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Abstract

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

Stressors associated with the operating environment inside
the reactor pressure vessel provide conditions that are
favorable 1o the development of aging-related degradation
mechanisms. The dominant stressor is flow-induced oscil-
latory hydrodynamic 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

iti

between stressors and aging degradation mechanisms.
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 effects and the influence of environmental factors on
high-cycle fatigue failures.

An effective plant in-service inspection (IST) program will
ensure the structura! integrity of reactor intemals. Reactor
internals can be replaced if it is dcemed necessary. There-
fore, an inspection method with early failure detection
capability will further enhance the safety as well as the
efficiency 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 to assess the effects of aging degradations
on pressurized-water reactor (PWR) internal components.
The assessment includes an evaluation of the effectiveness
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 Engineering (CE), and Baboock & 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 vesscl, fuel assemblies, control rods, control rod

drive mechanisms, and in-core monitors are not included
as internals in the present study.

Stressors are conditions that can initiate and sustain the
growth of aging-related degradation mechanisms. Reactor
internals are subjected to stressors generated by applied
loadings (thermal and mechanical), by contacts with high-
temperature flowing water, and by exposures to high-
energy (E > 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 to internal components located in close proximity
of the core. Manufacturing processes may also impose
stressors on internals,

Aging-related degradation mechanisms generally associ-
ated with the primary stressors for reactor internals are
corrosion (including SCC), fatigue, mechanical wear, ero-
sion, embrittlement, 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, if they are not mitigated, will eventually lead
to a failure in the affected component. Reported failure
information and laboratory testing results can identify the
more significant aging-related degradation mechanisms.
SCC, fatigue, and mechanical wear are the major aging-
related degradation mechanisms for PWR intemals.

xiii

Major reported failure cases for PWR internals include
bolting failures in core support structures caused by fatigue
and SCC, fuel assembly damages caused by high-speed
leakage flows through enlarged gaps in core baffle plates,
excessive thinning of flux thimble guide tubes caused by
flow-induced vibrations, and crevice-assisted SCC in con-
wrol 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 areas of reactor internals
during refucling outages. Limitations of the visual inspec-
tion method are well known. Reactors licensed since 1978
are equipped with loose parts monitoring systems
(LPMSs). 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 early failure detection in key core-support
internal components. They involve the use of neutron noise
vibration measurements and trending studies. These prac-
tices, while common in France and Germany, have not
been formally incorporated into the ISI program for U.S.
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
inspecting reactor internals in the U.S.

Most flow-induced vibration and SCC problems have been
resolved by conventional engineering practices such as
elimination of excitation sources, detuning the structure
from external excitations, design changes, and use of mate-
rials that will make the components less susceptible to cor-
rosion attacks.

Small-amplitude flow-induced vibrations in reactor inter-
nals are difficult to eliminate, and high-cycle fatigue
remains as an active degradation mechanism. Internals
close to the core are exposed to 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.
In the presence of active aging degradations, a vigilant
inspection program is needed to ensure the structural
integrity of reactor internals. The incorporation of an effec-
tive early failure detection method will further enhance the
safety and efficiency of plant operations.
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1 Introduction

Systems, structures, and components of a commercial
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
to failures that could adversely affect plant safety and per-
formance. The Office of Nuclear Regulatory Research
(RES) has established the Nuclear Plant Aging Research
(NPAR) Program! to increase basic understanding of
aging-related degradations and their effects on reactor sys-
tems, 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
to 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) intemnals 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 Japanese 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 assemblies, 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 contro! rod assemblies (CRAs). Other internal compo-
nents direct and guide the coolant flow through the core
region and provide shielding to the pressure vessel wall.

At the present time there are 73 PWRs 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

*K. H. Luk, “Boiling Water Reactor Internals Aging Degradation
Study—A Phase 1 Report,” USNRC Report NUREG/CR-5754
(ORNL/TM-11876), to be published.

provide the information for studying aging effects in
selected reactor components. The plant IST Program is the
major source of information on aging-related failure for
reactor systems.

The aging assessment is pecformed in a multiple-step pro-
cess. The first step is the identification and description of

- reactor intemal components included in the study. The sec-

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 linkage 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.

Selected reactor intemals are identified in Chap. 2 of the
report. The information provided in Chap. 2 includes a
brief description of each selected component, the functions
it performs, and the material of construction. Primary
stressors inside the reactor pressure vessel are discussed in
Chap. 3. Stressors generated 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 primary stressors.
Potential aging degradation mechanisms include corrosion
(including SCC), fatigue, mechanical wear, erosion,
embrittlement (thermal and radiation induced), creep, and
stress relaxation. Chapter 5 is & summary of the more sig-
nificant reported aging-related failures of PWR internals. It
includes discussions in the therma! shield support bolt fail-
ures in B&W, CE, and WE reactors; baffle plate water-
jetting problems in WE umits; 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 mechanica! 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
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Introduction

trending studies. 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 Internal Components

Three domestic PWR vendors in the United States are the
Westinghouse Electric Corporation (WE), the Combustion
Enginecring Company (CE), and the Babcock & Wilcox
Company (B&W). Of the 73 domestic PWRs in commer-
cial operation, 51 or about 70% of the total are WE, 15
(20%) are CE, and 7 (10%) are B&W reactors. The three
reactor designs share some common features, but the inter-
nals are sufficiently 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 intemnals is to provide
structural supports to the core and to properly position
CRAs under normal and accident operating conditions.
Reactor internals that perform such functions are compo-
neats of the core support system. Other interna! 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 to provide gamma and neutron shielding to the
reactor pressure vessel, Housings for in-core instrumenta-
tions are also considered as reactor internals. Even though
they are also located inside the reactor vessel, aging effects
in fuel assemblies, control rods, control rod drive mecha-

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

‘The majority of reactor internals are made of type 304
stainless steel. Unless it 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. ITI
of the American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel (B&PV) Code.! For reactors
that were designed and built before the establishment of
Sect. I of the ASME B&PV Code, analyses were per-
formed to ensure that calculated stress values for reactor
components met the intent of the Code under specified
design conditions.

Information on internal components is obtained from vari-
ous plant Final Safety Analysis Reports (FSARs) and tech-
nical reports published by the Electric Power Research
Institute (EPRI). 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 report will attempt to identify major
design changes in internal components, but no attempt will
be made to account for all design changes. Reactor inter-
nals are identified 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

WE PWR 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 sketch 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 baffle,
the lower core plate, the lower support columns, the bottom
support plate, the intermediate diffuser plate, the thermal
shield, and the secondary core support assembly. A sketch
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 nozzles and flows down the annutfar region between
the core barrel and the vessel wall. The thermal shield,
when 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 is turned around and then flows up into the core
through perforations of the bottom support plate, the dif-
fuser plate, and the lower core plate. After passing through
the core, the coolant enters the upper core barrel region
occupied by the upper core support structure. The flow
then turns radially outward and leaves the coce barrel
through outlet nozzles. The core barrel outlet nozzles direct
the coolant flow into the pressure vessel outlet nozzles.

In addition to the main coolant flow described above, there
are also secondary flows in the reactor coolant system. A
small amount of cooling water is diverted into the region
between the core baffle and the core barrel, and this bypass
flow provides additional cooling to the core barrel. Coolant
flow is also directed into the vessel head plenum for cool-
ing purposes, and it exits through vessel outlet nozzles.

2.1.1.1 Core Barrel

The core barrel is the main structure of the core support
system. Other core support structures are attached to the
core barrel, which transmits the weight of the core to the
reactor vessel. It is also used to position the fuel
assemblies.

NUREG/CR-6048
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Figure 2.1 Westinghouse PWR internals

The barrel is a long, cylindrical, one-piece welded structure
divided into an upper and a lower region. The upper flange
of the core barrel rests on a ledge in the reactor vessel head
flange, and the lower end of the barrel is welded to the
bottom support plate, which in turn is restrained by a radial
support system attached to the wall of the pressure vessel.
The outlet nozzles are made by welding forged rings to
openings in the upper part of the core barrel.

NUREG/CR-6048

In some of the older WE reactors, the core barrel is a two-
piece structure with the bottom of the core barrel connected
to the bottom support plate by tie rods. The upper and
lower barrel sections are connected by a bolted joint.
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Figure 2.2 Westinghouse PWR lower core support structure

2.1.12 Core Baffle

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

directs and guides the coolant fiow through the core region.

The core baffle is made of vertical baffle plates and hori-
zontal former plates (also known as baffle radial suppoct
plates). The horizontal former plates are bolted to 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 steel. 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 (2in.). It
rests on a Jedge on the inside of the lower core barrel. The
holes distribute the coolant flow to the core. Fuel assembly
locating pins, two per assembly, are inserted into the lower
core plate. They provide proper alignment as well as lateral
support to the fuel assemblies.

2.1.14 Lower Support Columns

The weight of the fuel assemblies is ~113,276 kg
(250,000 Ib), and to prevent excessive 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 to as the core support columns. The top ends
of the columns are bolied 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 ransmits 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 a perforated plate welded to 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 into the bot-
tom plate. Perforations in the plate distribute coolant flow
to the core.

The bottom support plate is an integral part of the radial
support system at the lower end of the core barrel. The
support system consists of keys and keyways attached to
the bottom support plate and the reactor vessel wall.
Inconel clevis blocks are welded to the inside of the reactor
vessel at six uniformly spaced locations around the circum-
ference. Six Inconel insert blocks are bolted to these clev-
ises and act as keyways. Six keys, also uniformly spaced,
are welded to the outside surface of the bottom support
plate. When the core barrel is lowered into the pressure
vessel, the keys engage the keyways in the axial direction,
and lateral motions of the core barrel lower end are
restrained. A sketch 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 CF-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
between the lower core plate and the bottom suppost plate.
It is attached to the lower support columns. The intermedi-
ate diffuser plate, also called the flow mixer plate, gener-
ates a uniform coolant flow to the fuel assemblies. Not all
WE units are equipped with intermediate diffuser plates.
Perforations in the lower core plate and the bottom support
plate are used to provide the uniform flow distribution
when the diffuser plate is not used. Intermediate diffuser
plates in some of the older reactors are made of Grade
CF-8 cast austenitic stainless steel. Others are machined
from type 304 stainless steel plates.

2.1.1.7 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. It is located in the annular region between the core
barrel and the reactor vessel wall.
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The early thermal shields are made of shell segments
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
shicld was keyed to suppart 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 supporied 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 thesmal 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 bas 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
shielding 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 shield
pads.

2.1.1.83 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-
ues can be found in Sect. III 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 stainless 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 sections are attached to the
bottom of the top support plate to increase its stiffness and
to minimize deflections. Guide tube assemblies provide
housing for CRA drive shafts and rod control cluster
assemblies (RCCAs). The upper core support structure is
moved as a unit during refueling operations. A sketch of
the upper core support structure is shown in Fig. 2.7.

2.12.1 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-
ened 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

TOR SUPPORT
PLATE

Z

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 assembly. 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.

2122 Hold-dewn 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 fiange. 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, transmits the load-
ings to the reactor vessel. Some of the support columns
also provide structural supports to in-core thermocouple
conduits.

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 stainless 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
alignment is achieved. The pin-slot alignment scheme will
also restrict lateral displacements of the upper core support
structure.

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

2.1.2.6 Guide Tube Assemblies

Guide tubes provide housings for control rod drive shafts
and RCCAs. They shield these components from effects of

NUREG/CR-6048
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cross-flows 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 to 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 vessel 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
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enter the reactor vessel through the bottom, they are also by a mechanical seal at the seal table. The flux thimble
referred to as lower in-core instrumentation. tube and the high-pressure conduit are considered as a part

of the reactor primary pressure boundary.

A thimble guide tube is divided into two parts. The upper .

part is located inside the fuel assembly, while the lower 2.2 Babcock & Wilcox (B&W)

portion is located between the reactor vessel bottom and Internals

the lower core plate. The segment of the flux thimble

between the bottom of the fuel Mbly and the top of the B&W reactor intemals are groumd into two main struc-

lower core plate is not protected by the guide tube, and itis  tyral assemblies: the core support assembly and the plenum

exposed to the reactor coolant fiows. 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

When they leave the reactor vessel, flux thimbles are B&W reactor internals is shown in Fig. 2.9.

located inside high-pressure conduits, which penctrate the

pressure vessel from the bottom. The high-pressure con- The core support assembly is the primary core support
duits, containing the flux thimbles, continue on to the seal structure. The plenum assembly is used to maintain a
table. A simplified sketch of the flux thimble and guide proper alignment of the control rod guide tubes.

tube arrangement is shown in Fig. 2.8.

: 2.2.1 Core Support Assembly
The thimbles are sealed at the reactor end. The region

between the flux thimble and the high-pressure conduit is The core support assembly is the major core support struc-
maintained at the reactor coolant pressure, and it is sealed ture, and it consists of the core support shield, the core
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barrel, the lower grid assembly, the flow distributor, the
thermal shield, surveillance specimen holder tube, in-core
instrumentation guide tubes, and internal vent valves. The
core support shield and the core barrel are the major com-
ponents 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
assembly also directs and guides the coolant flow in the
core region. The flow enters the vessel through inlet noz-
zles, and the core support shield turns the coolant flow
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
baffle and the core barrel. The coolant pressure in the core
baffle-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-
sion 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 pressure
differential will force the coolant to move outward and
away from the fuel assemblies. This bypass flow scheme
can prevent fuel assembly damages caused by baffle plate
water-jetting problems.

22.1.1 Core Support Shield

‘The core support shield provides structure supports to other
internals and transmits loadings to the reactor vessel. The
shield 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
shield lower flange is bolted to the top flange of the core
barrel. The plenum assembly is located inside the core
support shield. The position and orientation of the plenum
assembly with respect to the core support shield are main-
tained by fixtures located on the shield inside surface. In
some B&W units the lower end of the core support shield
is welded to the top of the core barrel.

The core support shield 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 to the wall openings. The rings mate with
intemal projections of the reactor vessel outlet nozzles, The
ring seal surfaces are sized and finished so that a clearance
gap is maintained at cold condition to facilitate the installa-
tion and removal of components of the core support
assembly. When the reactor is heated to the operating tem-
perature, the differential thermal expansions of the stain-
less steel core support shield and the carbon steel reactor
vessel will close the gap and form the necessary seal sur-
face. The cold gap is sized so that when contact is made,
maximum stresses in the reactor vessel and intemal com-
ponents remain below allowable values as stipulated in
Sect. Il of the ASME B&PV Code.

The second types of opening in the shield wall are intemal
vent valve openings. Mounting rings are welded to these
openings for the installation of the internal 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.

13
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2212 Core Barrel

The core barrel supports the fuel assemblies, 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 flanged ends.
The upper flange is bolted to the lower flange of the core
support shield, and the Jower flange is bolted to the 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 shield.

The core baffle is considered as an integral part of the core
barrel. The baffle is formed by bolting a series of horizon-
tal former plates to the inside surface of the core barrel.
Vertical baffle plates are then bolted to the inside edges of
the horizonta! former plates. The vertical baffle plates form
the boundary of the fuel assemblies.

22.1.3 Lower Grid Assembly

The lower grid assembly provides structural supports to the
fuel 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-
blies’ 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 to align 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 structure is a machined
forging.

The lower and upper grid structures are connected by tubu-
lar columns. Also a perforated plate located midway
between the two grid structures is used to generate a uni-
formly distributed coolant fiow to the core. The lower grid
structure rests on and is also bolted to the lower flange of
the core support shield. The top flange of the forged cylin-
der is bolted to the Jower flange of the core barrel.

22.1.4 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 bes.

2.2.1.5 Thermal Shield

The thermal shield protects the reactor vessel wall from
excessive gamma beating 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 shield 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 flange 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.

22.1.6 Surveillance Specimen Holder Tube (SSHT)

SSHT are cylindrical tubes mounted on the outside sur-
face of the thermal shield. 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

98-0.8° BOLTS

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 to in-core instruments from penetrations in the
reactor vessel bottom head to instrument tubes in the fuel
assemblies. Guide tubes are segmented tubular structures
with different diameters for the various sections. The lower
end of the tubes are connected to instrument penetrations 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
assemblies.

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 pressure buildup in the reactor upper
plenum region following a cold-leg pipe break accident.

The internal vent valve assemblies are attached to 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 intemal vent
valve assembly consists of a hinge assembly, the valve disk
with sealing surfaces, split-retaining rings, and fasteners.
The design of the interna! vent valve is similar to that for
swing check valves. The vent valves are uniformly spaced
around the circumference of the core support shield 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 break accident, the sudden
loss of pressure would lead to 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 psi) 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
each path is determined by hydraulic resistances in each
flow path. In any event, reactor coolant is transported from
the core region (o 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 equalization between the core region and the cold-leg
pipe break location 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 force 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 intemal vent valves are
opened, the major reactor coolant flow path, the one with
the least flow resistances, will be from the upper plenum of
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,
aremote 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. It is
located inside the core support shield 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 reactor 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 shield 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 limit
movements of these components. Proper positioning is
attained by the locking of keyways in the plenum assembly
cover flange to 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.

22.2.1 Plenum Cylinder

The plenum cylinder positions and supports CRA guide
tubes and guides the reactor coolant flow to the outlet noz-
zles. It 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. The 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 shield. Holes in the perfo-
rated plate are positioned to match the upper ends of the
CRA guide tubes. Lifting lugs are welded to the plenum
cover.

222.3 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
it is 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.

2.2.24 CRA Guide Tubes

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

A CRA guide tube 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 gunide
tube is welded to a perforation in the plenum cover plate.
CRAs are located inside the guide tubes.

2.3 Combustion Engineering (CE)
Internals

CE intemals 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
problems, thermal shields have been removed from several
CE reactors. A typical core support assembly is shown in
Fig. 2.13.
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‘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
tumned 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 turned to a 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.

23.1.1 Core Support Barrel

The core support barrel transmits the weight of the fuel
assembilies to the reactor vessel. A typical tota! weight

17

 of the fuel assemblies 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 an 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 alignment
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 support
barrel are fitted to internal projections of the reactor vessel
exit nozzles. Four equally spaced guide pins are attached to
the inside of the core suppart barrel just below the outlet
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Figure 2.13 CE PWR core support assembly

nozzles, and the pins are used to align and to limit the
movement of the upper guide assembly.

The core support plate rests on a ledge in the inside surface
of the core support barrel. The ledge is located near the
bottom of the barrel. The lower support structure rests on
the internal ring flange at the bottom of the barrel.

The lower end of the core support barrel is restrained by
snubbers located on the outside surface of the barrel. The
snubbers allow radial and axial expansions of the core sup-
port barrel, but they will restrict lateral or circumferential
barrel displacements.

NUREG/CR-6048

2.3.1.2 Core Support Plate

The core support plate positions and supports the fuel
assemblies. It is a perforated flat plate, and the perforations
distribute coolant flow to the fucl assemblies. The fuel
assemblies rest on the core support plate and are positioned
by locating pins (four for each assembly) shrunk-fit to the
plate. The core support plate rests on a ledge located in the
inside surface of the core support barrel near the bottom
end. The periphery of the plate is pinned, bolted, and lock
welded to the ledge. The core shroud is also attached to the
core support plate.
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Figure 2.14 CE PWR core support barrel

2.3.1.3 Lower Support Structure

The lower support structure provides additional 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
cousists of a 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 to the
bottom plate, which is perforated for coolant flow passage.
The ends of the support beams 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 holes located near the bottom of the cylinder.

23.14 Core Shroud

The core shroud forms 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 horizontal
ceatering plates. The vertical plates, of varying widths,
become the core boundary, The bottom of the vertical
plates are attached to the core support plate by anchor

PWR

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
shown in Fig. 2.14.

Most of the coolant flows through the core. Holes are
drilled in the horizontal plates to provide some coolant
flow through the region between the core shroud and the
core support 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.

23.1.5 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 lower
end of the barrel when it is not restrained. Snubbers are
installed 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 consists of six equally spaced lugs
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 lugs 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 bard 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, restrict lateral or circumferential expansions. The
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Figure 2.15 CE PWR core support snubber assembly

snubber system is not a fixed support system, and the core
suppoit barrel is not immune from small-amplitude
vibrations.

2.3.1.6 Thermal Shield

The thermal shield is a cylindrical 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 lugs restrict the axial
and tangential movement of the shield. A preloaded posi-
tioning pin under each lug is threaded radially through the
shield and butts against the core barrel. The lower end of
the shield is held in place in a similar manner by 17 radial
positioning pins.

Because of flow-induced vibration problems, thermal
shields had been removed from several CE reactors.
Analysis results indicated that it is not necessary to replace
these shields in the remaining design life of these reactors.
Thermal shields are not used in the newer CE units.

2.3.2 Upper Guide Assembly

The upper guide assembly consists of the upper guide
structure support plate assembly, the fuel assembly align-
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ment plate, control element assembly (CEA) shrouds, and a
hold-down ring. The assembly is handled as a single unit
during refueling operations. A sketch of the upper grid
assembly is shown in Fig. 2.16.

The upper guide structure (UGS) support plate assembly
provides support and alignment to CEA shrouds, which
shield 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
of the core during accidents.

2.3.2.1 UGS Support Plate Assembly

The UGS support plate assembly is a welded structure. The
assembly is constructed by welding a support flange to the
top of a cylinder, and a support plate is welded to the
cylinder inside surface at the cylinder midsection. In some
CE units the support plate is located near the top of the
cylinder, just below the support flange. The top of a grid
array structure, made of welding intersecting deep beams,
is welded to the bottom of the support plate. The ends of
the deep beams are welded to the cylinder inside wall. The
support plate and the deep beam grid array structure posi-
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 to the
top of a circular cylinder. A circular plate is welded to the
bottom of the cylinder. The ring flange rests on the hold-
down ring that, in turn, sits on the core support barrel
upper flange. Four uniformly spaced keyways are

21

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 barsel provides
support and alignment to CEA shrouds.

23.2.2 Fuel Assembly Alignment Plate

The fuel assembly alignment plate positions the upper ends
of the fuel assemblics and also provides support to the
lower 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-
ment plate, and they engage pins protruding from the core
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support barrel. The pin-keyway arrangement restricts lat-
eral displacements of the upper guide assembly during
operations. The fuel assembly alignment plate presses
down on the fuel assembly bold-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
elevation 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-element type,
and they are made by welding a cylindrical sectiontoa
base; the base is bolted and lock-welded to the fuel assem-
bly alignment plate. Flow channel 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.

Four-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
fuel 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 fuel assembly
alignment plate to an elevation just above the reactor vessel
flange. The shroud is fabricated by welding four formed
plates to 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-
ening and pressurization are major causes of internal com-
ponent axial displacements. The hold-down ring is also
referred (0 as the expansion compensation ring,.

The hold-down device is a segmented circular frame, and
each 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 accommodate intemnal
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 sec-
tions welded to the bottom head of the reactor pressure
vessel. There is no connection between the flow skirt and
other internal components. The skirt is made of Inconel.
The flow heles are designed to provide a uniform inlet
flow to the core.

2.3.4 In-core Instrumentation Support
Structure

The in-core instrumentation support structure is a part of
the in-core neutron flux monitoring system. It consists of
an instrumentation support plate that fits in the recess sec-
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 protecied by in-core instrumentation guide tubes that
route the instruments to various locations in the core. The
guide tubes are bent and grouped together to 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 sketch of an in-core
instrumentation support structure is shown in Fig. 2.17.

Reference

1. American Society of Mechanical Engineers, ASME
Boiler and Pressure Vessel Code, Section III, Nuclear
Power Plant Components, Div. 1.*

* Available from American National Standards Institute, 1430 Broadway,
New York, NY 10018, copyrighted.
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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 processes
can impose stressors on reactor internals.

Applied loading is an important stressor for interal 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-
generated oscillatory hydrodynamic forces and preloads in
bolts are the applied loadings of concern to reactor
internals,

t

The operating environment inside the pressure vessel also
imposes many stressors on interna! components, Reactor
internals are submerged in the reactor primary coolant
flow. The coolant temperature in the core region, where
most internals are located, is ~316°C (600°F), and the
average coolant flow speed is ~4.9 m/s (16 fUs). 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 significantly from conditions mentioned above.

Because of their proximity to the core, some intemnals 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 oper-
ating history of the reactor,

3.1 Applied Loads

Thermal and mechanical loads are the major applied loads
acting on reactor internals during normal steady-state and
transient (startup or shutdown) operations. Thermal loads
are produced by temperature gradients in a component, by
thermal expansions of different materials, and by restricted
thermal expansions. Mechanical loads are generated by
static pressure differentials, preloads in bolts, and fluid-
flow-generated cyclic forces.

Reactor internals are designed to accommodate thermal
expansions; as a result, constraint-induced thermal loads

are kept at a low level. The existence of temperature gradi-
ents and rapidly changing temperatures in a component are
important thermal 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 interaals 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 yield 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
(sCC).!

‘The applied loads of primary concern to reactor internals
are flow-induced oscillatory hydrodynamic forces. The
volume flow rate for PWRs ranges from 250 to 380 L/s
(4000 to 6000 gal/min), and the coolant is forced through
the reactor vessel by reactor coolant pumps. Major sources
of 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 hydrodynamic forces act on a blunt object
when it is placed in a flow stream. The first type is a static

* load and is usually referred to as a drag force. The second

type is a time-dependent force induced by flow separa-
tions. The weights of the components and structural sup-
ports are sufficient to counterbalance the drag forces. The
cyclic or periodic flow-generated hydrodynamic forces
may force a structure to vibrate. Flow-induced vibrations
can lead to fatigue failures and mechanical wear.

A third source of flow-related stressors is the highly turbu-
lent flow generated by the forced flow through gaps and
other small openings. A structure located in the wake of
such high-intensity turbulent flows can undergo vibrations
caused by the time-dependent hydrodynamic forces. Baffle
plate water-jetting is an example of such flow-induced
vibration problems.

3.2 Environmental Stressors

The primary environmental stressors for reactor internals
are related to the operating environment inside the reactor
pressure vessel. They include contact with the primary

NUREG/CR-6048



Primary

reactor coolant flow and exposure to fast neutron fluxes.
Long-term contacts with a high-temperature 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.2

The coolant is borated water of high purity. The corrosive-
ness of the coolant is determined by the quantity of dis-
solved oxygen content, concentrations of impurities, 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
impurities 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. Impurities 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 boric acid dissolved in the cooling water, is the
preferred nuclear poison used for reactivity control in
PWRs. 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 boric acid corrusion attacks.

An important environmental stressor for some internals is
the exposure to fast neutron (E > 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 neutrons can change the
mechanical and physical properties of the materials.
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 development of SCC.3 These changes
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could have potentially adverse effects in the structural
integrity of reactor internals,

3.3 Manufacturing Stressors

The processes used to 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
bolis. Gaps and crevices in bolted joints can create a Jocal
environment that is conducive to the development of cotro-
sion attacks. Preloads in bolts and the resulting 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 to a predetermined
shape by a bending operation. Plastic strain accumulation
and surface flaws are the stressors associated with a cold
working operation. They can lead to crack initiations and
accelerated crack growths.

Some stainless steel intemals are cast in one piece. While
casting may eliminate 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.

Stressors 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 independently 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 mechanismns.
Understanding of the synergistic relationship between
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stressors and aging degradations is also the basis for the Properties,” in Proceedings of the Fifieenth Water
formulation of strategies for managing aging effects. Reactor Safety Research Information Meeting,
Gaithersburg, MD, USNRC Conference Proceedings
NUREG/CP-0090, October 1987.*
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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 initiated
when the necessary stressor or stressors are present in the
operating environment of the affected components. Once
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 before failure. One of the objectives
of an aging study is to identify potential aging-related

degradation mechanisms associated with the pnmary stres-

sors of the system,

Aging-related degradation mechanisms generally associ-
ated with the operating environment of reactor interals are
corrosion, fatigue, erosion, mechanical wear, embrittle-
ment, creep, and stress relaxation. Corrosion includes gen-
eral wastage and SCCs. Erosion is the loss of material
caused by the flow of an abrasive and/or high-velocity
fluid medium. Fatigue is vibration induced, and the respon-
sible oscillatory forces can be either mechanical or thermal
in nature. Vibration can also lead to mechanical wear and
fretting. Embrittlement decreases the fracture toughness of
a material and is caused by thermal aging and/or irradiation
effects. Creep and stress relaxation may lead to changes in
material properties and structural deformation mechanisms.
They are usually caused by prolonged exposure to 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 deterioration caused by electro-
chemical reactions with the surrounding medium. 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 mechanisms 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 occurs more or less uniformly over the entire contact
surface. A moving fluid medivm 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 reactor internals made of stainless steels.

4.1.2 Corrosion Cracking

Materials that provide good resistance to general corrosion
and wastage, such as stainless steels, are ofien 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 little or no advance warnings. Most SCC mech-
anisms require the presence of tensile stresses in the struc-
ture as well as a corrosive medium. Other types of corro-
sion crackings can develop without tensile stresses. As a
general rule, the presence of tensile stresses may accelerate
the crack growth rate,

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

4121 SCC

It is generally accepted that the simultancous presence of
three conditions are necessary for the development of SCC:
a susceptible 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 as
intergranular stress corrosion crackings (IGSCC). In other
cases, cracks propagate along certain crystallographic slip
planes within the grains. These failures are referred to as
transgranular stress corrosion crackings (TGSCC). More
information on the fundamentals of SCCs can be found in
texts by Logan? and Romanov.3

Austenitic stainless steels, such as type 304, have good
resistance to general corrosion and wastage, but they can
be made susceptible to SCCs by a sensitization process.4
When a component made of type 304 stainless steel is
heated or cooled slowly through the temperature range of
482 to 816°C (900 to 1500°F), carbon in the steel will pre-
cipitate out as chromium carbide along grain boundaries.
Chromium, which is 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 anneal-
ings, prolonged stress-relieving operations, and welding
can provide the temperature condition that is needed to
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 Jocations 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-
ties 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
(FSAR), meet and exceed the Standard Technical Specifi-
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-
eration. At this concentration level, dissolved oxygen is not
a factor in the development of SCC. However, pockets of
high concentrations of dissolved oxygen may exist in
crevices and can contribute to the development of SCC. In
the presence of impurities such as chlorides, SCC may be
initiated when the dissolved oxygen content is >40 ppb.>
SCC in an oxygenated water environment is intergranular.

The Standard Technical Specification for PWR primary
water chemistry also requires that the chloride and fluoride
contents be kept at <150 ppb. Chlorides are of special con-
cemn. Under favorable conditions, the presence of chlorides
and dissolved oxygen in the reactor primary cooling water
may promote the development of SCC in austenitic stain-
less steel components.S 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 to 316°C (400 to 600°F)
indicated that in the absence of dissolved oxygen, SCC will

NUREG/CR-6048

30

not occur even when the chloride content attains a level as
high as 20,000 ppm. During steady-state PWR operations,
the dissolved oxygen content in the bulk of the 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 (MoS3), 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.” MoS3 reacts with borated water, and one
of the reaction products is hydrogen sulphide (H3S), which
is highly corrosive. H,S can cause SCC in components
made of stainless steel. Reactor internals that use MoS3 as
a lubricant 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 to be taken into consideration in
establishing an optimum primary cooling water chemistry
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. 8 and 9.

The third requirement for the development of SCC is the
presence of tensile stresses in a 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 is the yield stress of the material of construction.
Botlt preloads and weld residual stresses can generate the
necessary tensile stresses in a reactor internal component.

Based on this information, it is reasonable to suggest that
crevices in PWR internals are likely locations for the
development of SCC. A “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, surface deposits, narrow gaps in
gasket surfaces, I2p, and bolted joints. The small region is
usually filled with a stagnant liquid, and a differential aera-
tion cell is established within the stagnation region. The



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 is 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
are 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 observations seem (o suggest
a new mechanism for the development of SCC. This form
of SCC is known as irradiation-assisted SCC (IASCC);
IASCC is intergranular, ‘

Basic understanding of IASCC is not complete. Many
theories have been proposed, but no one single theory can
satisfactorily account for the irradiation effects on SCC.
General agreement is that a threshold neutron fluence level
exists below which IASCC is not likely to occur. The best
estimate of the threshold neutron fluence level8 for stain-
less steel is ~5 x 1020 neutrons/cm? (E > 1 MeV). The
expected lifetime neutron fluence levels for intemals
located in 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 to IASCC.

One of the proposed theories suggested that the material
may be weakened by the formation of bubbles in the solid
caused by a transmutation process. Austenitic stainless
steels contain trace quantities of boron and can react with
thermal neutrons to form lithium and helium. Hydrogen
gases are also produced by transmutation reactions involv-
ing fast neutrons and elements such as nitrogen, nickel,
iron, and chromium 8 These insoluble gases precipate from
the solid and have a tendency to migrate to dislocations or
to grain boundaries.? Gas bubbles are discontinuities, and
they can weaken the structural material. The solid may dis-
integrate if the bubbles are fused 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 (P) and sili-
cone (Si) increases the susceptibility of unirradiated stain-
less steels to IGSCC. This seems to suggest that grain
boundary segregation of impurities could be the responsi-
ble mechanism for YASCC. Therefore, high-purity stainless
steels, with lower impurity contents, may be less suscepti-
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ble to IASCC. However, there is not sufficient information
to correlaté grain boundary impurity concentrations with
neutron fiuence level and IASCC susceptibility. Testing
results are inconclusive; some high-purity stainless stecls
are more resistant to 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 research works in the
field. It is generally accepted that IASCC would require the
excedence of a threshold neutron fluence level. Also, the
threshold tensile stress value for IASCC is much lower
than the yield stress of the material. Stresses incurred dur-
ing manufacturing and handling operations may be suffi-
cient for the development of IASCC. It is also accepted
that the critical flaw size decreases with increasing neutron
fluence level. The reduction of the critical 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 SCC. SCC, in one form or another, is
expected to be a major aging-related degradation mecha-
nism for reactor internals.

4122 Pitting

Pitting corrosion is a localized phenomenon. Holes or pits
are etched into the metal surfaces and are filled 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 in 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.

Pitting 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-related degradation mechanism for reactor
internals,

4.2 Fatigue

In addition to static loads, reactor internals are subjected to
dynamic or time-dependent forces. A structure will
undergo some form of vibratory motions as a response to
dynamic loads. Vibrations can lead to crack initiation and

NUREG/CR-6048



Aging-Related

subsequent crack growth. Structural failures 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 of a
fatigue crack in the structure. There is not a precise divid-
ing line separating low- and high-cycle fatigue failures.
Generally speaking, when a crack is initiated between 103
and 104 cycles, the failure is considered as a low-cycle
fatigue failure. Plastic strain accumulations are associated
with low-cycle fatigue failures. High-cycle fatigue failures
are characterized by large numbers of cycles and elastic
stresses. There are usually little or no plastic strain accu-
mulations in a high-cycle fatigue failure.

Fatigue failures are environment dependent. Understanding
of the interactions between fatigue and environmental fac-
tors such as corrosion is limited. Most fatigue analyses are
performed without inputs from environmental conditions.
Fatigue design curves, such as those provided by the ASME
B&PV Code,10 are developed for dry air where the envi-
ronmental corrosion effects are insignificant.

Some dynamic loads, such as those caused by hydraulic
transients and seismic excitations, are treated as parts of
the design loadings for the reactor system. Stresses, strains,
and the dominant frequencies associated with the structural
response to these events can be calculated, and their con-
tributions are added to the fatigue life estimation for the
affected components.

The primary cause of fatigue failures in reactor intermnals is
flow-induced vibrations. The amplitude of the vibrations is
determined by the amount of damping in the system as
well as the closeness between the structural natural fre-
quency and the dominant excitation frequency. When these
frequencies are well separated, the amplitude of the vibra-
tions is small. Large-amplitude resonant vibrations may
develop when the input excitation frequency is close to the
fundamental natural frequency of the structure. Damping
can reduce the amplitude of such vibrations. The develop-
ment of large-amplitude resonant vibrations in a reactor
component will quickly lead to a low-cycle fatigue failure.
When they are detected during reactor preoperational test-
ings, corrective actions will be implemented to eliminate
such large-amplitude vibrations. Therefore, in an aging
assessment study, high-cycle fatigue failures caused by
small-amplitude vibrations is the more impostant and rele-
vant aging-related degradation mechanism.
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4.3 Erosion

Erosion 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 literally
grinds away a metal surface. Reactor cooling water is fil-
tered, and the quantity of suspended solid particles in the
flow stream is kept at a very low level (<1 ppm). Erosion
caused by the actions of suspended solid particles is not
expected to be a major aging-related degradation mecha-
nism for PWR internals.

Cavitation can also cause erosion on a metal surface sub-
merged in a liquid flow stream. In regions where the flow
speed is high, the local static pressure may fall below the
vapor pressure of the liquid, and a phase change takes
place. Bubbles are formed and can become attached to the
metal surface causing erosion problems. There is no phase
change in the primary reactor coolant in normal PWR
operations, and the flow speed in the core region is not suf-
ficient to produce cavitations. Cavitation-induced erosion
is not expected to be an aging issue for PWR intemals.

4.4 Mechanical Wear

Mechanical wear is the loss of material as a result of rela-
tive motions between two contact surfaces. The presence of
a corrosive medium may accelerate the material loss rate.
Most mechanical wear problems in reactor intemals are
vibration-induced.

Mechanical wear can also develop in components that are
held fixed initially. Examples are wears observed in
flanges and bolted joints. Preloads are applied to these
parts to prevent slippage between adjacent contact sur-
faces. Vibrations and creep can reduce the forces holding
these parts together, and slippage can occur. The resulting
relative motions can cause mechanical wear.

Mechanical wear can be minimized by hardening the con-
tact surfaces or by the use of special wear pads. Periodic
tightening of bolts in bolted joints can prevent mechanical
wear caused by slippage.

4.5 Embrittlement

Embrittlement is the loss of ductility and fracture tough-
ness in a material. It is usually accompanied by increases



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

4.5.1 Radiation Embrittlement

Effects of radiation embrittlement are controlled by several
parameters; the more important ones are neutron fluence,
irradiation temperature, and material compositions. The
experimental data base is obtained from testings using
surveillance specimens from commercial power reactors
“and other test reactor experiments, Reductions in uniform
elongations 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.

At a temperature of ~316°C (600°F), testing results!! with
type 304 stainless steel indicate that the effects of radiation

embrittlement are becoming noticeable at a neutron fluence

level of ~5 x 1020 neutrons/cm?2. The estimated neutron
fluence for reactor internals is determined by the distance
of the component from the core. In 40 years of power
operations, for those components located in close proxim-
ity to the core, the expected maximum neutron fluencel? is
~1 x 1022 neutrons/cm?2. Such reactor intemal components
are susceptible to the effects of radiation embrittlement.

At specified neutron fluence levels and using annealed type
304 stainless steel, experimental results!3 showed that the
material hardens and there is a corresponding decrease in
ductility, as indicated by a reduction in uniform elongation.
The experiments were conducted at temperatures ranging
from room temperature to ~760°C (1400°F) and at neutron
fluence levels (E > 1 MeV) up t0 6 x 102! neutrons/cm2.
At 299°C (570°F) the unirradiated uniform elongation has
a value of ~38%. The uniforn elongation at a neutron flu-
ence level of 1.5 x 1020 neutrons/cm? is ~22% at the same
temperature. At ~1.5 x 1021 neutrons/cm?, the uniform
elongation dropped to ~0.5%. The decrease seemed to
level off at higher neutron fluence levels. Assuming these
results are representative values for 304 stainless steels, it
can be speculated that when the expected neutron fluence
level does not exceed 1.5 x 1020 neutrons/cm?, reactor
internals should retain sufficient ductility that brittle frac-
ture can be prevented. When the neutron fluence level for
an internal component approaches the maximum value of
1 x 1022 neutrons/cm?, the decrease in ductility would
make a component susceptible to brittle fractures (reason-
able combination of critical fracture toughness, stress, and
flaw size). The core baffle, in-core instrumentation guide
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tubes, and possibly the core support plates are internal
components that can experience neutron fluence levels
close to the maximum value,12 and they are vulnerable to
radiation embrittiement effects.

4.5.2 Thermal Embrittiement

Thermal embrittlement is an aging-related degradation
mechanism for reactor components made of cast austenitic
stainless steels!4 (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 embrittled by thermal exposures, and its con-
tent is the controlling factor for thermal aging effects in
CASS. When the ferrite content is <20%, the thermal
embritlement 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 temperature range of 280 to 320°C (535 t0 610°F).
Thermal-aging effects 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 a convient crack propagation
path. In either 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 load-bearing
structure to lose its structural integrity when it is exposed
to high temperatures for an extended period of time. Expo-
sures to fast neutron fluxes can lower the temperature in
which creep and stress relaxation can become significant
deformation mechanisms.

Creep is the progressive deformation of a structure under a
constant intemal stress. Stress relaxation is the reduction of
internal stresses in a structure with a constant deformation.
Creep and stress relaxation are caused by the same mecha-
nism, but they differ in the constraints imposed on the
structure, Creep can lead to brittle fractures in structural
components that can undergo deformations. Stress relaxa-
tion is a concem for constrained structures such as bolted
joints, where deformations are held fixed. The decrease in
stresses in a bolted joint can cause the joint to lose its ini-
tial tightness, and leakage and slippage may occur. The
development of creep and stress relaxation is influenced by
the operating temperature and neutron fluence level.
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Creep and stress relaxation are considered as significant
structural deformation mechanisms when the operating
temperature is higher than half of the melting-point tem-
perature of the material. The melting points for austenitic
stainless steels are ~1427°C (2600°F). The normal operat-
ing temperature range for PWR internals is between 280
and 320°C (535 and 610°F), and it is much below 714°C
(1300°F), which is half the melting-point temperature for
stainless steels. The creep analysis temperature limit for
austenitic stainless steels, as specified in the ASME B&PV
Code, is 427°C (800°F). Creep analyses are not required
for reactor components operating at the normal PWR oper-
ating temperature. When the neutron fluence level is low,
thermally induced creep and stress relaxation are not con-
sidered as major aging-related degradation mechanisms for
PWR internals.

In-pile experimental results at ~288°C (550°F) indicated
that stress relaxation can occur in bolts made of type 304
stainless steels! at a neutron fluence level (E > 1 MeV) of
~6x 1019 neutrons/cm2. At the temperature range from 60
to 316°C (140 to 600°F), significant stress relaxation has
been observed in type 304 stainless steels at neutron flu-
ence levels >5 x 1020 neutrons/cm2. The expected lifetime
neutron fluence levels for reactor internals located near the
core can exceed this value. The core baffle, in-core instru-
mentation guide tubes, and core support plates are suscep-
tible to the aging effects of irradiation-assisted creep and
stress relaxation.

4.7 PWR Internals and Potential
Aging-Degradation Mechanisms

A reactor internal component is exposed to many stressors,
and it is subjected to the effects of more than one aging-
related degradation mechanism. Aging-related degradation
mechanisms develop at different rates. In most cases, a
dominant degradation mechanism emerges and would
eventually cause a failure in the affected component.
Actual operating conditions may favor the development of
certain aging-related degradation mechanisms, As an
example, it is well understood that impurity contents and
tensile stresses have a strong influence in the development
of SCC in stainless stecl components. In PWR operating
conditions, crevices are needed to trap high-impurity
concentrations. Preloads in bolts can produce internal
tensile stresses that are close to the yield stress of the bolt
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material. The combination of crevice conditions and high
bolt tensile stresses indicates that PWR internals with
bolted joints and other tight-fit connections are probable
locations for the development of SCC.

The location 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 is flow-generated excitations, which may take the
form of pump-generated pressure pulsations, vortex shed-
dings, and high-intensity turbulent flows. Pump-generated
pressure pulsations are at their strongest level in regions
around inlet nozzles. Reactor internals located in these
regions, such as core support shields, thermal shields, sur-
veillance specimen holder tubes, and core barrels, are sus-
ceptible to flow-induced pressure pulse excitations. As the
coolant flow travels deeper into the core region, fluid
damping and friction losses reduce the intensity of the
pressure pulsations, and they would become less of a factor
in exciting internal components.

Reactor internals located close to tube-bank-like structures,
such as in-core instrumentation guide tubes and shrouds,
are susceptible to the effects of cross-flow generated vortex
sheddings. Flow-induced vibration is a major stressor for
these components.

The effects of fast neutron fluxes are most pronounced in
regions around the core. Reactor internals such as core baf-
fle, core barrel, thermal shield, surveillance specimen
holder tubes, core support plates, and in-core instrumenta-
tion guide tubes are susceptible to irradiation-assisted SCC
and radiation-induced embrittlement.

Reported aging-related failure information for PWR inter-
nals is needed to assess the relative importance of the dif-
ferent aging-related degradation mechanisms associated
with the many stressors that may exist inside a reactor
pressure vessel.

Primary stressors and associated aging-related degradation
mechanisms for PWR internals are summarized in
Table 4.1.
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Table 41 PWR internals primary stressors and aging-related degradation mechanisms

Stressor Source Aging-related depradation
mechanisms
Oscillatory hydrodynamic forces Reactor coolant flow Fatigue and mechanical wear
{dynamic stresses)
Preloads in bolts (static stresses) External applied loads Contributing factor to SCC4
(torquing during installation)
Residual stresses (static stresses) Welding Contributing factor to SCC
Thermal stresses (static and dynamic)  Reactor coolant and gamma beating Fatigue, contributing factor to SCC
Dissolved oxygen and other impurities Reactor coolant Contributing factor to SCC
Local concentration of corrodents Crevice condition in reactor coolant Contributing factor to SCC
flow '
Chromium depletion in grain Welding Enhance potential for SCC
boundaries (sensitization)
High operating temperature Reactor coolant Thermal embrittlement in CASS
[~316°C (600°F)] components
Exposure to fast neutron fluxes Nuclear reaction in the core Irradiation-assisted SCC and
embrittlement, irradiation-enhanced
creep and stress relaxation?

4SCC is most likely to occur as a result of high tensile stresses, loca! concentration of corrodents (crevices), and & susceptible material.
bimadiation effects can make creep and stress relaxation major degradation mechanisms 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 (ISI) 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. ISI
programs for U.S. commercial nuclear power plants are
established under the rules and regulations of Sect. XI of
the ASME Boiler ard Pressure Vessel (B&PV) Code.! The
inspection of some reactor intemals is included as a part of
the plant ISI program. .

5.1 ISI Program for Reactor Internals

The plant ISI program requires visual inspections for ac-
cessible areas of reactor internals, A complete inspection
cycke is 10 years, and selected internal components are in-
spected at refueling outages.

Section XI of the ASME B&PV Code specifies three
classes of visual inspections: VT-1, VT-2, and VT-3. A
VT-1 visual examination is conducted to determine the
condition of the part, component, or surface examined, in-
cluding such conditions as cracks, wear, corrosion, erosion,
or physical damage on the surface of the part or compo-
nent. The examination can be performed either directly or
remotely. A VT-2 examination is used to detect leakage
from pressure-retaining components. Most reactor intemnals
are not pressure-retaining components, and VT-2 inspec-
tions are seldom used on internals. A VT-3 examination 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, erosion, or
the loss of integrity at bolted or welded connections. VT-3
inspections can be performed either directly or remotely.

During a refucling outage, some internal components are
removed from the pressure vessel and stored in a pool.

VT-3 examinations are performed on the accessible areas
of these components by remote television cameras under

proper lighting. Internals that remain in the pressure vessel
are also inspected by remote television cameras. Note that
the ISI plan only calls for the inspection of accessible areas
of the internals, Details of the inspecting procedures can be
found in Sect. XI of the ASME B&PV Code.

When a failure is detected, information concerning the
failure such as its Jocation and suspected causes is
recorded. The information is sent to NRC for inclusion in
the Licensee Event Report (LER). The LER may also con-
tain information on corrective actions taken to repair the
failure 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 1970s, and since that time there
were many repocted aging-related failures of reactor inter-
nals, Most of the reported failures can be attributed to three
aging-related degradation mechanisms: (1) fatigue,

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

Most of the reported aging-related failure cases involved
domestic PWRs. Many oversecas 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 baffle bolts detected in some German
and Swiss PWRs. This failure case is included because of
its safety significance.

The following is a brief summary of the reported failure
cases for each of the three major aging-related degradation
mechanisms.

5.2.1 Fatigue

Most fatigue failures in PWR intemnals are caused by flow-
induced vibrations (FIVs). Important excitation sources
include pump-generated pressure pulsations, cross-flow
vortex sheddings, and highly turbulent flows. There is usu-
ally a dominant frequency associated with these distur-
bances. Large-amplitude vibrations can develop when the
structural natural frequency matches one of these excitation
frequencies. The component will be subjected to small-
amplitude vibrations when the frequencies are well sepa-
rated.

NUREG/CR-6048



Survey

52.1.1 WE Thermal Shield

The failure of thermal shields in older WE PWRs have
been attributed to FIV.2 Thermal shields are located near
inlet nozzles and are subjected to pump-generated 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 either free or was equipped with radial
spacer pins. The support condition can be characlerized as
a cantilevered support with limited displacements at the
free end. The shell segments were fasiened together by
vertical pins at the intersections. Coolant flow-induced ex-
citations caused the assembled shield 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 impact loadings also damaged 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 the pres-
ence of radial limiter 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 failure was detected, the deci-
sion was made to replace the pin-keyway system by a
flexure support system.

There was also one reported case of failure involving a
one-piece cylindrical thermal shield with a flexure support
system. The top-mounted flexure support system failed.
The canse was attributed to high-cycle fatigue caused by
small-amplitude FIV of the thermal shield.

There are no reported failures in thermal shields using the
neutron-shield pad design.

52.1.2 CE Thermal Shield

CE thermal shields are located near inlet nozzles where ef-
fects of pump-generated pressure pulsations are strong.
Two CE units equipped with thermal shields reported
problems with their support system.2 ISIs during refueling
outages revealed missing support and positioning pins. All
remaining pins showed signs of excessive wear or damage.

Lugs welded to the core barrel to support the top end of the
thermal shield were also damaged. In one unit the damaged
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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.

52.1.3 CE Hold-Down Ring

During inspection of a maintenance outage, excessive me-
chanical wear was observed 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-
ternal 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 Baille Plate Water-Jetting

Fuel rod damage caused by baffle plate water-jetting has
been reported in a number of WE reactors.2-3 The core
baffle outlines the boundary of the core. A bypass flow is
established in the region between the core baffle and the
core barrel, and it is used to provide more effective cooling
to the core barrel. In some of the older WE reactors, the
bypass flow is introduced into the region between the core
baffle and the core barrel by holes located in the upper core
barrel. The bypass flow moves in a downward direction
through holes in the horizontal former plates, and it is
turmned 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 illustrated in
Fig. 5.1, the bypass flow pressure is higher than that of the
main coolant flow in the core. A pressure differential is es-
tablished between the bypass flow and the core, and it will
push the coolant into the core if gaps exist between the
vertical baffle plates. The jetlike leakage flow will impinge
on fuel rods in the vicinity of the gaps and set the rods into
whirling motions and vibrations. Excessive fuel rod mo-
tions will eventually lead to cladding degradations and
failures.

Two types of baffle plate water-jet impingement patterns
have been observed and are illustrated in Fig. 5.2. The jet
from a center-injection joint impinges directly on a fuel
rod, while that from a corer-injection joint will have a
more sideways, impact. They can both set the affected fuel
rods into vibrations and whirling motions.
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Figure 5.1 Westinghouse PWR downward bypass 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 evidence to sug-
gest that peening a center-injection joint will have the ef-
fect of enlarging the gap width in nearby comer-injection
joints. A more effective remedy is to replace the fuel rods
in the water-jet impingement region with solid stainless
steel rods of the same diameter. The insertion of partial
grids, which will serve as midspan supports for fuel rods in
tbe impingement region, has also been effective in reduc-
ing fuel rod damage. However, uses of solid stainless steel
rods and partial grids are not considered as the permanent
solution to the baffle plate water-jetting problems. A more
effective solution is to reduce or eliminate the driving force
behind the water-jetting flow,

The bypass flow rate is 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 normnal reactor operations. The variable that
can be changed to affect the pressure differential between
the bypass flow region and the core is the pressure of the
bypass flow. A decrease in the bypass flow pressure re-
duces the pressure differential and the driving force behind
the water-jetting flow, The bypass flow pressure can be
lowered by increasing the pressure loss in the main coolant
flow before the diversion of a smalf portion of the main
flow into the bypass flow region. This is accomplished by
plugging the inlet holes near the top of the lower core bar-
rel. The pressure in the bypass flow is reduced because of
the added pressure loss in the flow down the annular
downcomer region between the core barrel and the vessel
wall. The bypass flow is then diverted into the core baffle-
core barrel region through the lower core plate, In the
modified flow scheme, the bypass flow is in an upward
direction. Ideally, pressures in the core and the bypass flow
region should be balanced, and there will be no driving
force to produce jetting flow through gaps. In practice, a
balanced pressure system is difficult to attain, 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 bafile 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 from the fuel rods.

One WE unit that has a history of baffle plate water-jetting
problems has modified its downward bypass flow 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 WE reactor design, the bypass flow enters the
core baffle—core barrel region from the bottom region of
the core barrel, and the bypass flow travels upward through
holes in the horizontal former plates.

Discussions of the baffle plate water-jet impingement
problem in WE 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 a common feature in the develop-
ment of SCC in PWR internals. Bolted joints and tightly
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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 flange of the core barrel. The
lower end of the shield 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 thermal shield sup-
port bolts were made of a nickel alloy stainless steel (grade
A-286).

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 aiso missing. Cracks were also detected in bolts
at the shield upper end and in the SSHT mounted on the
outside wall of the thermal shield. The more serious fail-
ures were bolts at the lower end of the shield.

Failures were attributed to IGSCC at the bolt-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
from A-286 stainless steel to Inconel X-750.



A review of LERs did not show any reported failure of the
new thermal shield support bolts.

§22.2 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
shield rests on a circumferential ledge of the vessel closure
flange. The lower flange of the core support shield is
bolted to the top flange of the core barrel. The bolts were
magde of a nickel alloy stainless steel (grade A-286).

Ultrasonic (UT) 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
verified when the bolt heads became separated from the
bolt shanks when the locking clips were removed. Failures
were attributed to IGSCC. Visual inspections failed to de-
tect these failures.

The cracked bolts were replaced by bolts made of the same
material, grade A-286 stainless stecl. The new bolts were
made by machining, while the old bolts were made by a
bot-headed operation. The torque applied to the new bolts
will be significantly reduced. A review of LERs showed no
reported failure of the new core barrel-to-core support
shield bolt.

§22.3 WE Control Rod Guide Tube Support Pins
The guide tube assembly is a part of the upper core support

structure, and it houses the control rod drive shaft and the
RCCAs. The assembly is a tubular structure divided into

a. STRAIGHT PIN
Figure 5.3 Westinghouse PWR guide tube support pins

Survey

two parts: the upper part, called the control rod shroud
tube, and the lower part, the control rod guide tube. The
upper support plate is the dividing boundary. The top 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 experienced steam generator failures
caused by loose parts in the reactor primary cooling sys-
tem. The Joose parts were identified as parts from failed
split pins in control rod guide tubes. The cause of the fail-
ures was identified as IGSCC.

The split pins are made from a nickel alloy (Inconel X-750)
and are bolted to the bottom of the guide tube column. The
support pins are then inserted into the upper core plate. The
pins support the guide tube against hydrodynamic forces
and also align the tubes with respect to the upper core plate
and the fuel assemblies. A skeich of the guide tube support
pin is shown in Fig, 5.3,

Crevice conditions are created when the pins are inserted
into the upper core plate and the pins are exposed to a lo-
cally corrosive fluid medium. Improper heat treatment and
overtorquing of the nuts during installation of the pins may
have contributed to the development of IGSCC in the bot-
tom region of the shank. As a remedy to the IGSCC prob-
lems, WE now recommends a solution heat treatment ata
higher temperature, increasing the size of the pins, peening
the nuts, and reducing the preloads during installation. The
objective is to reduce the susceptibility of the material to
the corrosive environment and to reduce tensile stresses
that are necessary to the development of IGSCC.

ORNL-DWG 63-2898 ETD

b. TAPERED PIN
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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.

§.2.2.4 Core Baffle Bolt Failures in KWU-Built PWRs

The Kraftwerk Union (KWU) AG has built many PWR
plants of the Westinghouse design in Germany and
Switzerland. Five of these plants have reported SCC prob-
lems in the core baffle 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 baffle plates. The outer edges of the former plates
are bolted to the inside of the core barrel, and vertical baf-
fle 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 installed, 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 UT inspections detected signs of cracks in core
baffle bolts in five KWU-built PWRs. A typical bolt failure
pattern is shown in Fig. 5.5. The problem was first reported
in 1987.5 Failures were attributed to IGSCC. The sus-
pected cause was the sensitization of the nickel-alloy bolts
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Figure 5.4 KWU-built 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 replaced by 1.4571 austenitic
steel bolts, and the replacement bolts were secured by a
mechanical scheme. There is no reported failure of the re-
placement core baffle bolts.

The core baffle in domestic WE PWRs is a bolted struc-
ture. The bolts are made of type 316 stainless steel. A
search of the LER data base did not locate any reported
failure of the core baffle bolts in U.S. reactors.

5.2.3 Mechanical Wear

The primary cause of mechanical wear in reactor intemals
is FIV. Parts that are in close proximity to each other may
come into contact during vibrations, and the rubbing would
lead to excessive thinning of the contact areas. Bolted
joints, in-core instrument lines protected by tightly fitted
shields, and guide tubes are probable sites for mechanical
wear problems,

5§2.3.1 WE Reactor Flux Thimble and Guide Tube
Thinning

In-core neutron monitors, which are parts of the reactor
flux-mapping system, are located inside retractable thimble



tubes. The thimble tubes extend from selected locations in-
side the core, through the bottom of the pressure vessel,
high-pressure conduits, and scal tables to a ten-path trans-
fer 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 parts: the upper
part, located inside the fucl assembly, and the lower part,
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 unshielded region. Contacts between thimble
tubes and guide tubes can lead to mechanical wear
problems in both structures. A sketch of the flux thimble
and guide tube arrangement is shown in Fig. 2.7.

Excessive thimble and guide tube thinnings and leakages
were reported in a U.S. reactor in 1981.6 Fretting-induced
failures of guide tubes have been reported in foreign WE

units, The consequence of a thimble tube leakage is serious

because it can result in a breach of the reactor coolant pri-

mary pressure boundary. The thimble tubes are opened at

the ten-path transfer device for the insertion of the neutron

monitor, and the development of tube Jeakages could result
. in anonisolable 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 thinned 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 valves,
Many utilities have instituted inspection programs to moni-
tor thimble-tube thinnings, At the present time there is no
permanent solution to the thimble-tube thinning problems.

Flux thimble and guide-tube thinning problems are dis-
cussed in IE Information Notice No. 87-44.6

§2.3.2 B&W SSHTs

Excessive wear was detected in SSHTs in B&W units in
the mid-1970.! The tubes were mounted on the outside
surface of the thermal shield and exposed to pump-gener-
ated pressure pulsations. The failure was considered as
generic in nature and was attributed to FIV. The tubes were
modified so they would be less sensitive to the pressure
excitations; this was accomplished by changing the stiff-
ness of the tube and/or adding additional structural sup-
ports. No problems have been reported since the corrective
measures were implemented, -
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5.3 Failure Information Survey Results

More specific information will be provided on major inter-
nal component failures. In addition to the major aging-
related degradation mechanisms, the total number of
reactors reporting the failure and their unit age will also be
identified. The unit age of a reactor is measured in
commercial operation years, which is the difference
between the commercial starting date and the event date of
the first LER on the reported failure. Unitageisa
parameter that can be used to represent the age of the
reactor when the first failure occurred. Corrective actions
taken will also be included in the survey results. LERs
from 1980 to 1990 provide the bulk of the failure
information. Useful information was also obtained from
EPRI reports on nuclear unit operating experiences.

5.3.1 WE Internals
53.1.1 Thermal Shield Support Bolts

Major aging-related degradation mechanisms: bolt fail- .
ures caused by fatigue, Pump-generated pressure pulsations
and oscillatory hydrodynamic forces are the primary
stressors.,

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

Unit age at first failure: not known for four units. Of the
remaining two units, one reported thermal shield support
bolt failures after 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 shiclds with neutron shield pads
attached directly to the core barrel,

§3.1.2 Baffle Plate Water-Jetting

Major aging-related degradation mechanisms: High-
cycle fatigue. Baffle plate gaps enlarged by FIV., Fuel rods
damaged by vibrations caused by high-intensity turbulent
flows through gaps.

Number of units reporting faflure: 6

Unit age at first failure: 4, 5, 5, 6, 13, and 20 years.
Corrective actions: Several remedies have been tried with
varying degrees of success, including peening the baffle

plate joints, replacing fuel rods in the impingement areas
+with solid stainless steel rods, and using partial grids for
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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.

53.1.3 Control Rod Guide Tube Support Pins

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

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

Corrective actions: Heat treatment at a higher tempera-
ture. 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: IGSCC
caused by welding-induced sensitization of nickel-alloy
bolts, coupled with crevice condition and high bolt tensile
stresses.

Number of units reporting failure: 5

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 summary of the reported component failure
information on WE reactor intemals.
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Table 5.1 Summary of WE internals
failure infomation

Component Failure Adging-rdated
po description egradation
mechanisms
Thermal shield  Cracked bolts Fatigue
support bolts
Core baffle plate  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 pins Scc

Crevice-assisted
scC

Core baffle bolts  Cracked bolts

5.3.2 B&W Internals

5.3.2.1 Thermal Shield Support Bolts

Major aging-related degradation mechanisms: bolting
failure caused by crevice-assisted IGSCC.

Number of plants reporting failure: 7

Unit age at first failure: 6, 7, and 5 units at 8 years

Corrective actions: using replacement bolts that feature
new bolt design with reduced stresses in the shank region,
peening 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 IGSCC.

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-236 stainless steel. New bolts were
machined, while old bolts were made by a hot-headed op-
eration. The torque applied to the new bolts is also signifi-
cantly reduced.

53.2.3 SSHT

Major aging-related degradation mechanisms: mechan-
ical wear caused by FIV,



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

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

changing the stiffness of the tube and adding new supports.

§3.2.4 SHHT Bolts

Major aging-related degradation mechanisms: bolting
failure caused by crevice-assisted IGSCC.

Number of plants reporting failure: 1
Unit age at first failure: 6 years
Corrective actions: SSHT bolts were replaced with stud

and nut fasteners made of Inconel X-750.

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

5.3.3 CE Internals
53.3.1 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 faflure: 7 and 8 years

Correctlve actions: Thermal shields and support lugs

were removed from reactors.
Table 52 Summary of B&W internals
fatlure infomation
Failure Aging-related
Component description degradation
mechanisms
Thermal shield  Cracked bolts ~ Crevice-assisted
support bolts SCC
Core barrel to Cracked bolts Crevice-assisted
core support SCC
shield bolts
SSHT Excessive Mechanical wear
thinning
SSHT bolts Cracked bolts Crevice-assisted
sceC

Survey
£.3.3.2 Core Support Barrel
Major aging-related degradation mechanisms: fatigue
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 faflure: 8 years

Corrective actions: The through-the-wall crack was ar-
rested by drilling a hole at each end of the crack. The core
support barrel was put back into service.

§.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: 1

Unit age at first failure: 2 years

Corrective actions: New hold-down ring made of type
403 stainless steel was installed with an increased intemal
hold-down spring force. No new failures were reported.

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

Table §.3 Summary of CE internals

fallure infomation
Co Failure Aging-related
mponent description degradation
mechanisms
Thermal shield ~ Crackedbolts ~ Fatigue
support bolts

Core support bar- Through-the-wall Fatigue
rel crack
Hold-downring  Excessive wear  Mechanical wear
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6 ISI and Monitoring Programs

The ISI 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 surface flaws in accessible
areas of a component. Visual examinations are not effec-
tive in detecting subsurface or partial through-the-wall
cracks and cannot detect failures in inaccessible areas.
Alternate methods have been tried, on an experimental ba-
sis, to improve the effectiveness of detecting failures 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, UT inspections
also have limitations and access problems. In addition, the
interpretations of UT examination results are much more
complicated and difficult than those for visual inspections.
The eddy-current method is another inspection method that
has potential applications in examining reactor intemals. It
has been used to inspect long tubular structures for exces-
sive wall thinnings. The establishment of an effective in-
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 to inform plant operators of the latest de-
velopments and their potential applications to reactor com-
ponent inspection programs. :

A major concern in reactor operations is the presence of
loose parts in the reactor primary coolant system. Reactor
operation is disrupted when loose parts are lodged in criti-
cal locations such as inlets to pumps and heat exchangers.
Loose parts were generated in 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 out in future occurrences. In addition to
safety considerations, these failures have resulted in eco-
nomic Josses caused by extensive outages for repair work.
For these reasons, NRC and plant operators are interested
in the development of inspection and monitoring methods
that can be used to detect failures in reactor components.
Research and development work to detect loose parts! has
led to the issuance of NRC Regulatory Guide 1.133,2
which outlines the operating requirements for loose part
monitoring systems (LPMS) in U.S. commercial nuclear
power plants. LPMSs are required for reactors licensed
since 1978. Many plants licensed before 1978 have in-
stalled LPMS on a voluntary basis,

There is also a considerable amount of research and devel-
opment work in the areas of preventive maintenance meth-
ods for reactor components.-An effective preventive-main-
tenance program can enhance the safety and efficiency of

plant operations. Vibration monitoring and trending studies

of key reacter components can provide the basic informa-
tion needed for the decision-making process in an effective
preventive-maintenance program. These studies are used
extensively in ISI programs for French and German reac-
tors.3 They have been used on an experimental basis in
domestic reactors, but vibration monitoring and trending
studies have currently not been formally incorporated into
U.S. plant ISI programs. Some individual plants are re-
quired to make vibration measurements periodically as a
condition of their operating Technical Specifications.

6.1 LPMS

The LPMS is an in-service detection system designed to

“indicate the presence of loose metallic parts in the reactor

primary system. The system can provide diagnostic infor-
mation to the plant operator concerning abnormal condi-
tions in the reactor so that appropriate actions can be taken
to ensure safety in plant operations. Early warnings can
also minimize the risks 1o other reactor components and
systems.

The collision of a loose part, carried along by the reactor
coolant flow, with a stationary reactor component will
generate sound waves, primarily bending waves, which
will propagate to other structural components. The effec-

tiveness of an LPMS will depend on the system's capability

to detect, capture, and interpret these structure-borne sound
waves.

A typical LPMS consists of a series of sensors (piezo- -
electric accelerometers) mounted on the outside of the
reactor pressure vessel and steam generators to detect
collision-generated structure-bome bending waves. A ring
of three sensors is mounted around the top and the bottom
of a PWR pressure vessel. Two sensors, separated by at
least 3 fi typically, are recommended at the primary inlet
tube-sheet for steam gencrators. Inputs from these sensors
are amplified and then fed to a monitor that records and
analyzes the signals. When interpreted propesly, loose
parts collision signals can provide infonmation on the mass
and energy of the moving object as well the impact loca-
tion. The input signals contain information that can be used
to evaluate the dominant frequency and amplitnde of the
structure-borne sound waves detected at the sensor loca-
tions. Differences in arrival time at the various locations
can also be determined. Using the dominant frequency and
the amplitude of the structure-borne sound waves and a
predetermined calibration curve, the mass and energy of
the loose part are estimated. The location of the impact
point can be determined by using differences in arrival
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time at the various sensors and a triangulation process.
Many uncertainties are associated with the signal process-
ing procedures. In general, the uncertainty level is low
when the loose part is small, and the sound wave propaga-
tion path is simple and straightforward. The uncertainty in-
creases with the size of the loose part and the complexity
of the sound wave propagation path. More detailed infor-
mation on LPMSs can be found in reports by Kryter! and
Mayo.4

The performance of LPMS is mixed. This is not unex-
pected because of the complexity and difficulties in inter-
preting the structure-borne sound waves generated in a
collision process. EPRI has conducted a research project
with the goal of improving the performance of LPMSs.
Key results and recommendations of the project can be
found in an article by Weiss and Mayo.s

Note that a LPMS is not considered as a safety-related sys-
tem. LPMSs can provide signals indicating the presence of
loose parts in the reactor primary system. These signals,
when properly processed and analyzed, can lead to actions
that could minimize damages to other reactor components
and systems. Minimizing the damage in a loose-part inci-
dent would reduce the outage time for repair work. When
viewed in this manner, the incentive of improving the per-
formance of LPMSs is economic.

6.2 Vibration Monitoring and
Trending Studies

The safety of reactor operations and plant availability can
be improved with a monitoring system that can detect sys-
tem degradations at an early stage so that failures or mal-
functions can be effectively prevented. Vibration monitor-
ing and wrending studies, which are common practices in
preventive maintenance programs for rotating machineries,
have potential applications in reactor inspection and main-
tenance programs.

The hostile environment inside a reactor vessel would pre-
clude the use of sensors attached directly to internal com-
ponents for long-term vibration measurements. Instead, vi-
brations of selected reactor internal components can be in-
ferred from neutron noises measured by ex-core detectors.
Neutron noises are fluctuations in the neutron flux around
a mean value. The neutren flux is moderated by the water
layer between the core and the pressure vessel. Vibrations
of some reactor internals (e.g., the core barrel) can change
the thickness distribution of the water layer surrounding
the core. Changes in the water layer 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 noise measurement is considered an effective
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method for studying vibrations in reactor intemals 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-
ciate characteristic features or spikes on the noise spectrum
with natural frequencies of reactor components is essential
to the success of the method. The structural frequency
identification process can be accomplished by correlating
in-core and ex-core vibration measurements during preop-
erational vibration testing or by analytical modeling.
Temporary in-core sensors are often used during reactor
preoperational testing and can provide information on the
structural natural frequencies of major reactor internals,
Neutron noise analysis is of limited value for reactor com-
ponents whose natural frequencies do not form identifiable
features or spikes on the noise spectrum.

When the component natural frequencies are clearly iden-
tified on a noise spectrum, trending studies can be per-
formed with noise spectrums at different time intervals.
Typically, three to five measurements are made in one fuel
cycle. 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 preoperational vibration testings. The ability to correlate
deviations in the noise spectrum with the severity of a sys-
tem degradation is the key to the success of trending stud-
ies. The establishment 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 systems including reactor internals. One of the
successful applications of the method is the vibration as-
sessments of core barrels in PWRs.? The core barrel is
specially suited for neutron noise analysis because of its
size and the effects of its vibrations on the distributions of
the water layer thickness between the core and the vessel
wall. The vibrational characteristics of the core barrel are
also well understood. Inspections of the core barrel during
refueling outages confirmed the general correctness of the
neutron noise analysis results. There is practically no
published information on the results of trending studies on
reactor intemnals in U.S. reactors. One of the reasons could
be because results of vibration monitoring and trending



studies may contain information that is considered as pro-
prictary in nature by reactor vendors and plant operators.
Proprietary information is not published in the open litera-
ture. i

Vibration monitoring and trending studies have been in-
corporated into ISI programs for French and German reac-
tors. They have been used on an experimental basis in
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 fiow and exposures to fast neutron
fluxes (E > 1 MeV). Stressors can initiate and sustain the
growth of aging-related degradation mechanisms,

Aging-related degradation mechanisms develop at different
rates, and conditions inside the pressure vessel may favor
the development of selected dominant mechanisms in in-
ternal components, Fatigue, SCC, and mechanica! 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.

Flow-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 a 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 is found in bolted joints and
other tightly fitted connections in reactor internals.

Long-term exposure to fast neutron fluxes is a stressor that
can lead to embrittlement and radiation-assisted SCC. A
basic understanding of these potential aging degradation
mechanisms has not yet been achieved. There are many
active research works whose main goal is to increase the

understanding of neutron irradiation effects on the aging of

reactor components.

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

7.1 FIV

PWR internal cemponents have failed as a result of FIV.
Fatigue and mechanical wear are the two important failure
mechanisms. FIV problems are generally resolved by
eliminating 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 umits is
another successful example of detuning the structure from
input excitations.

Other FIV problems are more difficult to resolve. Thermal
shields in many early CE and WE units have encountered
FIV problems. Fatigue cracks in support bolts were the
most common reported failure, Detuning the shields by in-
creasing the stiffness of the support systems did not prove
to be effective in minimizing the effects of flow-induced
excitations. Thermal shields had been removed from some
CE units. Neutron-shield 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 life of the affected reactors.

A more recent FIV-related problem is the excess mechani-
cal wear observed in flux thimbles and thimble guide tubes
in WE units. The problem has been traced to FIV in the
unshielded portion of the thimble between the fuel assem-
bly and the lower core plate. The current practice is to re-
tract the thinned thimble sections away from the vibrating
region. No permanent solution has been proposed, and the
flux thimble and guide tube thinning problem is still under
active investigation.
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The baffle plate water-jetting problem observed in several
WE units is an example in which the coolant flow field
was modified to eliminate flow-generated excitations. The
driving force behind the jetting problem was eliminated 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.
Flow-induced mechanical wear in flux thimble and guide
tubes is an unresolved problem. Many plants have initiated
inspection programs to keep track of the thimble and guide
tube thinning problems.

Due to the relatively high flow speed and high-intensity
turbulence level in the reactor coolant flow, it is not possi-
ble to eliminate all FIVs in PWR intemals. Some internal
components are subjected to small-amplitude vibrations
during reactor operations. They may be susceptible to
high-cycle fatigue failures. The effects of a corrosive envi-
ronment onr high-cycle fatigue failures are not well under-
stood. Research 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 intemals.

7.2 SCC

Most SCCs in PWR intemals 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 (MoS,) as a thread lubricant can
contribute to the corrosiveness of the crevice condition.
The susceptibility of the material and the comrosiveness 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 shield 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 intemals. The first approach is to reduce
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the susceptibility of the material, and the second is to 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
treatment 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 different
rales, and, in addition to the three identified major degrada-
tion mechanisms, other aging mechanisms may emerge in
future reactor operations.

Neutron irradiation effects may manifest themselves in the
forms of embrittlement 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 intemals. 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 101% (neutrons/
cm?). The expected neutron fluence levels for reactor
internals located in the core region can exceed the thresh-
old value and are susceptible o 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-
brittlement. PWR CASS internal components have ferrite
contents in excess of 20% and operate at a tempexrature of
~316°C (600°F). CASS components can becomes brittle
under these conditions and may be susceptible to thermal
embrittlement. Many CASS components have been re-
placed by machined parts.



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.

53

Discussion

Note that most reactor internals 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 intemal
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 ensure the safe working of reactor inter-
nals components.
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