects, and the
driving forces behind bubble movements are not complete.

‘The presence of impurities such as phosphorus (1) and sili-
cone (8i) increases the susceptibility of unirradiated stain-
less steels to TGSCC. This seems to suggest that grain
boundary segregation of impurtties could be the responsi-
ble mechanism for IASCC . Therefore, high-purity stainless
steels, wath lower inpurity contents, may be ess suscepti-
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ble to IASCC. However, there is not sufticient information
to correliate grain boundary impurity concentrations with
neutron fluence level and TASCC susceptibility. Testing
results are inconclusive; some high-purity stainless steels
are more resistant o IASCC under PWR operating condi-
tions while others (including type 304) performed no better
than commercial-grade stainless steels.

There is no agreement on the primary mechanism for
TASCC, and there are many active rescarch works in the
ficld. Ttis generally accepted that IASCC would require the
excedence of a threshold neutron fluence level. Also, the
threshold tensile stress value for IASCC s much lower
thin the yield stress of the material. Stresses incurred dur-
g manufacturing and handling operations may be suffi-
cient tor the development of TASCCL Tt is also aceepted
that the erttical Haw size decreases with increasing neutron
Muence level, The reduction of the ceritical flaw size can
accelerate crack growth rates.

The operating environment inside the pressure vessel of a
PWR can produce conditions that are favorable to the
development of SCCLSCC, inone form or another, is
expected to be  major aging-related degradation mecha-
nistn for reactor internals,

4.1.2.2 Pitting

Pitting corrosion 1s a localized phenomenon., Holes or pits
arc ctehed into the metal surfaces and are fitled with corro-
sion products. The pits are created by crevices or other fab-
rication flaws in the form of small cuts and nicks. They act
as differential acration cells in which the pit is an anode
and the surrounding surface is a cathode. ! The anodic reac-
tion will create locally high concentrations of anionic
species such as chlorides and sulfides tn the pits. The cor-
rosion process is the result of high concentrations of
aggressive corrodents. Pitting can occur without the pres-
ence of significant stresses in the component. A stagnant
condition will promote the growth of pitting corrosion.

Prting is a concern for reactor internals when they are in
storage during extended plant outages. Unless the reactor
has a history of long outages, pitting is not considered as a
primary aging-reliated degradation mechanism for reactor
ternals.

4.2 Fatigue

In addition to static Toads, reactor internals are subjected to
dynamic or tune-dependent forees. A structure will
undergo some form of vibralory mouons as a response 1o
dynamic foads Vibrations can lead to crack initiation and
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subsequent crack growth. Structural failuies caused by
vibrations are classified as fatigue failures. Fatigue failures
are further divided into two types: low- and high-cycle
fatigues. The determining factor is the number of vibration
cycles that a component experienced before the develop-
ment of a crack . The counting process begins with the
onset of vibrations and is terminated with the initiation ot a
fatigue crack in the structure. There is not a precise divid-
ing line separating low- and high-cycle fatgue failures.
Generally speaking, when a crack is initiated between 10}
and 104 ¢ycles, the failure is considered as a low-cycle
fatigue failure. Plastic strain accumulatons are assoctated
with low-cycle tatigue failures. Thigh-cycle fatigue faiiures
are characterized by large numbers of cyveles and elastic
stresses. ‘There are usually littde or no plastic strain accu-
mulations 1 a high-cycle fatigue tailure.

Fatigue failures are environment dependent. Understanding
of the interactions between fatigue and environmental tac-
tors such as corrosion s limited. Most fatigue analyses are
performed without inputs from environmental conditions.

Fatigue design curves, such as those provided by the ASME

B& PV Code 1V are developed for dry air where the envi-
ronmental corrosion cffects are insigniticant.,

Some dynamic loads, such as those caused by hydraulic
transients and seismic excitations, are treated as parts of
the design loadings tor the reactor System. SIresses, strans,
and the dominant frequencies associated with the structurald
response 1o these events can be caleutated. and their con-
tributions are added to the fatgue hite estmation tor the
attected components.

[he primary cause ol tatigue Tlures moreactor internals s
flow-mduced vibrations The amphitude of the vibrations s
determined by the amount of damping i the system as
well s the closeness between the stractural natorald fres
quenes and the dommmt esatiion fregquencs Whenthos
frequencies are weli separated. the conpitade of the b
Hons tosmall Taree anphtiode resotant vibrations s
develonwhon the iput excitainen treguences 1 close o ihe
Poncdamme ntd naturad teogaenes of the stacture Dy
b e s cihrations

the anplitnge ol ot e deselop

dcnt ob Laee ainpietde roconan thiateae e on
cotponer e ek o b o ok T Lk
Wi the s

ISR U B B

aredetectod darimy to tor preoperationi’ (ost
S hrons walh e spicmonaed o ciinine
such boee amphiade brations Thoeretore mean aginy
ascsinent stods e h os cle ot e Baldores ciosed by
sedbamphtude vibrations s the more gnportant and node

vant agmy-related devmdation mechansm
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4.3 Erosion

Lrosion is the removal of materials from a metal surface
when it is submerged in a moving fluid medium.! The pro-
cess is best illustrated by the sandblasting operation in
which a gas stream laden with fine solid particles iiterally
grinds away a metal surface. Reactor cooling water is fil-
tered, and the quantity of suspended solid particles in the
flow streasm is kept at a very low level (<1 ppm). Erosion
caused by the actions of suspended solid pasicles is not
cxpected to be a major aging-related degradation mecha-
msm for PWR internals.

Cavitation can also cause erosion on a metal surface sub-
merged ina higuid low srcame. Inoregions where the flow
speed s high, the local static pressure may fall below the
vipor pressure of the liquid, and a phase change takes
place. Bubbles are tormed and can become attached to the
metal surface causing erosion problems. There 1s no phase
change in the primary reactor coolant in normal PWR
operations, and the flow speed in the core region is not sul -
ficient to produce cavitations. Cavitation-induced crosion
is not expected to be an aging issue for PWR internals.

4.4 Mechanical Wear

Mechanical wear is the loss of material as a result of rela-
(v e molions between two contact surfaces, 'The presence of
a corrosive medium may aceelerate the material loss rate,
Most mechanical wear problems in reactor internals are
vibration-induced.

Mechamcad wear can also develop i components that are
held tixed unteadly Bxamples are wears observed an
Hanges and bolted jomts, Prefoads are applied to these
part- 1o prevent shippage between adpacent contict sor-
faces Vibations and creep canredoce the torees holdimg
these parts topcther and shppage can occur, Hhe resuluny

Fobatre o metons ot e nechornead wen

Necctoaos e wci can be mnosed by bandenni the con
ot o beothe e ol epecral wear pods Peroddi
Dbt o bedicon bostod pords oo prove e e cheiic
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4.5 Fmibrittlement

Frobrdoment i the loss of ductahity and fractune toagh
pess o taternad Toeusoalby accompanied by ncreases



in the material yield and ultimate strengths. The process
can transform a normally ductile material to one thiit is
susceptible (o brittle fractures. Prolonged exposures to fast
neutron fluxes and thermal aging can cause embrittiement
in reactor components made of stainless steels. !

4.5.1 Radiation Embrittlement

Ltfects of radiation embrittiement are controlled by several
parameters; the more important ones are neatron fluence,
irradiation temperature, and material compositions. The
experimental data base is obtained from testings using
surveillance specimens from commercial power reactors
and other wst reactor experiments. Reductions in uniform
clongations are used as indications of the decrease in duc-
tility in the material after exposure to fast neutron fluxes,
Changes in fracture toughness can be deduced from results
of Charpy V-notch impact testings as well as other types of
fracture-toughness testings.

Ala temperature of ~316°C (600°F), testing results! ! with
type 304 stainless steel indicate that the etfects of radiation
embrittlement are hecoming noticeable at a ncutron fluence
fevel of =5 x 1029 neutrons/eim?. “The estimated neutron
fluence for reactor internals is determined by the distance
of the component from the core. In 40 yeurs of power
operations, for those components located in close proxim-
ity to the core, the expected maximum neutron fluence ! 1s
~1 % 1022 neutrons/em?2. Such reactor internal components
are susceptible to the effects of radiation embrittlement,

Ai specified neatron fluence levels and using anncaled tvpe
304 stainless steel, experimental results ' showed that the
material hardens and there 1s a corresponding decreise in
ductility, as indicated by a reduction in unitorm clongation.
The experiments were conducted at temperatures ranging
trom roon temperature (o ~7607C CL4007F) and at neutron
flucoce levels (1> 1T MeVyup o6 » 102 neatrons/em=,
AL2997C (STOE)Y the unirradiated uniforns clongation has
a value of ~38% The usiform clongation at o neatron o
ence fevel of TS 1029 peutrans/em= 1s =224 at the sane
temperatare. AC- S > 102D neatronsem, the uifor:
clongation dropped 1o ~0.54%
fevel oft athigher neatton fluence ievels Assununy these
results are representative vadues for 304 ntess steet: i
can be specufated that when the expected neation Huence

I'he decrease secmed 1o

feved does notexceed TS5 1020 neatronsiom?, reacton
mternals should retnn sufficient ductlity that brivtde teag
ture can be prevented. When the neutron fluence tevel for
an mternal component approaches the maximum value of
I« 1022 neutrons/em?, the decrease in ductihity would
make a component susceptible to brittle tractures (reason-
able combination of critical fracture toughness, stress, and
flaw size). The core baftle, in-core instrumentation guide
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tubes, and possibly the core support plates are internal
components that can experience neatron fluence levels
close to the maximum value,!2 and they are vulnerable to
radiation embrittdement effects.

4.5.2 Thermal Embrittlement

Thermal embrittlement is an uging-rciu(&l degradation
mechanism {or reactor components made ol cast austenitic
stainless steelst4 (CASS). CASS is a two-phase alloy con-
sisting of austenite and ferrite. The austenite is ductile, and
its ductility is not affected by thermal exposure., ‘The ferrite
can become embrittied by thermal exposures, and its con-
tent s the controlling factor for thermal aging effects in
CASS. When the ferrite content is <20%, the thermal
cembrittement of CASS components is low,

When the ferrite content is >25% , CASS components can
become embrittled when they are aged in the PWR operat-
ing emperature range of 28010 3207C (535 to 61071,
Thermal-aging cffects under these conditions can lead to a
brittle cleavage fracture of the ferrite. Failures can also
take the form of a separation of the ferrite/austenite phase
boundary, which provides i convient crack propagation
path. In enther case, the fracture toughness of the material
is reduced, and CASS components are susceptible to brittle
fractures.,

4.6 Creep and Stress Relaxation
Creep and stress relaxation! can cause a Had-bearing
structure 1o lose its structural tntegrity when itis exposed
o high temperatures foran extended period of time. Expo-
sures o fast neutron fluxes can lower the temperature in
which creep and suess relaxation can become significant
detormation mechantsis

Creep is the progressive detormation of aostracture under 2
constant internal stross stess selaxation s the reduction ol
mternal stresses g stracture wthe g constant deformation
Creep and stress rebexation e consed by the same mecha-
nesin, but they didter e e constrants inposed on the
siructure Crreep canoens - besthe Iractures inostructurd
cotnponents i can uhdere e detonations, Stess relas
Lon s i conee s tor constheds siructures such as bolied
ports, where delormations are nedd fixed The decrease i
stresses g bolted poms cane cause the joint to fose ils -
Bad tphiness, and feakage and shippage may oceur. The
development of creep and stress relaxation s influenced by
the operating temperature and neatron fluence level

NUREG/CR-6048



Aging-Related

Creep and stress relaxaton are considered as significant
structural deformaton mechamsms when the operating
temperature is higher than half of the = clung-point wm-
perature of the matenial. The melting points for gustenitic
stanless steels are ~1427°C (26007F) . The normal operat-
ing temperature range for PWR internals s between 280
and 120 C (S35 and 610°F) and 1t s much below 714°C
3007, which s half the melting-point temperature for
stamndess steels. The creep analysis wemperature limit for
austenitie stanless steels, ds specified i the ASME B& PV
Code v 427 CROO . Creep analyvses are not requtred
for reactor components operating at the normal PWR oper-
atng wmperature. When the ncutron fluence level is low,
thermaiddy induced creep and stress relaxation are not con-
stdered as mugor aging -related degs
PWR mternals

Ston miechanisms for

Inepe expenimental resulis at = 288 C 80 by aindicated
that stress relaxation can ocear i bolts made of type 304
ata neutron fluence fevel ok > 1 MeV) of
~6 - 1 neutronsem= - ACthe eimperature range from 60

?
Ha i (

ctnloss secs?

S0 60 B siemifcant stress relasation has
nect shersedan tvpe 304 stanless steets at nentron lu-
Shec tevels =S 10T nentronsanis The expected lifetime
acutron Huenoe lovols tor reactotmternals focated near the
core can oxeeed tas vadoe The core batfle me-core mstru-
thentaion punde tubes and core snpport plistes are suscep-
ribic o the aving ettedts o madiation-asasted creco and
stress refinvation

4.7 PWR Internals and Potential
Agimg-Degradation Mechanisms

Nrean tor mivrnad componcit s oxpesed o many sressors,

atnd s sobpedted o the eedts of more than one aging

rebated desradation miechanean Ao rcbated degradiinon
it desetap atditterentrates fnomost viases,
doenanaid dccredanon medansne cmerees and wowld
cvettinalby conse e bnlore i the adtected compenent

Actal cperating condinons s Geoor the develapinent of

cortot ey rebted degradaton mechonsms Al an
cxanpie st wedb understood taat impunt contents and
tenstie strosses e o strodry iid g

O SO o

coan the developiment
ieostaness steel components Tn PWER operiting
Catetions crevces e needed toomap bighoimpuonts
concentriions Profeads m bolre oy prodio e tternd

tenstio stresses that are chose 1o the sield stress ot thie bolt
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material. The combination of crevice conditions and high
bolt tensile stresses indicates that PWR internals with
bulted joints and other tight-tit connections are probable
locations for the development of SCC.

The Tocation of an internal component can have some
influence in the development of a dominant aging-related
degradation mechanism. A major stressor for reactor inter-
nals 18 flow-generated excitations, which may take the
form of pump-generated pressure pulsations, vortex shed-
dings, and high-intensity turbulent flows. Pump-gencrated
pressure pulsations are at their strongest level in regions
around inlet nozzles. Reactor internals located in these
repions, such as core support shields, thermal shields, sur-
vertlance spectmen holder tubes, and core barrels, are sus-
ceptible to flow-mnduced pressure pulse excitations. As the
coolant fTow travels deeper into the core region, fluid
damping and triction losses reduce the intensity of the
pressure pulsations, and they woeuld become less of a factor
i exciting internal components.

Reactor internals tocated close to tube-hank-like structures,
such as in-core instrumentation guide tubes and shrouds,
are susceptble o the eftects of cross-flow generated vortex
sheddmgs. Flow-induced vibration is a major stressor for
these components

Phe etfects of fast neutron fluxes are most pronounced in
rezions around the core. Reactor itemnals such as core bat-
fle, core barrel, thermal shield, sarveldlance spectmen
holder tibes, core support plites, and in-core instrumenta-
non ginde tubes are suseeptible to arradiation-assisted SCC
and radition-mduced embnttdement,

Koported agmp-related tarlure mformation for PWER nter-
tals s necded o assess the relative mmportance ot the dit
ferent aging-related degradaton mechamsms assoctated
with the many siressors that may exist inside a reactor
prossure vessel

Primary stressors and associated aging-related degradation
medchansims tor PWR anternals are summarized 1o
Fable 4 1.
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Table 4.1 PWR internals primary stressors and aging-related degradation mechanisms

Stressor

Source

Aging-related degradation
mechanisms

Oscillatory hydrodynamic forces
(dynamic stresses)

Preloads in bolts (static stresses)

Residual stresses (static stresses)
Thermal stresses (static and dynamic)
Dissolved oxygen and other impuritics

Local concentration of corrodents

Chromium depletion in grain
boundaries (sensitization)

High operating temperature

Reactor coolant flow

External applied loads
(torquing during installation)

Welding

Reactor coolant and gamma heating
Reactor coolant

Crevice condition in reactor coolant
flow

Welding

Reactor coolant

Fatigue and mechanical wear

Contributing factor to SCC4

Contributing factor to SCC
Fatigue, contributing factor to SCC
Contributing factor to SCC

Contributing factor to SCC

Enhance potential for SCC

Thermal embrittlement in CASS

[~316°C (6(0°1)]

Exposure to fast neutron fluxes

Nuclear reaction in the core

components

Irradiation-assisted SCC and
embrittlement, irradiation-enhanced
creep and stress relaxation?

4SCC 1s most likely to oceur as a result of high tensile stresses, local concentration of corrodents (crevices), and a susceptible material,

Irradiation effects can make creep and stress relaxation major degradation mechamisms at reactor operating temperature [316°C (600"F)].
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5 Survey of Aging-Related Failures

Reactor internals are subjected to stressors that can activate
many potential aging-related degradation mechanisms,
Aging-related component failure information is needed to
properly identify the more important aging-related degra-
dation mechanisms. The identification of major aging-
related degradation mechanisms may provide information
that can be used to formulate strategies for controlling and
managing aging effects,

The reactor component failure information is compiled
from results of the plant in-service inspection (I1S1) pro-
grams. The program specifies requirements and procedures
for inspecting reactor systems or components to ensure
safe plant operations. The requirements and procedures
may include orders, rules, criteria, and guidelines estab-
lished by regulatory or licensing agencies as well as indus-
try standards developed by technical organizations. ISI1
programs for ULS. commercial nuclear power plants are
established under the rules and regulations of Sect. X1 of
the ASME Boiler and Pressure Vessel (B&PV) Code.! The
inspection of some reactor internals is included as a part of
the plant IST program.

S.1 IS1 Program for Reactor Internals

‘The plant IST program requires visual inspections for ac-
cessible arcas of reactor internals. A complete inspection
cycle 1s 10 years, and selected internial components are in-
spected at refueling outages.,

Section X1 of the ASME B& PV Code specifies three
classes of visual inspections: V'L VI-2, und VI-3 A
V-1 visual examination is conducted to determine the
condition of the part, component, or surface examined, -
cluding such conditions as cracks, wedir, corrosion, erosion,
or physical damage on the surfiace of the part or compo-
nent. The examination can be performed cither directly or
remotely. A V-2 examination is used to detect Jeakage
from pressure-retaining components. Most reactor intermals
are not pressure-retaining components, and V-2 inspec-
tions are seldom used on internals. A V-3 exiunination is
conducted to determine the general mechanical and struc-
tural conditions of components and their supports, such as
verification of clearances, settings, physical displacements,
loose or missing parts, debris, corrosion, wear, croston, or
the loss of integrity at bolted or welded connections. V-3
inspections can be performed either direetly or remotely

During a refueling outage, some internal components are
removed from the pressure vessel and stored i pool

VT-3 examinations are performed on the accessible areas
of these componeits by remote television ciunerias under
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proper lighting. Internals that remain in e pressure vessel
are also inspected by remote television cameras. Note that

the IST plan only calls for the inspection of accessible arcas
of the internals. Details of the inspecting procedures can be
found in Sect. XT of the ASMIE: B& PV Code.

When a failure is detected, information concerning the
failure such as its location and suspected causes is
recorded. The information is sent to NRC for inclusion in
the Licensee Event Report (1LER). The LLER may also con-
tain information on corrective actions taken o repair the
fuilure or damages. For these reasons, LERS are considered
as reliable sources for reactor systems or components fail-
ure information.

5.2 Failure Information Summary

The majority of PWRs in the United States started com-
mercial operations in the 19705, and since that time there
were many reported aging-related tailures of reactor inter-
nals. Most of the reported failures can be attributed to three
aging-rekited degradation mechanisms: (1) fatigue,

(2) SCC, and (3) mechanical wear.

Most of the reported aging-related failure cases involved
domestic PWRs. Many overseas PWRs of the
Westinghouse design have experienced aging-related fail-
ures similar to those of the domestic units. However, the
only overseas case discussed in details in this report is the
SCC failures in core batfle bolts detected in some German
and Swiss PWRs. This failure case is included because of
s safety significance.

The following is iabhraet summary of the reported tailure
cases for cach ot the three major aging-related degradation
mechamsms,

5.2.1 Fatigue

Maost fatigue tailures in PWR intemals are caused by flow-
induced vibriations (F1Vs). Iimportant excitation sources
wmclude pump-generated pressure pulsations, cross-tflow
vortex sheddings, and highly wrbulent flows. There is usu-
ally o dominant frequency associated with these distur-
bances. Large-umplitude vibrations can develop when the
structural natural frequency matches one of these excitation
tfrequencies. The component will be subjected to smadl-
amphiude vibrations when the frequencies are well sepa-
rated,

NUREG/CR-604K
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5.2.1.1 WE Thermal Shield

The failure of thermal shields in older WE PWRs have
been attributed to FIV.2 Thenmat shields are located near
inlet nozzles and are subjected o pump-gencerated pressure
pulsations. Most of these failed thermal shields were of the
segmented-shell design with shell segments (usually three)
keyed to support lugs at the bottom of the reactor vessel.
The top end was cither free or was equipped with radial
spacer pins. The support condition can be characterized as
a cantiicvered support with limited displacements at the
frec end. The shell segments were fastened together by
vertical pins at the intersections. Coolant flow-induced ex-
citations caused the assembled shicld to vibrate in a shell
mode. During vibrations, some of the shell segments came
into contact with the core barrel. In these older reactors, the
core barrels were bolted together, and the repeated impact
loadings caused failures in the core barrel support bolts.
The impac! loadings also dimaged the thermal shield.

One of the reported failure cases involved a one-piece
cylindrical thermal shield and occurred during the reactor
functional hot testing, The shield was clamped to the core
barrel at the bottom. The top was free except for tie pres-
ence of radial Hmiter pins, which fit into a keyway in the
core barrel. The pins were shrunk-fit into the thermal
shield and lock welded in place by light fillet welds. FIV
caused the pins to come into contact with the sides of the
keyway in the core barrel, and repeated impacts eventually
led to the cracking of the fillet welds that locked the pins to
the thermal shield. After the finlure was detected. the deci-
ston was made 1o repliace the pin-keywiy system by o
flexure support system,

There was also one reported case of fatlure involving a
one-picce cvlindrical thermal shicld with a flexure support
system: The top-mounted flexure support system failed.
The cause was attributed to high-cycle fatigue caused by
small-amplitude FIV of the thermal shicld.

There are no reported failures in thermad shields using the
neutron-shield pad design,

5.2.1.2 CE Thermal Shield

Cl: thermad shields are located near indet nozzfes where ef-
fects of pump-generated pressure pulsations are strong.
Two CEunits equipped with thermad shiclds reported
probiems with their support System 2NN during retucling
outages revealed missing support and posttionimg pins. All
FCMANIIE PINS SHOWCA SIENS OF CXCCNSIVE Weat Of dilitage
Lugs welded o the core barrel to support the 1op end ot the
thermal shicld were also damaged . In one unit the dimaged

NURPEG/OR-6I4K
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lugs caused a through-the-wall crack in the core barrel. No
damage to the reactor vessel was observed.

‘The damaged thermal shields were removed. Analysis in-
dicated that removal of the thermal shield did not lead to
any significant changes in the core thermal-hydraulic oper-
ating conditions. The removal of the thermal shields is not
expected to have any undesirable effect on the reactors dur-
ing their remaining design life.

5.2.1.3 CE Hold-Down Ring

During inspection of @ maintenance outage. excessive me-
chanical wear was obscerved in the hold-down ring of a CE
unit.2 Failure was attributed to FIV caused by insufficient
hold-down spring force. The hold-down ring was replaced.
The new ring was fabricated with type 403 stainless steel
instead of type 304, which was used to make the old hold-
down ring. Additional hold-down spring force was applied
during the installation of the new hold-down ring. The in-
ternad hold-down spring force was also increased for other
CE reactors. There were no other reported hold-down ring
problems.

5.2.1.4 WE Baffle Plate Water-Jetting

Fuel rod damage caused by baffle plate walter-jetting has
been reported in a number of WE reactors. 23 The core
buflle outlines the boundary of the core. A bypass flow is
established in the region between the core baftle and the
core barrel, and it is used to provide more cffective cooling
1o the core barrel. In some of the older WE reactors, the
bypass flow is introduced into the region between the core
baftle and the core barrel by holes located in the upper core
harrel. The bypass flow moves in a downward direction
through holes in the horizontal former plates, and it is
turned around at the bottom of the core barrel and then
merged with the main flow going through the core. When
the bypass flow is in a downward direction, as itlustrated in
Fiag. S 1. the bypass flow pressure is higher than that of the
main coolant flow in the core. A pressure differendal is es-
tablished between the bypass flow and the core. and it will
push the coolant into the core i gaps exist between the
vertical baffie plates. The jetlike leakage flow will impinge
on tuel rods in the vicinity of the gaps and set the rods into
whirling motions and vibrations. Excessive fuel rod mo-
tons will eventually lead o cladding degradations and
fanlures,

Two types of batfle plate water-jet impingement patterns
hiave been observed and are ilustrated in Fig S22 'The jet
from o center-mjection joint unpinges directly on a fuel
rodwhilc iat iroim a cornoranjecton joint will have o
more sideways, impact. They can both set the affected tuel
rods into vibrations and whirling motions.
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Figure 5.1 Westinghouse PWR downward hypass flow scheme

Several remedies have been tried to reduce the severity of
the baffle plate water-jetting impingement problem. One
remedy that has been tried is the peening of an entire joint
to reduce the gap width between the vertical plates.
Subsequent inspections revealed that peening the joints
was not effective because damaged fuel rods were found
around the peened joint. There was also evidenee o sug-
gest that peening a center-injection joint witl have the ef-
fect of enlarging the gap width in nearby corner-tnjection
joints. A more effective remedy is to replace the fuel rods
i the water-)et impingement regron with solid staindess
steed rods of the same diameter The insertion of partial
grids, which will serve as midspan supports tor tuel rods in
the unpingement region, has also been effectve moreduc-
ing fuct rod damage However, uses of solid stnless seel
rods and partial gnds are not considered s the permanent
solution to the battle plate water-jetting problems. A more
cticctive solution s to reduce or chiminate the driving torce
behind the water-jetting tlow

The bypass flow rate 15 small when compared with the
main coolant flow rate through the core, and the coolant
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pressure distribution in the core can be regarded as con-
stant during normal reactor operations. The variable that
can be changed to affect the pressure differential between
the bypass flow region and the core s the pressure of the
hypass flow. A decrease in the bypass flow pressuse re-
duces the pressure differenual and the driving foree behind
the water-jetting {low. The bypass low pressure can be
lowered by increasing the pressore foss in the miin coolant
flow before the diversion oi a small portion of the main
flow ito the bypass flow regron This is accomplished by
pluggig the slet holes near e wop of the lower core b
rel The pressure i the byvniss tlow s reduced beciuse of
the added pressure Toss t the Hoew down the annular
downcomer reion between te core barrel and the vessel
wall The bypass flow s then diverted into the core baftie
cors barre] region through the jower core plate In the
madified flow schicme, the bypass tlow st an upward
direction Tdeally, pressures i the core and the bypass flow
region should be badanced, and there will be no driving
torce W produce jetting How through gaps . In practice.
halanced pressure system is difficolt to attin, and the
severity of the water-jetting problem is reduced by lower-
ing the pressure differential between the bypass flow and
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Figure 5.2 Westinghouse PWR baffle water-jet impingement patterns

the core. The effectiveness of the modified flow scheme
can be further improved by designing the flow system in
such a manner that the core flow pressure is higher than the
bypass flow pressure. In this situation, potential water-jet-
ting flows will be from the core into the bypass flow region
and away trom the fuel rods.

One WE unit that has a history of baffle plite water-jenting
probiems has modified its downward bypass tlow scheme
into an upward bypass flow scheme. Other plants with a
downward bypass flow have also developed plans to con-
vert to an upward bypass flow scheme.

In the new W1t reactor design, the bypass flow enters the
core baftle~core barrel region from the bottom region of
the core barrel, and the bypass flow travels upward through
holes i the horizontal former plates.

Discussions of the baftle plate water-jet impingement
problem in W reactors are based on information provided
by NRC IE Information Notice No. 82-27.3 There are no
reported baffle plate water-jetting impingement problems
in CE and B&W PWRs.

5.2.2 SCC

A crevice condition is 4 common feature in the develop-
1333 545)

ment of SCC in PWR inicinals, Buolied joiiis and tighily
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fitted connections are likely sites for SCC attacks. Most
observed SCC is intergranular. Internals with crevice
conditions that are also exposed to high-energy neutron
fluxes may also be susceptible to irradiation-assisted SCC.

5.2.2.1 B&W Thermal Shield Support Bolts

The B&W thermal shield is a cylindrical structure with its
upper end bolted to the upper tlange of the core barrel. The
lower end of the shicld is shrunk-fit into the upper flange
of the forged cylinder in the lower grid assembly and se-
cured by 96 high-strength bolts. B& W thermai shield sup-
port bolts were made of a nickel alloy stainless steel (grade
A-280).

ISIs in several units revealed missing bolts from the ther-
mal shield lower end support joint.2 The majority (~80% )
of the remaining bolts were loose, and several bolt locking
cups were also missing. Cracks were also detected in bolts
at the shield upper end and in the SSHT mounted on the
outside wall of the thermal shicld. The more serious fail-
ures were bolts at the lower end of the shield.

frailures were attributed to IGSCC at the boli-head-to-bolt-

shank transition. The replacement bolts were designed to

reduce the tensile stress level in the bolt, and this was ac-

complished by redesigning the shank region, peening the

surface of the bolt, and reducing the preload used to install

the bolts. The material of construction also was changed
,,,,,,, 1 V_TIKN)
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A review of LERs did not show any reported failure of the
new thernmal shield support bolts.

5§.2.2.2 B&W Core Barrel-to-Core Support Shield
Bolts

The core barrel and core support shicld are flanged cylin-
drical structures. The upper flange of the core support
shicld rests on a circumferential ledge of the vessel closure
flange. 'The lower flange of the core support shicld is
bolted to the top flange of the core barrel. The holts were
made of a nickel alloy stainless steel (grade A-2K6).

Ultrasonic (1I'T) inspections in two B&W plants showed
indications of cracking in a number of the bolts joining the
core barrel to the core support shield. ‘The results were
verificd when the bolt heads became sepasated from the
bolt shanks when the locking clips were removed. Failures
were attributed to 1GSCC. Visual inspections failed to de-
leet these failures.

The cracked bolts were replaced by bolts made of the sume
material, grade A-2860 stainless steel 'The new bolts were
made by machining, while the old bolts were miade by a
hot-hcaded operation. "The torque applied to the new bolts
will be significantly reduced. A review ol LERS showed no
reported faiture of the new core barrel-to-core support
shicld bolt.

5.2.2.3 WE Control Rad Guide ‘Tube Support Pins
The guide tube assembly is i part of the apper core suppon

structure, and 1t houses the control rod drive shaft and the
RCCAs. The assembly is a tubular structure divided mto
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two parts: the upper part. called the control rod shiroud
tube, and the lower part, the control rod guide tube. ‘The
upper support plate is the dividing boundary. The 1op of
the control rod guide tube is fastened to the bottom of the
upper support plate, and the lower end of the tube is held in
place by split pins inserted into the lower core plate.

Several WE units had expericnced steam generator failures
caused by loose pants in the reactor primary cooling sys-
tem. The loose parts were identified as parts from fuiled
sphit pins in control rod guide tubes. ‘The cause of the fail-
ures was identified as 1GSCC,

‘The split pins are made from a nickel alloy (Inconel X-750)
and are bolted to the bottom of the guide tube columun. ‘The
support pins are then inserted into the upper core plate. ‘The
pins support the guide tube against hydrodynamic forees
and also align the tubes with respect 1o the upper core plate
and the fuel assemblies. A sketch of the guide tube support
pinis shown in Iig. 5.3

Crevice conditions are created when the pins are inserted
into the upper core phate and the pins are exposed to i lo-
cally corrosive fluid medivm. Improper heat treatment and
overtorguing of the nuts during installation of the pins may
have contributed 1o the development of 1GSCC in the bot-
tom region of the shank. Asa remedy to the 1GSCC prob-
lems, WE now recommends a solution heat treatment at a
higher temperature, increasing the size of the pins, peening
the nuts, and reducing the pretoads during installation. ‘The
objective is to reduce the susceptibility of the material to
the corrosive enviromment and 1o reduce tensile stresses
that are necessary o the development of 1GSCC

ORNL DWG 93 26888 ETD
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The guide tube split pin IGSCC problems at PWR plants
were addressed in a NRC IE Information Notice No.
82-29 .4 Many plants have initiated programs to replace the
existing guide tube split pins with pins of the new design.

5.2.2.4 Core Baffle Bolt Failures in KWU-Built PWRs

The Kraftwerk Union (KWL AG has built many PWR
plants of the Westinghouse design in Germany and
Switzerland. Five of these plants have reported SCC prob-
fems in the core baftle bolts.

The core baffle maintains the geometry of the fuel assem-
blies and controls the coolant flow through the core. Itis a
bolted structure composed of horizontal former plates and
vertical baftle plates. The outer edges of the forer plates
are bolted to the inside of the core barrel, and vertical bat-
tle plates are bolted to inner edges of the former plates. In
reactors built by KWU before 1979, the core baffle bolts
were made of a nickel-alloy (Inconel X750). After they
were instadled. the bolts were secured by tack welds. After
1979, the core baffle is a welded structure in KWU-built
units. A simplified view of the core baffle and its bolting
scheme are shown in Fig. 5.4,

Routine Ul inspections detected signs of cracks in core
batlle balts in five KW U-built PWRs, A typical bolt failure
pattern is shown in Fig: S5 The problem was tirst reported
m 19875 Falures were attributed 10 1GSCC. The sus-
pected cause was the sensitization of the mekel-alloy bolts

ORNL DN 92 S35 10

CORE BARREL

Figure 5.4 KWU-huilt PWR core baffle and bolting
scheme
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Figure 5.5 KWU-built PWR core baffle bolt failures

by the welding process, coupled with crevice conditions
and high tensile stresses in the bolts,

The nickel-alloy bolts were repliaced by 1.4571 austenitic
steel bolts. und the replacement bolts were secured by a
mechanical scheme. There s no reported faiture of the re-
placement core baftle bolis

The core batfle in domestic W PWRs 1 i bolted struc-
ture The bolts are made of type 316 stunfess steel A
scarch of the LER data base did not locate any reponed
tarlure of the core baftle bolts i U0S reactors

5.2.3 Mechanical Wear

Phe prunars cause ob mechiumeal wenr incactor sterad -
i EEN Parts thit are i Ghose prosainnty to cach othier nas
collie o contact durny abiation < and te tubbing would
lead rexeessive Unnmmy of the contit arcas Boled
Jorts necore mstrament ines protectod B tehithy tied
shiclds, and pude tube s are probable sites tor mechanical
wear problems.

5.2.3.1 WE Reactor Flux Thimble and Guide Tube
Thinning

In-care nentron momtors which are narts of the renctor

flux-mapping system, are locoted mside retructable thimble



tubes. ‘The thimble tubes extend from selected locitions in-
side the core, through the bottom of the pressure vessel,
high-pressure conduits, and seal tables to a ten-path trins-
ter device. The thimble tubes, in turn, are supported by
guide tubes in the lower region of the reactor pressure ves-
sel The guide tube is divided into two pants: the upper
part, located inside the fuel assembly, and the lower paut,
extending from lower core plate to the reactor vessel bot-
tom. ‘The portion of the thimble tube between the fuel as-
sembly and the lower core plate is unprotected and exposed
to reactor coolant flows, The thimble tubes are susceptible
to FIV in the unshiclded region. Contacts between thimble
tubes and guide tubes can lead to mechanical wear
problems in both structures. A sketeh of the flux thimble
and gaide tube arrangement is shown m Fig. 2.7

Excessive thimble and guide tube hinnings and leakages
were reported ina ULS, reactor in 1981 0 Fretting-induced
failures of guide tubes have been reported in forcign W
units. ‘The consequence of a thimble tube leakage is serious
because 1t can result in a breach of the reactor coolant pri-
mary pressure boundary. The thimble tubes are opened it
the ten-path transfter device for the insertion of the neutron
monttor, and the development of tube leakiages could resutt
i 4 nonisolable coolant leak.

Tube thinnings were detected by the eddy-current inspec-
tion method. When tube thinning is detected, the current
remedy is to retract the thinoed segments to move them
away from the vibrating region, Thicker-walled tubes also
have been used. Tubes that were seriously degraded will be
removed from service by closing the isolation vilves.
Muny utilities have mstituted inspection programs (o mont-
tor thimble-tube thinnmings: At the present time there is no
permancit solution to the thunble-tube thinning problems

Mux thimble and guide-tube thinning problems are dis-
cussed 1 Information Notice No. 87-44 0

5.2.32 B&WSSHTs

Excessive wear was detected i SSHTS in B&W inits
the nid- 19701 The wbes were mounted on the outside
surlace ol the thermal shield and exposed to pump-gener-
ated pressure pulsations. The fasture was considered as
generte i nature and was attributed to FIV. The tubes were
modificd so they would he less sensitive to the pressare
excitations: this was accomplished by changing the sulf-
ness of the tube and/or adding additional structural sup-
ports. No problems have been reporied sinee the corrective
measures were implemented.
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5.3 Failure Information Survey Results

More spectfic information will be provided on major inter-
nal component failures. In addition to the major aging -
related degradation mechanismes, the total number of
reactors reporting the fatlure and their unit age will also be
identified. The unit age of a reactor is measared in
commercial operation years, which is the difference
between the commercial starting date and the event date of
the first TR on the reported fatlure. Unitage is a
parameter that can be used to represent the age of the
reactor when the first failure occurred. Corrective actions
taken witl also be included in the survey results, LERS
from 1980 10 1990 provide the bulk of the fatlure
intormation. Uselul information was also obtained from
PRI reports on nuclear unit operating experiences.

3.1 WE Internals

5.3.1.1 ‘Thermal Shield Support Bolts

Major aging-related degradation mechanisms: bolt fail-
ures caused by fatigue. Pump-gencerated pressure pulsations
and osctllitory hydrodynamic torces are the primary
SHESSOPS

Number of units reporting failure: 6, mostly carly reac-
tors with the old thermal shield design.,

Unit age at first failure: not known for four units. Of the
renmiuning two units, one reported thermal shicld support
bolt fatlures adter 12 years, and the other unit after 21 years
of commercial operation

Corrective actions: The pin-keyway support system was
replaced by a flexure shield support system. New reactor
design replaces thermal shields with neutron shield pads

altached directly to the core barrel.

5.3.1.2 Baffle Plate Water-Jetting

Major aging-related degradation mechanisins: High-
cycle fatigue. Baffle plate gaps enlarged by FIV. Fuel rods
damaged by vibrations causcd by high-intensity trbulent
flows through gaps.

Number of units reporting failure: 6
Unit age at first failure: 4, 5,5, 6, 13, and 20 yeurs,

Corrective actions: Scveral remedics have been tried with
varying degrees of success, including peening the baftle
plate joints, replacing fucel rods in UIL unpm;,cmcnl cas
sheal ctainto RIQH b

ath o
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additional supports to the fuel rods. One unit has converted
the downward bypass flow into an upward bypass flow in
the core baffle-core barrel region. New reactors use the
upward bypass flow scheme.

5.3.1.3 Control Rod Guide Tube Support Pins

Major aging-related degradation mechanisms: 1GSCC
caused by crevice conditions, improper heat treaunent, and
overtorquing of the split pin nuts.

Number of units reporting failures: 5
Unit age at first failure: 4, 7, 7, 8, and 14 yeurs.

Corrective actions: Heat treatment at a higher tempera-
turc. New split pins are larger in size. The nuts are peened
and installed with a reduced torque.

5.3.1.4 In-Core Thimble and Guide Tube Thinning

Major aging-related degradation mechanisms: mechan-
ical wear caused by contacts with flux thimbles and adja-
cent guide tubes. Motions induced by FIV of the un-
shielded portion of the thimble between the fuel assembly
and lower core plate.

Number of units reporting failure: 5

Unit age at first failure: 4,4, 8, 11, and 17 years
Corrective actions: Tube sections with excessive mechan-
ical wears are retracted and moved away from the vibrating
regions, and thicker-walled tubes are used. There is no
permanent solution at the present time. Utilities have set up
inspection programs to monitor thimble-tube thinnings,
5.3.1.5 Core Baffle Bolts in KWU-Built Units

Major aging-related degradation mechanisms: 1GSCC
caused by welding-induced sensitization of nickel-alloy
bolts, coupled with crevice condition and high bolt ensile
stresses.

Number of units reporting failure: S

Unit age at first failure: Not known.

Corrective actions: Nickel-alloy bolts were replaced by

austenitic steel bolts. Replacement bolts are secured by a
mechanical means instead of tack welds.

Table 5.1 is a sumunary of the reported component tailure
information on WI: reactor internids.
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Table 5.1 Summary of WE internals
failure infomation

Component Failure Aging-reli?ted
ponen deSCripﬁon degrada.ll()n
mechanisms
Thermal shield Cracked bolts Fatigue

support bolts
Core baftle platec  Enlarged gaps be- Fatigue
tween baffle

plates
Flux thimbles and  Excessive thin- Mechanical wear
guide tubes ning
Control rod guide Cracked pins Crevice-assisted
tube support piny SCC

Core baftle bolts  Cracked bolts Crevice-assisted

NES

5.3.2 B&W Internals

5.3.2.1 Thermal Shield Support Bolts

Major aging-related degradation mechanisms: bolting
tailure caused by crevice-assisted 1GSCC.

Number of plants reporting failure: 7

Unit age at first failure: 6,7, and S units at 8 years

Corrective actions: using replacement bolts that feature
new bolt design with reduced stresses in the shank region,
pecning the bolts to reduce surface tensile stresses, reduc-
ing the torque used in the installation of the bolts, and us-
ing Inconel X-750 instead of A-286 stainless steel as the
material of construction,

5.3.2.2 Core Barrel-to-Core Support Shield Bolts
Major aging-related degradation mechanisms: crevice-
assisted 1GSCC.

Number of plants reporting failure: 2

Unit age at first failure: 7 and 8 years

Corrective actions: Replacement bolts are made with the

same material, grade A-286 stainless steel. New bolts were
michined, while old bolts were made by a hot-headed op-

crition. ‘The torque applied to the new bolts is also signifi-
cantly reduced.

5.3.2.3 SSHY

Mujor aging-related degradation mechanisms: mechan-
ical wear caused by IV,



Number of plants reporting failure: 6
Unit age at first failure: 1,2, 2, 2, 2, and 3 years

Corrective actions: New SSIFEs are structuradly detuned
to flow-induced excitations; this is accomplished by

changing the stiffness of the tube and adding new supports.

5.3.2.4 SHHT Bolts

Major aging-related degradation mechanisms: holting
failure caused by crevice-assisted 1GSCC.L

Number of plants reporting failure: |
Unit age at first failure: 6 yeurs
Correcidve actions: SSHT bolts were replaced with stud

and nut fasteners made of Inconel X-750,

Table 5.2 is a summary of the reported component failure
information on B&W reactor internals.

5.3.3 CE Internals
5.3.3.1 Thermal Shield Support Bolts

Major aging-related degradation mechanisms: high-
cycle fatigue bolt failures caused by FIV.

Number of plants reporting failure: 2
Unit age at first failure: 7 and ¥ ycars

Corrective actions: Thermal shields and support lugs
were removed from reactors.

Table 5.2 Summary of B&W internals
failure infomation

Aging-related
degradation
mechanisms

Component Failure

. ) . .

o description

Crevice-assisted
NES

‘Thermal shield Cracked bolts
support bolts
Core barrel to
core support

shield bolts

Cracked bolts Crevice-assisted

SCC

SSHT Excessive Mechanical wear
thinning
SSHT bolts Cracked bolts Crevice-assisted

see
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5.3.3.2 Core Support Barrel
Major aging-related degradation mechanisms: fatiguc
caused by FIV. Failure of thermal shield support pins led
to increased loadings on the core barrel support lugs, and a
through-the-wall crack was detected at two lug locations.
Number of plants reporting failure: 1
Unit age at first failure: 8 ycars
Corrective actions: The through-the-wall crack was ar-
rested by drilling a hole at cach end of the crack. The core
support barrel was put back into service.
5.3.3.3 Core Internal Hold-Down Ring
Major aging-related degradation mechanisms: mechan-
ical wear caused by FIV. FIV was attributed to insufficient
hold-down spring force.
Number of plants reporting failure: |
Unit age at first failure: 2 ycars
Corrective actions: New hold-down ring made of type
403 stainless steel was instalied with an increased internal

hold-down spring force. No new failures were reported.

Table 5.3 is a summary of the reported compounent failure
information on CE reactor internals.

Table 5.3 Summary of CE internals
failure infomation

Aging-related

. Failure .
Component description degradation
mechanisms
Thermal shield  Cracked bolts Fatigue
support bolts
Core support bar- - Through-the-wall Fatigue

rel crack

Hold-down ring  lixcessive wear

Mechinical wear
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6 ISI and Monitoring Programs

The IS] program stipulates visual inspections for reactor in-
ternals during refueling outages. Visual inspections, while
relatively simple to perform, have obvious limitations.
They are used mainly to detect surtace flaws in accessible
arcas of a component. Visual examinations are not effec-
tive in detecting subsurtface or partial through-the-wall
cracks and cannot detect failures in inaccessible areas.
Alternate methods have been tried, on an experimental ba-
sis, o improve the effectiveness of detecting fadures in re-
actor internals. UT inspections have been used with some
success in detecting cracks in bolts and in areas that are not
accessible to visual inspections. However, UTT inspections
also have limitations and access problems. In addition, the
mterpretations of UTT examination results are much more
complicated and difficult than those for visual inspections.
The eddy-current method is another inspection method that
has potentiad applications in examining reactor iternals. It
has been used to inspect long tubular structures for exees-
stve wall thinnings. The establishment of an eftective -
spection program for reactor components is an evolving
process. When a new inspection method has been used
successfully, the responsible organization will issue bul-
letins and letters o infonm plant operators of the faiest de-
velopments and their potential applications to reactor com-
ponent inspection programs.

A major concern in reactor operations s the presence of
loose parts m the reactor prmary coolant system. Reactor
operation is disrupted when loose parts are todged in criti-
cal locations such as inlets to pumps and heat exchangers.
L.oose parts were generated 1 some of the reported aging-
related failures. Although none of these incidents had en-
dangered the safety of reactor operation, the possibility
cannot be ruled vut in future occurrences. In addition to
safety considerations, these failures have resulted in eco-
nomic losses caused by extensive outages for repair work,
For these reasons, NRC and plant sperators are nterested
in the development of inspection and monitoring methods
that can he used to detect failures i reactor components.
Rescarch and development work to detect loose purl.sl has
led to the issuance of NRC Regulatory Gaide 1.133.2
which outlines the operating requirements tor locse part
maonitoring systems (LPMS) in ULS commercral nuclear
power plants LPMSs are required for reactors licensed
since 1978, Many plants licensed before 1978 have in-
stadled T.PMS on a voluntary basis.

There 1s also a considerible amount of research and devel-
opment work 1 the areas of preventive mamntenance mieth-
s for reactor components. An effectuve preventive-main-
{Chaive Prograin Can Cinaice the salcty aind cificicicy ol

plant operations. Vibration montoring and trending studies

of key reactor components can provide the basic informa-
tion needed for the decision-making process in an effective
preventive-maintenance program. These studies are used
extenstvely in IST programs for FFrench and German reac-
tors. ¥ They have been used on an experimental basis in
domestc reactors, but vibration monitoring and trending
studies have currently not been formally incorporated into
LS. plant IST programs. Some individual plants are re-
quired to make vibration measurements periodically as a
condition of their operating Technical Specifications.

6.1 LPMS

The 1LPMS is an in-service detection system designed to
mdicate the presence of loose metallic parts in the reactor
promary system. ‘The systemn can provide diagnostic infor-
mation to the plant operator concerming sbnormal condi-
tions in the reactor so that appropriate actions can be tiaken
1o ensure safety in plant operations. Farly warnings can
also minimize the risks to other reactor components and
systems.

The collision of & loose part, carried along by the reactor
coolant flow, with a stationary reactor component will
generate sound waves, primanly bending waves, which
will propagate to other structural components. The effec-
tuveness of an LPMS will depend on the system's capability
to detect, capture, and mterpret these structure-borne sound
Wiaves

A typical LPMS consists of a series of sensors (piezo-
clectric accelerometers) mounted on the outside of the
reactor pressure vessel and steam generators 1o detect
collision-generated structure-borne bending waves. A ring
ol three sensors 1s mounted around the top and the bottom
of & PWR pressare vessel Twao sensors, separated by at
least 3 futypically, are recommended at the primary inlet
tube-sheet for steam generators. Inputs from these sensors
are amnpitficd and then fed to a monitor that records and
analyzes the signals. When interpreted properly, loose
parts collision signals can provide information on the mass
and energy of the moving object as well the impact loca-
ton. The input signals contain mformaton that can be used
to evaluate the dominant frequency and amplitude of the
structure-borne sound waves detected at the sensor loca-
tons. Differences in arrival time at the vanous locations
can also be deternined. Using the dominant frequency and
the wnplitude of the structure-borne sound waves and a
predetenmined calibration curve, the mass and energy of
impact

¢ :
by using differences i amival
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time at the various sensors and a tnangulagon | rocess.
Many uncertaintics are associated with the sigeal process-
ing procedures. In general, the uncertainty fevel is low
when the loose part is small, and the sound wave propaga-
tion path is simple and straightforward. The uncertinty in-
creases with the size of the loose part and the complexity
of the sound wave propagaticn path. More detailed infor-
mation on L.PMSs can be found in reperts by Kryter! and
Mayo 4

The performance of 1.PMS is mixed. This is 6t unex-
pected because of the complesity and difficulties v inter-
preting the structure-bome sound wiaves generated ina
collision process. EPRT has conducted a rescarch project
with the goal of improving the performance of 1LPMSs.
Key results and recommenditions ot the project can be
found in an article by Weiss and Muyu.-"

Note that a 1.PMS 1s not constdered as asafety-related sys-
tem L.PMSs can provide signals indicating the presence ot
loose parts in the reactor primary svstem These sizaals,
when properly processed and anadyzed, can lead to actions,
that could minimize damages W Jther reclorn Componen.os
and systems. Minumzing the dawnage ina loose-pa rtinci-
dent would reduce the outage time for repair work. When
viewed in s manner. the incentive of unproving the per-
formance of LPMSs is economie

6.2 Vibration Monitoring and
Trending Studies

The safety of reactor operations and plant avttubility can
be improved with a monttornng sysem that can detect sys-
tem degradations atan carly stage se that tadures or mad-
functions can be ctfectively preve.ted. Vibration monitor-
ing and uending studies, which are common practices in
preventive mantenance programs tor rotating machineries,
have potential applications 1 reactor inspection and main-
enance programs

The hostle environmentinside i reactor vessel would pre-
clude the use of sensors attached directy o mternal com-
ponents for long-term vibratton measurements fnstead, vi-
brations of selected reactor mternal components can be in-
terred from neatron nowses measured by ex-core detectors
Neutron noises are fluctuations in the neatron flux around
a4 mean value The neutron tlux is moderated by the water
layer netween the core and the pressure vessel Vibrations
of some reactor nternals (¢ g, the core barrel) can change
ih ihickndss distmbution of e water layer surmounding
¢ core. Changes i the water laver thickness lead to vari-
ations in the moderating effects and can be correlated to
neutron noises as measured by ex-core detectors. Ex-core
neutron notse measurement s constdered an effecuve
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method for studying vibrations in reactor internals such as
core barrels and thermal shields. For more information on
the theory and application of neutron noise analysis for re-
actor diagnosis, consult Ref. 6.

Results of an ex-core neutron noise analysis at a given
power level and a known sensor location are usually pre-
sented in the form of a noise spectrum, which is a plot of
the normalized power spectral density (NPSD) curve over
a specified frequency range. The ability to correctly asso-
ciale characteristic features or spikes on the noise spectrum
wili: natural frequencies of reactor components is essential
to the success of the method. The structural frequency
identificacion process can be accomplished by correlating
in-core and ex-core vibration measurements during preop-
crational vibiation testing or by analytical modeling.
Tempo.dary in-ore sensors are often used during reactor
preaperationad westing and can provide information on the
structural nataral frequencies of major reactor internals,
Neutron noise analysis is of limited value for reactor com-
puenents whese naturad frequencies do not form identifiable
features or spikes on the noise spectrum.

When the component natural frequencies are clearly iden-
ttficd on 4 noise spectruin, trending studies can be per-
formed with noise spectrums at ditferent time intervals.
Typically, three to five measurements are made in one fucl
¢ycle. Deviations of an identifiable point in an actual noise
spectrum from that of a reference spectrum can be inter-
preted as indications of degradations in the component.
‘The process will require the establishment of a detailed and
accurate reference noise spectrum for a specific reactor.
The reference noise spectrum may be obtained from results
of preoperationad vibration testings. The ability to correlate
deviations in the nowse spectrum with the severity of @ sys-
tem degradation is the key to the success of trending stud-
1es. The establishiment of a knowledge-based expert system
on normal and abnormal behaviors of reactor components
can aid in the decision-making process.

Neutron noise analysis can be used on many reactor com-
ponents and systers including reactor internals. One of the
suceessful applications of the method is the vibration as-
sessments of core barrels in PWRs.7 The core barrel is
specially suited tor neutron noise analysis because of its
stze and the effects of its vibrations on the distributions of
the water laver thickness between the core and the vessel
will. The vibrational charactensiics of the core barrel are
also well understood. Inspections of the core barrel during

neutron noise analysis results, There is practically no
published information on the results of trending studies on
reactor intermals in ULS. reactors. One of the reasons could
be because results of vibration menitoring and trending



stucdies may contain infonnation that is considered as pro-
prietary in nature by reactor vendors and plant operators.
Proprictary information is not published in the open litera-

turc.

Vibration monitoring and trending studies have been in-
corporated into IST programs for French and German reac-
tors. They have been used on an experimental basis i
many domestic plants. The ASME Operation and
Maintenance (OM) Committee is  currently studying the
possibility of requiring in-service vibration monitoring for
PWR internals.
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7 Discussion and Conclusions

Reactor internals operate inside the pressure vessel and are
subjected to many environmental as well as physical stres-
sors, Primary stressors for PWR internals are related to the
reactor primary coolant flow and exposures (o fast neatron
fluxes (E > 1 MeV). Stressors can initiate and sustain the
growth of aging-related degradation mechanisims.

Aging-related degradation mechanisms develop at different
rates, and conditions inside the pressure vessel may favor
the development of selected dominant mechanisims in in-
ternal components. Fatigue, SCC, and mechanical wear are
the major aging-related degradation mechanisms for PWR
internals. They are identified based on a review of reactor
operating histories and reported component-failure infor-
mation.

IMlow-induced cyclic hydrodynamic loads are important
stressors for PWR internals. These loadings include pump-
generated pressure pulsations, vortex-shedding oscillatory
forces and high-intensity turbulent flows. These cyclic
loads can excite internal components into vibrations. When
they are not properly mitigated, FIV can lead to fatigue and
mechanical failures.

Because of its low dissolved oxygen content, the water
chemistry of 4 PWR is not favorable to the development of
SCC in the bulk of the reactor cooling system. However,
narrow gaps and other small regions in some internal com-
ponents can trap a stagnant fluid medium with locally high
concentrations of corrodents. These crevices create a cor-
rosive environment and can cause SCC when tensile
stresses are also present in the system. Preloads in bolts
can generate tensile stresses needed for the development of
SCC. Crevice-assisted SCC s found in bolted joints and
other tightly fitted connections in reactor internals.

Long-term exposure to fast neutron tluxes is a stressor thi
can lead to embrittdement and radiation-assisted SCCL A
basic understanding of these potential aging degradation
mechanisms has not yet been achieved. There are many
active rescarch works whaose main goal 18 to increase the
understanding of neutron irradiation etiects on the aging of
reactor Components.

When they are not mitigated, aging effects will eventually
lead 1o a failure in the affected components, Understanding
the stressors associated with these aging degradation
mechanisms can lead 1o the establishment of effective
programs to control and manage these aging etiects,

S

7.1 FIV

PWR internal components have failed as a result of FIV,
Fatigue and mechanical wear are the two important failure
mechanisms. FIV problems are generally resolved by
climinating the excitation sources or by changing the
vibrational characteristics of the affected structural
components. The practical choice for most reactor internals
is the second option where the component is detuned from
the external excitations.

Some of the FIV problems were detected very early in re-
actor operations and can be regarded as a part of the reactor
“debugging” process. Excessive mechanical wear observed
in CE reactor internal hold-down rings is an example of a
problem of this nature. The problem was resolved by in-
stalling a new hold-down ring and increasing the hold-
down force during installation, The SSHT in B& W units is
another successful example of detuning the structure from
input excitations.

Other FIV problems are more difficult to resolve. Thermal
shiclds in many early CE and W1 units have encountered
IV problems. FFaiigue cracks in support bolts were the
most common reported tailure. Detuning the shields by in-
creasing the stitfness of the support systems did not prove
1o be effective in minimizing the effects of flow-induced
excitations. Thermal shields had been removed from soine
Cl: units. Neutron-shicld pads, instead of thermal shields,
are now used in the new WE reactors. However, the re-
moval of the thermal shicld without an effective replace-
ment may increase the neutron fluence at the wall of the
reactor pressure vessel and adversely affect its long-term
structural integrity. It should be noted that analysis results
indicated that removal of the thermal shields from the CE
reactors will have no undesirable effect in the remaining
design hife of the atfected reactors.

A more recent FIVerelated problem is the excess mechani-
cal wear observed in tlux thimbles and thimble guide wbes
in WE units. The problem has been traced o FIV in the
unshiclded portion of the thimble between the fuel assemn-
bly and the lower core plate. The current practice is 1o re-
truct the thinned thimble sections away from the vibrating
region. No permancent solution has been proposed, and the
fTux thimble and guide tube thinning problem is still under
active vestugation.
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The baffle plate water-jetting problem observed in several
WE units is an example in which the coolant tflow ficld
was modified to eliminate flow-generated excitations, The
driving force behind the jetting problem was climinated by
changing a downward bypass flow to an upward bypass
flow in the core baffle-core barrel region. New WE reac-
tors use the upward bypass flow scheme.

Most of the serious FIV problems in PWR internals have
been resolved by well-established engineering practices.
FFlow-induced mechanical wear in flux thimble and guide
tubes is an unresolved problem. Many plants have initiated
inspection programs o keep track of the thimble and guide
tube thinning problems.

Due w the relatively high flow speed and high-intensity
turbulence level in the reactor coolant flow, it is not possi-
ble to climinate all FIVs in PWR intemals. Some internad
components are subjected to small-amplitude vibrations
during reactor operations. They may be susceptible (o
high-cycle fatigue failures. The effects of a corrosive envi-
ronment on high-cycle fatigue failures are not well under-
stood. Rescarch results in this area have not reached the
state that they can be incorporated into design codes such
as the ASME B& PV Code. High-cycle fatigue may become
a more important factor in determining the useful working
life for reactor internals.

7.2 SCC

Most SCCs in PWR internals were detected in bolted joints
and tightly fitted connections. Crevice conditions at these
locations create a highly localized corrosive environment
that is conducive to the development of SCC. The use of
molybdenum disulfide (Mo55) as a thread lubricant can
contribute to the corrosiveness of the crevice condition.
The susceptibility of the material and the corrosiveness of
the cooling fluid are not sufficient to cause SCC. Preloads
in bolts and the tensile stresses that they generate are also
needed for the development of SCC.

Failures have been detected in thermal shicld support bolts
in B&W units and in control rod guide tube split pins of
WE reactors. The B&W thermal shield support bolts were
made of A-286 stainless steel, and the split pins are made
of Inconel X-750 alloy. The responsible aging degradation
mechanism is SCC, specifically IGSCC. Improper heat
treatment of the split pins may have also contributed to the
corrosion problems in guide tube split pins.

A two-prong approach has been taken to resolve SCC
problems in PWR internals. The first approach is to reduce
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the susceptibility of the material, and the second is o de-
crease the tensile stress level in the component. The mate-
rial of construction for support bolts in the B&W thermal
shield was changed from A-286 stainless steel to Inconel
X-750 alloy. A higher temperature is now used for the heat
treaunent of WE guide tube split pins. In both cases the
size of the bolt shank region was enlarged, and preloads
were reduced during installation. These design and fabri-
cation changes should lower the tensile stresses below the
threshold level in the bolts. Together with the use of less
susceptible materials, they should provide adequate protec-
tion against IGSCC problems in support bolts.

7.3 Other Potential Aging-Related
Degradation Mechanisms

Aging-related degradation mechanisms develop at ditferent
rates, and, in addition to the three identitied major degrada-
tion mechanisms, other aging mechanisms may emerge in
future reactor operations.

Neutron irradiation effects may manifest themselves in the
forms of embritdement and IASCC. The expected lifetime
neutron fluence level for some reactor internals can attain
the value in which neutron irradiation effects are important.
This is of special concern to components in the immediate
vicinity of the core, such as the core baffle, in-core instru-
mentation guide tubes, and possibly the core support
plates. The existence of crevice conditions, bolt preloads,
and exposure to fast neutron fluxes would make the core
baffle a prime candidate for embrittlement and IASCC.

The exposure to fast neutron fluxes may also lower the
temperature at which creep and stress relaxation can be-
come important aging-related degradation mechanisms for
reactor internals. At the PWR, the normal operating tem-
perature ranges between 288 and 316°C; the best estimate
for the threshold neutron fluence level for creep and stress
relaxation in stainless steels is about 6 x 1019 (neutrons/
¢m?). The expected neutron fluence levels for reactor
internals located in the core region can exceed the thresh-
old value and are susceptible to the effects of radiation-
induced creep and stress relaxation,

Reactor internal components made of cast austenitic stain-
less steel (CASS) are susceptible to thermal aging and em-
britdement. PWR CASS intemnal components have ferrite
contents in excess of 20% and operate at a temperature of
~316°C (600°F). CASS components can becomes brittle
under these conditions and may be susceptible to thermal
embritdement. Many CASS components have been re-
placed by machined parts.
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In-service inspections are relied upon to detect cracks and
other signs of aging-related failures in PWR internals that
are susceptible to neutron irradiation and thermal aging
effects. The adoption of a preventive maintenance program
with the capability of detecting system degradations will
enhance the safety as well as the efficiency of plant opera-
tions. Such a program can also provide useful information
to the decision-making process concerning the repair
and/or replacement of a degraded component.

S3

Discussion

Note that most reactor intermals are not components of the
reactor primary containment system. Failures of reactor in-
ternals may result in conditions that can challenge the in-
tegrity of the reactor primary containment system, but such
failures cannot weaken the system itself. Key internal
components can be replaced if necessary. Therefore, a vig-
orous and comprehensive in-service inspection program
with the capability of detecting and monitoring system
degradation will epsure the safe working of reactor inter-
nals components.
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