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Abstract

This rclx_rt is a summary oi the restllts of a Ph_L,w,! study between :¢tres:;otsand aging degra, lation mechanisms.
on tlm effccLs of aging degradations in prcssurizeM-water [:h)w-m(luccd vibrati()n problems :ire resolved by conven-
reactor (PWR) mtem',.d comlx)ncnts. Westinghou._ (WI:.), tion:d engineering practices: by the eliminati(m of cxcita-
(_ombustion Fnginecring (CI'_), and Balx'ock & Wilcox tion sources or by de-tuning the structure from input exci-
(B&W) reactors are included in the study, tati(ms. I lncertainties remaining in the as,_ssment of aging

effects on PWR internals include long-term neutron irra(li-
ation cffects and lhc illflucncc _)fenvir(mmcntal factors on

Stressors asscu:iated with the OlX_ratingenvironment inside high-cycle l.itigue failures.
the reactor pressure vessel provide conditions that _ue
favorable to the development of aging-related degradation

mechanisms. lhc ,.lominant stressor is flow-induced oscil- An effective plant in-service inspection (ISI) program will
latory hydr(Klyn_",tic forces generated by the reactor pri- ensure the structured integrity of reactor internals. Reactor
mary coolant flow. Results of a survey of the comlx)nent irtternals can be replaced if ii is deemed necessary. There-
failure infi)_mation identified three major aging-related fore, an inspection meth(uJ with early failure detection
degradation mechanisms: fatigue, stress corrosion crack- capability will further cnhmwe the safety as well as the
ing, and mechanical wear. cflicicncy t)f pigmioperations.

Strategies h_r controlling and managing aging degradations
are formulated l_t._d on the understanding of the linkage
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Su mm a r y

Reactor intcill;tls ()pcra'c in tile envir<)mne[it inside the M;l.j¢_rrel'x_rted IailtJre cases Io[ I'_WRinternals mclude
pressure ves_l; this is lav()rable t()the deveh)pment ()f h_)lting lailures ill core suplx,rt structures caused by fatigue
time-depend(mt or aging degradations. The main objective and S('(:, luel assembly damages caused by high-speed
of this study is t_ as,_ss the cftects ()l aging &_3radations leakage l]_ws thr, mgh enlarged gaps in c()re baffle plates,
on pressurize(i-water reactor (PWR) internal cem,lxments, excessive thinning ()f flux thimble guide tubes cau_d by
The as_ssmen! includes an evaluati(m of the ellectivencss l](_w-induced \'ihralic)ns, and crevice-assisted S('(_ in con-

of the plant in-sep,,ice inspecti(m (ISI) program in detecting Ir¢)l rcu.lguide tuN."support pins. Some of these failures
failures in internals before they can affect the ._'ttely alld have resulted in extended outages for repair wc_rk, but cur-
efficiency of plant operations. Westinghou._ (Wl,;), rently available iz_fonnation did n_l indicate that they have
('ombusticm I,;ngineermg (CE), and Bab<'<_:k& Wilcox cc_mpromised the safety-related lunctJems ol reactor
(B&W) reacto_.s are included in the study, intcnmls.

Reactor intenmis _lected l_r tile study serve three basic The plant in-service inspection (ISI) program calls fur the
functions: they supporl the core: they provide h{msiHgs for visual inspeclion {_1accessible ap,.'asof reactor intem_ds
control rods, control rod drive mechanisms, and in-core duriHg refueling <stages. l.imilations of the visual inspcc-
m_milors: and they direct and guide the reacu>r coolant li_n meth_d are well km_wn. Reactors licensed since 197g

flow through the react_>r ves_l. Most internals are made _t are equipl_d with h_._;e parks monitoring systems
type 304 stainless steel. Alth_mgh they are l<u,'atcdinside {I,I_MSs._.The main c_bjec[ive of the I,PMS is to alert plant
the reactor vessel, fuel assemblies, control r¢_.ls,c_mtrc_lr_d _peral_rs that l¢_{_separts are present in the reac[<_rprimary
drive mechanisms, and in-c_re m_nitors are Hot included system so thai appropriate actions can he laken to liH_ill-ur-
;.isinternals in the present study, tiler danmges t(_()ther reactor components and systems.

New tcchm>l_gies have been developed, and they have the
capability {_Iearly fnilure detecti_,>_in key c_re-suplx>rt

Stress{)rs are coHdilioHs thal can initiate _mdsuslain tile internal co)np()ne_)ts. lhey involve the use _)1neulr(m tl()i,_
gr{)wth {)faging-related degradation mechanisms. Rcact()t vibrltti()ll JnC_tsurcmcnts and trending studies. 'l'he,_ prac-
internals are subjected to strcss{)rs generated by applied tices, while c_)_nm_)nin l:rance and (;ermany, have not
I<_adings{thermal and mechanical), by c(mtacts with high- bcctt t_rntally ittcOtlx)ratcd tnt{) the ISI progr_un l{)r [I.S.
temperalure flowing water, and hy exlx)sures t_>high- _luclcar plants. 'l'hey have been used on a voluntary basis.
energy (]'."> 1 MeV) neutr_m lluxes. The applied hmdings Visual inspecti_m, supplenlentcd by ultras_mic and eddy-
of primary concern are flow-induced _scillal_ry hydr_>- current i_spccti_m Illeth_ds, remain lhc major _is l_r
dynamic |(_rces because they can exotic structural comps> i_spccti_g rcacl(_r mlcrtmls in tile I I.S.
nents into vibrati{ms. "l'he react_>rc(_ling walcr provides
an envir_mtnent thai may c()ntgiill coHdit.i(}t_sthai are c()[l-
sidered a', favorable to the devcl{>ptnenl _>isucss c,,_rr_si_m N1_s{ ll_>'a'-i_duced vibrali{m alld N('(' l_roblems have bec_
cracking CS('('). Neutr(m irradiatitm of locl,,, are imp<>_lant res_l,,'cd by c_t_,,'e_tit>tmlet_ginecring practices such a._
stressors to interned c<m]lument.,, l(_caled ill clt_sC pr<_ximit.v cli_itlr, tti_l _1 cxcitati_ sitarees, detuning lilc structt_re
()f the c()rc. Maln]lacturiHg ]}r_'esses may also)i_np<)sc Irt)J_ exlcrn_tl excit_,li{)_s, (lcsiRH changes, and use _)1mate-
stress()rs <)t_internals, rials tliait will make lhc c_)t_ll-U)_lcnts less susceptible tr) c{+r-

l()si_Hl:tll_lcks.

Aging-related degradali_m mechanisms generally ass_ci-
atcd with lhc primary s_ress<_rsl_r reactor inlernals are S_;tll-a_nplitudc fly,w-induced vibra{i<ms in reactor inter-
c{_rr<_si_m(including S('('), fatigue, mechanical wear, e_{>- n:tls :tru dilficul[ t_ eliminate, and high-cycle laliguc
siam, embrittlement, creep, and stress relaxali_m. These re_ai_s :ts a_ active dcgradnti{m tnechanisn_. Intern:als

dcgradalitm mechanisms may develt}p al dilIcrcnl rates, eh>so It) th_.:c()rc are exposed t(_high-energy neutr(m fluxes
and a.sa resull they are nol (>Iequal imlx_rtancc tit lhc alid ncuu<m irradi_l_i_meffects, and related degra(lalitm
design litc expectancy {_Ilhc re:totter, l lowevcr, aging _echa_lisms n_ay bcc<m_emitre pr_m]inent in the remaining
de_.'ra(lati<m- ii they arc m}t mitigated, will cventu:tlly le:td lilc ()I tl_e reatct¢+r.'l'l_crtnal aging in ctLstauste_itic stninless
t_ a failure ,c affected c{_np<ment, l_,ep{>_ledl+:tJltJJe stc_:l ((,ASS) i_tcrnal c_trtp_ments ix in the same categ_ry.
inf¢_nnatior_ and lab<>rat{}rytcstiHg rc'suits can idcntily tilt 1_ tl_c presence {_1active aging degradations, a vigilant
more signilicanl aging-relaled degrad;tli_m tn_:chanis_s, i_t.,,lx:ctitmpre,gram is _eedcd Ii}ensure tile slructural
S('(', fatigue, and mechanical wear are the ma.i_r agi_g- ill[cgrily _I react,_r internals. lhe inc(_rl-u_ralionof an eflcc-
related degradati_m mechanisms t{_rI_WR inlcmals, live carl/l",tilurc d,:lccli_m _nelJl_l will further enhance the

>,:liel\ ;llld cllicicm.v ()1plant ()pcntli{)ns.
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1 Introduction

Systems, structures, and components of a c_>mm,.'rcial t,rovide the information f,.,r studying aging., effects in
nuclear p_)wer phmt arc subjected to time-dependent or selected reactor c_lnp(Hlent_. "l'hc plant IS1 Program is lhc

aging degra{kHions during orvarations. I'.Tfects of aging Inajorsource of information on aging-related failure for
degradations, ii they are not mitigated, will cvcnlually lead rcaclor syslems.

lo f_dlures thai could adversely affecl phm[ safely and pcr-

lonnance. 'l'he ()ffice of Nuclear Regulatory Research

(RI_S) has established the Nuclear Plant Aging Research "i'he aging assessment is l_rf()nned in a multiple-step pro-

(NPAR) Program 1 to increase b_L_ic underst,anding of tess. The first step is the identification and description of
aging-rchHed degradations and their effects on reactor sys- reactor intenlal COmlx_nents included in the study. The _c-

tems, structures, and comlx_nenls. The NPAR approach is und step is to identify stressors thai are pre_ntcd in the

to perform in-depth studies on selected reactor systems, operating environment inside the pressure ves.,a:l. The |hird

struclures, and comi_)nents that arc judged to be vulnerable step is to establish linkage between stressors and aging-

to aging degradations. [ lnderstamling the i|atcrrclationship related degradation mechanisms. The final step is tile iden-

between stressors and aging-related degra_ltion mecha- tification of the more significant aging-related degradation
nisms is also lhc b_Lsis for tile formulation of strategies for mechanisms based on a review of the operating histories of

controlling and managing aging effects. One of tile reactor PWRs ,'rod rclx_ned c_ml_mcnt failure information. The
systems selected for aging study is reactor internals, and cst_d-_lishmenl of the proper linkage between an aging-

the study is assigned to lhc ()ak Ridge National l.aboratory relalcd tlegratlati_H_ mechanism and the asst_ialed stressors

(()RNI,). The effects of aging on l_>iling-watcr reactor can bc used _LSthe basis for formulating strategies for con-

(BWR) internals has been addressed in a previous report.* tr{filing and managing aging effects.

This rel_>rtwill concentrate on the aging assessment of

pressurized-water reactor (PWR) internals. ()l_rating his-

tories of Babc¢,ck & Wilc_x (B&W), Combustion Selected reaclor inlcrnals are identified in ('hap. 2 of lhc

I-nginccring (CI'.'), and Westinghouse (Wt'.') reactors pro- report. The itll'ormation provided in Chap. 2 includes a

vide lhc maj_rily of the inlk_nnation for the aging assess- brief description of each selected COmlxment, lhc functions

ment pr{_'ess. Westinghou_ has licensed its PWR techm>l- it lmrlorms, and tile material of c_>nstruction. Primary

ogy to l'_uropean and Japanese vendors, and appropriate strcssors inside the reactor pressure vcs.,,_i arc discus_d in

aging-related failure infommtion of overseas reactors will (quq_. 3. Stressors generated by applied loads, environmcn-

also be included in tile sludy, tall conditions, and manufacturing pr_mes_s are included in

lhc discussion. Chapter 4 identifies aging-related dcgra_l-
lion mechanisms ass_'iated with lhc primary stressors.

The term "inlcrn,'d" is generally applied to reactor compo- I_otcntial aging degradation mechanisms include corrosion

nents that are k_'ated inside lhc reactor pressure vessel. (including SC('), fatigue, mechanical wear, erosion,

t:uel assemblies, control r_xls, control rod drive mecha- embrittlement (thermal and radiation induced), t."recp, _md

nisms, and in-core monitoring equipmetH arc routinely stress relaxation. Chapter 5 is a summary of the more sig-

replaced _md arc excluded from this stt]dy, l lousings for nificant rcix_rtcd aging-related failures of PWR internals, lt

the_ componenL,_ are considered as internal COmlx_nents. includes discussions in the thennal shield support tx_it t_fil-

Reactor internals perform m_my functions; the primary one urcs in B&W, CI-, and WI- reactors; b,-dTle plate water-

is to provide sm]ctural support _md orientation to tile core jetting problems in Wl:. units; WE control r_ guide tube

and control rod as_mblies (eRAs). ()thor intenud COmlm>- split pins failures; and flux thimble tube thinning prob-
ncnts direct and guide lhc c_lant flow through lhc core Ictus. The core b_dflc bolt failures in Kr_fftwcrk 1.lnion

region _md provide shielding to the pressure vessel wall. (KWt l)-built I)WRs of lhc WI'_ design arc also included in

(!hap. 5. The reported aging-related failure infonnation

identifies three major aging-related degradation mecha-

At the pre,,vant time there are 73 PWRs liccn.,axl fl_r com- nisms: fatigue, SCC, and mechanic',d wear.
mercial operation in the l.lnitcd States. [ Ising lhc commer-

cial operation starting date ,'ts the reference lk)r counting

reactor ages, 6 reactors or about 8% of the tolal are over 20 This study also addresses issues concerning the inspection

years old; 42 reactors or 58% ,are between 10 and 20 years and maintcn_mce methods used to control and manage

t_ld, and 25 reactors or 34% arc less than I0 years old. aging effects in reactor intern_ds. The effectiveness of the

There is a total of 907 reactor-years of PWR Olycrations, visual inspection method is discussed in Chap. 6 of the

and the accumulated opera_Ang histories of these reactors rel_rt, which also provides information on the develop-

........................................... ment of new technologies in these areas, such as loo_-part

*K. II. l.uk, "Boiling Water Reactor Internals Aging [)egradatitm lnolliloring, ncutro[i noise vibration ine_Lsurements, and
Study A Pha_e 1Refx_rl," USNRC Relx_ NIIRF.(;/('R-5754
(()RNIfl'M- 11876), to be published.
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trending studies. Clmptei 7 is a ._ummary of in|l_)rtant
results in this Pha._ 1 aging ,'t,_scssmcnt of I'WP, internals.

Reference

1. J. P. Vora, Nuclear Plant Aging Research (NPAR)
Program Plans, [ JSNRC Rel_rt NI,JRI.:G- i 144, Rcv. 1,
Scptembcr 1987.*

*Available f,_r purchase fronl National Technical Informalton Serv|cc.

Springfield, VA 22161.
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2 PWR l;dernal Components I

ql,rcc domestic PWR vci,d,,rs in the tInitcd Slalcs arc tlm 2.1 Westinghouse (WE) Internals
Westinghouse l'Aectric (_c,rlx_ratum (WI'_), the (_ombtlstit,n

l'_nginecring (Omp;my ((,i_), and lhc Batx.'_'k & Wilcox WI,_ I'WI< intcruals arc divided int_, tlm.'c structural units: _

Company {B&W). ()f the 73 domestic PWRs in comm¢l.- thtr h_wcr core supi-,_rt siruclure, tilt: uplx.'r c_,rc suplu_rl

cial OlX..'ration, 51 or alx,ut 70% of the tolal arc WI'_, 15 structure, and the ill-c_)rc in.',lrunlentatitm suplx_rt structure.

(20e/, ,) are ('I'.', and 7 (10%) are B&W rcaclor,;. The three A simplified sk:21ch o1 the arrangcmcnt of WI,_ rcaclor

= reactor tlcsigns share some common fcalt;|cs, but tile intor- itllClllitls is shown in l:ig. 2.1.
nals arc sufficiently diflcrcnl thai using "generic" coreD>

nents for aging studies is not feasible. "lllc three reactor

internal systems will Ix'. treated ,_paratcly. 2.1.1 Lower Core Support Structure

'l'hc lower core supp';rt structure is the principal core sup-

The primary function of reactor internals is _o provide port structure. It consists of the core barrel, tile core balTic,

structural suplX_rls to lhc core and to pmpctly lx_sition lhc lower core plate, the lower supl'_-_r! columns, lhc lx_ttom

(?RAs under nonnal and accident operating conditions. ,;upf_ol/plait, tile intermediate diffuser plate, the thcrm,d

Reactor itRcnlals thai perfonn stJcli lunctio_s arc COmlX_- shield, and lhc secondary core supl'x_rt assembly. A sketch

ncnts of lhc core suplx_rt system. ()ther internal compo- of lhc lower clare suppotl structure is shown in I:ig. 2.2.
hunts direct and guide the cc_flanl flow throtJgh lhc core

region and help to generate a tmift+rm llow .listribution to

enhance core heat transfer. A third tYlm _ tore internals is Iii addition lo ils core support functions, the lower core

designed to provide gamma and neutron ' hlcltling to lhc suppofl sU'uclt|rc also directs and guides the ccu.flant flow

rcaclor prcsstm: ve:;scl, i lousings for in-core instrumct|la- Ihrough lhc. core. l'hc c_fl;ml enters the vessel through

[ions arc also considered as rcactt_r internals, l:.vcn though inlet nozzles and ll_ws down lhc annular region between
they arc also l,.x:aicd inside lhc' reactor vessel, aging effects the core b;trrcl and the vessel wall. "llm ihcrnlal shield,

in fuel as._mblics, control rods, control nxl drive mocha- whcll ii is used, is lt_-_,lcd in the annular region. The main

nisms, and in-core monitors arc not adthcsscd in this study, c_×flanl Ill,u,, goes into a plt.'t_uln al the I_ttom of lhc vessel
where il is turucd ar_mud and then flows up into IBc core

through pcrforati_ms of the b_lttm_ st,plx_rt plate, lhc dif-

The majority of reactor it_tcmals arc made of lypc 304 fuscr plalc, and the lower core plate. Alicr passing through
st:finlcss steel, t lnlcss ii is specifically siatctl, ii can bc the core. the coolanl enters the uPi_r core barrel region

assumed that the material of c_mstruction lt_r an internal t>ccupicd by the upper con' suplx+rt structurc. 'l'hc flow
comlxmcnt is type 3(gl stainless steel. Rcacior internals arc lhcll ltllllS r:ldially outward and leaves the core barrel

designed in accordance with tile requirements of Sect. III Ih|ough cmllct nozzles. The c_uc barrel outlcl nozzles dirccl

of the Americotl Society of Mechanical l:'n_irleers (ASMI¢) the cool:ult flow illtt_ lhc pressure vessel oullcl llozzlcs.
Boiler and Pressure Vessel (B& t'V) Code. l I:or rc:lclo|-s

thai wcrc designed and built bcf_rc the cstablishmcnl t_l
Scci. II1 of the ASMI ? II&PV Code, a|ullyscs wcrc Ix'r- III atlditl_m lo the main c¢_fl:tnl liow described atxwc, Ihcrc

: Iomned lt_ ensure that calculated stress values l(_r i-c_.tcl()r :tle ais_ scc(mdarv ll_ws iii lhc reactor coolant systt2111. A

COIl/[RRlelllS lilt{ the inlcili oi tilt' ('_x.lc tJ|_dcr spccilicd small lllll()tllll {}!t't>_lit_g water is divcllcd inlo lhc scj_il)ll-

design ctmtlilio|'t,,;, tx:twcen lhc Ci)l-Cbal flc alltl lhc ct)rc barrel, and this bypass

ll_w lm)v_dcs :ltltlilt<_i_:tl c{_fling lo lhc c_rc b:urcl. ("iu,lanl
fh)w is ;tl,,_ d_rct'led inlt_ lhc' vessel he;l(l plenum for C_U_I-

llllOllllilllOil {)li illtCrllitl C()lllp()llCll[.", iN {)bli:illCd II(llll V'dli- ill_ l}tllpx_,t.,s. :tlltl ii exits Illlt}ll_2ll \'cssc] Oll[lel II_/./lt.'S,
_)USpl;mt t:inal ,'qafctv An:liVSis I._,C'lX_tIsit"SARs):tnd ict.l_.

incal rcl-_rts published bv tilt l(lc'clric lh.)wer Rc'starch 2.1.1.1 ¢'_re Barrel

lnstilulc (I'll'Rf). "i'hc comp<mcnts included ill lhc sllld,, ,irt

tllom' for a "typical" rcactt_r ;llatlc by lhc vclltlt>ts. Rcatctt>r 'l'hc c_+rc b:lrrt, l i.'+II_c fllatill strucltln_' t+l lhc con.', supl'_>l,.

design is an evolving pr_u.'css, amt many tlcsign lc:lttntrs svstcnl. ( )thor c_)rc supp<_l structures arc altachcd to tile

am pl;mt slx_cific, i'hc rclxul will atlcmpt I{_itlcnlily _ll,_}{_- t'{_tc b:._rrcl, which lr:ins|ntis the weight of the com I{_lhc

= design changes in inlcmal COMl_mc_+ts, but tit>attcn_pt will rcat.'It+r vessel lt is ;tlst_ u.scd to p<,>sititm the fucl

bc llla(Ic to aCCOl.llll for ali design changes. Rcaclor intor- asscmblic.,,.

nals arc identified by their names commonly used iii plant

I:SARs. They may bc rcfcrrcd Io by diffcrcnl names in

other rcix_rts, and confu_:ions can be avoided by referring

to the detailed descriptions of the comlxmCnt in question.
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l+hc bmTcl is a l(mp. cvlllidrlc,fl. _mc-pict'c v. cldcd MIllCltll¢ In M_mc of the older WI+_ rcacl(_r+,, the c()m harrul is a tv,'_>-

divided =nl_ an upper and ;l I_)v,'t.'[ ru_l_)ll, l'hc upl-x.'r Ilall_!c picc'c _trllc'ttJrc with lhc [_)llo[]! 1_I lhc (.:(>rc bit=Tel _()IHWCIc(J

of the <+'(+rct+arrcl rc',t.,, :m a ledge iii lhc rcactt+_ ','c_,_,ct head t(_ the b_)tl(+ni suptm+rl ph,tc by tic rt_ds. 'l'hc uPi_r ;rod

llanFc, and Uic lowt:[ ,,:hd _1 dic' barrel i._ v,'cldcd li) lhc h_wcr barrel sccli(ms arc c(mn¢clcd bY a b<fltcd i()inl.

I"_>ll()lll xupp(>ll plait, which _n_Ulm i_, Ix:MralllCd by ;! rildml

,.,upr_)rl s.x.,,-,lt2Hialliict_cd li)lhc w;,ll _>I lhc prc_,,,urc vcx:,cl.
l]le (Hllh.'l n_z/Ic,, ;trr.. lllild{: b', v,cldi_lg l_lfcd r_l_g, l_

(:_i"K.IlilI_,, iii lhc upFK:r par! ()I llic c_rc b;i_TL'I
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LOWER CORE
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SUPPORT _ I _ _i DIFFUSER
PLATE PLATE

Figure 2,2 Westinghouse PWR lower core support structure

2.1.1.2 Core Baffle baffle as_mbly. The plate thickness is -5.08 cm (2 hl.). lt
rests on a ledge on the inside of the lower core barrel. The

The core baffle forms the boundary of file core, _mdit also holes distribute the c¢_)lant flow to the core. Fuel assembly
directs and guides til,. coolant flow through the core region, locating pins, two per as_mbly, are in,;ertcd into the lower

core plate. They provide proper alignment as well as lateral
support to the fucl assemblies.

The core baffle is made of vertical baffle plates and hori-
zontal fi_nner plates (also known &_b',fffle radial suplx_rt 2.1.1.4 Lower Support Columns
plates). The horizonral fonner plates are Ix_lted to the
inside surface of the lower part of the core barrel. The ver- The weight of the fuel assemblies is -113,276 kg
tic'al plates are I'x)ited to the inner edges of the horizcmud (250,(XX) lb), and to prevent ex,.cssive deformations of the
plates, forming the bound_u'y of the core. The bolts are lower core plate, it is stiffened by the placement of short
made of type 316 stainless sleel, l loles in the horizontal columns between the lower core plate and the bottom
former plates provide a flow path fl_r the bypa.ss ccx_ling support plate (Fig. 2.2). The lower support columns ,arc
flow in the region between the core "barrel and the vertic_d also referred Ix)as the core support colmnns. The Ix_pends
baffle plates. A cross _ction of the core showing the core of the columns are bolted to the under surface of the lower

baffle and other components of the lower core support ccn'e plate. The Ix_lts are made of type 316 stainless steel.
struclure is shown in Fig. 2.3. The column lower ends arc inserted into the bottom

support plate. A major Ix)rtion of the fuel assemblies'
2.1.1.3 i,ower Core Plate weight is then transmitted to the core barrel through the

bottom support plate.
"lhc lower core plate positions the fuel assemblies and
transmits their weights to the core barrel. This perforated
plate is located at the Ix_ttom of the core below tile core_

5 NLIREG/CR-6048
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Figure 2.4 Westinghouse PWR radial key-keyway system

The early thermal shields are made of shell segments ORNL.DWG92-3327ETD
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 bolLs. The lower end of the CORE
shield was keyed to support lugs attached to the bottom of BARREL
the vessel. The top end was free. One WE PWR was
equipped with radial spacer pins at the top of the thermal
shield. FLEXURE

SUPPORT

The intermediate thermal shield design is a one-piece

cylindrical structure and supported in one of two ways. In
one support system, the shield is rigidly bolted to the lower
edge of the core barrel, and a flexure support system is
used at the top. The flexure support is basically a structural
element with one end attached to the therm',d 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 THERMAL _.....-.-""_SHIELD _
type of shield support system; the top has a rigid support,
and a flexure support system is used at the bottom edge.
Material surveillance samples are inserted into surveillance

specimen holder tubes that are bolted and pinned to the
outside of the thermal shield. Figure 2,5 Westinghouse PWR thermal shield flexure

support system

7 NUREG/CR-6048
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The latest thermal shield design uses shielding pads. Four TI`*eenergy absorbers, cylindrical in shape, are attached to
shielding pads, also called neutron shield pads, are bolted a base plate that is contoured to fit the bottom surface of
and pinned to the outside of the core barrel. These pads are the reactor vessel. The top ends of the absorbers are con-
located in areas with high neutron fluence levels tc)offer nected to columns that are bolted to the bottom support
the maximum protection to the reactor vessel wall. In this plate. In the event of a core support failure, the energy
design, material surveillance samples are located in speci- absorbers will limit the fall of the core as well as absorbing
men holder tubes bolted to the outside of the neutron shield some of the kinetic energy of the dropped core assembly.
pads. This is accomplished through plastic deformations of a

volume of stainless steel, initi-,dly loaded in tension, in the

2.1.1.8 Secondary Core Support Assembly absorber. The pl_L,;ticstrain in the stainless steel piece is
limited to -15%, and then a positive stop is used to limit

The _con "dary core support assembly, often referred to as the fall and transmit the additional loads to the bottom of
the core catcher, is an energy-absorbing device used to the reactor vessel.
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 supt_)rl system, Figure 2.6 is a sketch of 2.1.2 Upper Core Support Structure
a typical secondary core support assembly. Tlm ntnnbcr of
energy absorbers required is plant specific, and it is deter- The upper core support structure is located in the upper
mined by the condition that the maximum stress value in region of the core barrel. The assembly consists of the top
reactor internals (except in the absorbers) is below the support plate, hold-down spring, deep bean', sections, sup-
yield stress of the material of construction for the aflected port columns, upper core plate, m_dguide tube assemblies.
component during a postulated core drop. Yield stress val-
ues can be found in Sect. III of the ASME B&PV Code.

ORNL-DWG 93-2887 ETD
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The upper core support assembly is defined by tile top sup- by the top support plate. The coolant flow exits through file
port plate on the top and the upper core plate in the bottom, core barrel outlet nozzles.
Proper spacing between the two plates is maintained by
suppt)rl columns, l)ccp beam s _.ctions are attached to the

bottom of the top support plate to increase its stit'fness and In some WE units, the flat top support plate is replaced by
lo minimize dcflcctions. Guide tube assemblies provide an upper support as_mbly. The upper support as.,_mbly is
ht)using lhr CRA drive shafts and rod control cluster in the form of a shallow top hat ttr an inverted sh_dhtw top
assemblies (R('CAs). The upper core support structure is hat. In the top hat configuration, perforations on the top
moved as a unit during refueling operations. A sketch of surface provide access for lhc RCCA and in-core thenno-
the upper core support structure is shown in Fig. 2.7. couple ctmduits. The rim of the top hat serves as a support

flr,nge, and it rests on the upper tlange ttf the core barrel.

2.1.2.1 Top Support Plate The undersurface of the top hat is stiffened by deep begun
sections. In the inverted top hat configuration, the bottom

The t()p support plate, also called the upper support plate, is a thick plate, and perforations on the plate provide
serves as the prim_u'y structure for the attachments of other access for the RCCA and in-titre thermocouple conduits.
upper intcrnal co|nponcnts. The plate transmits the weight The rim of thc invcned top hat rests on the upper flange t)f
()f these comp(ments to the reactor vessel, the core barrel. The inverted top hat upper support assem-

bly is not stiffened by deep bclun sections.

The top support plate is a perforated flat plate thai is stiff- 2.1.2.2 ltold-down Sl)ring
cncd by deep beam sections al its bottom surface. The "edge
t)f the plate rests (m top of the upper core b_trrei flange. "lhc The ht)ld-down spring limits the axial movements of core
plate is held in piace by the hold-down spring, which is in support structures, lt is a large annular or ring spring. The

corc biu'rel upper flange, the annular hold-down spring, _mdturn held down by tile vessel head flange. Perh)rations on
the plate prr)vide access for the RC(?As and in-ct)rc thtr- the top support plate _dl rest on a ledge ()n the reactor ves-
mt)couple conduits, scl head flange. When the ves_l head is inst_dlcd on the

pressure vessel, the hold-dt)wn spring is compressed by thc
tightening of the closure nuts, _mdthe comp()uenls resting

The top support plate is _ds()the dividing boundary on the ledge form a rigid joint that wouhl restrict axial
between lhc upper plenum and the reactor vessel head movcment of the core supr, ort structures. The hold-down

region. The c(mlant flow, which enters tile upper plenum spring is made of type 403 stainless steel.
through tile upper core plate, is turned to a radial dirccti()n

ORNL-DWG92-,3461ETD
TOP SUPPORT

PLATE

DEEP .__ T _BEAM SUPPORT

i TUBE

UPPEFICOFIE
PLATE

Figure 2.7 Westinghouse PWR upper ct)re supl_)rt structure
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2.1.2.3 Deep Beam Sections cross-flows in tile upper plenum region of the reactor pres-
sure vessel. Guide plates are used to maintain proper spac-

Deep beam _ctions are welded to the bottom surfaces of ing of tile RCCA rodlets in the guide tubes.
the top support plate and the upper supl×)rt assembly with a
top hat configuration. The beam., sectiorLksincrease the plate
stiffness, and loadings acting on the plate are mmsmitted to 'll_e guide tube assembly is a tubular structure and is
the reactor vessel without excessive detcmnations. Deep divided into two parts or assemblies, with the upper sup-
beam ._tions m'e not u_d in the upper support assembly port plate serving as the dividing line. The upper assembly,
with an inverted top hat configuration, oflcl_ referred to as the control r(_l shroud tube, is fastened

to the top of lhc upper support plate. RCCAs enter the
2.1.2.4 Upper Support Columns upper plenum through openings in the reactor vessel head,

and they are inserted into the top openings of the control
Upper support columns are tubular structures bolted to the rod shroud tube. The lower part is called the control rod
top support plate and the upper core plate. The bolts are guide tube. The top end of the control rtxl guide tube is fas-
made of type 316 stainless steel, toned to the bottom of tile top support plate, and the lower

end is held in piace by split pins inserted into the upper
core plate. The split pins are bolted to the guide tube bot-

The upper support columns maintain the proper spacing tt>xn;the support will _dlow limited axial movements of the
between the top supix)rl plate and the upper core plate, lower end of the guide tube, but lateral displacement will
They transmit loadings from the upper core plate to the bc restrained.
stiffened top support plate that, in tun_, transmits the load-

ings to the reactor vcssel. Some of the supl_m columns 2.1.3 In-core Instrumentation Support
also provide suuctura.l supports to in-core thermocouple
conduits. Structures

2.1.2.5 Upper Core Plate In-core instrumentation support structures are st_finless
steel tubular structures that provide housing and support to

"l]le prixnm-yfunction of the upper core plate is to establish in-core instrumentation such as in-core thermocouples and

proper aligmnent for the upper core support structure, the thimbles of the reactor flux-mapping system.
lower core suplm)rt structure, fuel assemblies, and control

rods. The upper core plate is a perforated plate bolt_ to
the lower ends of the upper support columns. The bolts arc Thermocouple hou.,,ings penetrate the vessel through the
madc of type 316 stainless steel, ves._l head, while the flux thimble guide tubes enter the

ves_l through the bottom. In a few of the older reactors,
ali in-core instrumentations penetrate the vessel from the
vessel head.

The tipper core supl_)rt structure is positk)ned with respect
lt) the lower core supl_)rt structure by a pin-slot alignment
schexnc. Four unifonnly spaced fiat-sided pins are welded 2.1.3.1 In-core Thermocouple Housing
to the inside surface of the core barrel at the elevation of

In-core thermocouple housings house and guide in-corethe upper core plate. Slots are milled into the upper core
plate at the corresI_mding positions. When the upper core them_c_ouples before their insertion into the core. The
support su'ucturc is lowered into the core barrel, the slots housings start as port columns thai penetrate the vessel

from the vessel head. They are also referred to as upper in-engage the lilt-sided pins in the axial direction, and proper
aligmr_cnt is achieved. The pin-slot alignment scheme will core instrumenlation port columns. These l'x)rt c¢;lumns are
also restrict latcr_d displacements of the upper core support slip-connected to in-line columns fa,,_tcncdto the top sup-
structure l_)rt plate. Thermocouples are in_rted through these port

columns and the top support platc to l_,sitions above their
sensor locations in the core.

The top ends of fuci a.,_semblics are aligned by locating
pins plotrudixl_g from the bottom of the tipper core plate. 2.1.3.2 Flux Thimble Guide Tubes
The pins engage the fucl assemblies when the upper core

support structure is lowcxcd into piace. Flux thimbles a-e comlxment.s of tl_e reactor in-core neu-
tron monitoring or flux-mapping system. They arc inserted

2.1.2.6 (;uide Tube Assemblies into the reactor pressure vesscl through the I'x)ttoxn.!:lux
thimbles are retracted during rcfueling and xnaintenai_cc

(;uidc tubes provide housings for c¢mtrol rod drive shaft.s operations. Guide tubes provide housing and support to
an¢l R(_('As. 'l'hcv shield these componcnt.s from effects of these thimbles along most of their lengths. Because they

NI ]RIK ;/CR-_I48 10
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enter the reactor ves_l through the bottom, they are also by a mechanicai seal at the _al utble. The flux thimble
referred to as lower in-core instrumenU_tion, 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 lowcr 2.2 Babcock & Wilcox (B&W)
lx)rtion is located between the reactor vessel _ttom and Internals
the lower core plate. The segment of the Ilux thimble

between the bottom of the fucl a,,_sembly and the top of the B&W reactor internals arc grouped into two m_an struc-
lower core plate is not protected by the guide tube, and it is rural assemblies: the core suplx)rt assembly aJld the plenum
exIx_d to the reactor c_)iant flows, assembly. In-core instrumenUttion guide tubes are a p',ut of

the core support assembly, and CnA guide tubes belong to
the plenum assembly. A sketch of the arrmlgement of

When they leave the reactor vessel, flux thimbles _uc B&W reactor internals is showi_ in Fig. 2.9.
l(x:ated inside high-pressure conduits, which penetrate thc

pressure vessel from the bottom. The high-pressure con- The core support assembly is the prim_u'y core suplg)rt
duits, containing the flux thimbles, continue on to the seal slJUCtUrC.The plenum assembly is used to maintain a
table. A simplified sketch of file t]ux thilnble and guide proper alignment of the control rod guide tubes.
tube arrangement is shown in t:ig. 2.8.

2.2.1 Core Support Assembly

The thimbles are scaled at the reactor end. The region
bctwecn the flux thimble and the high-pressure conduit is The c_)rc support a,'_sembly is the major core supl_)rt strut-
maintained at the reactor c(g,lant pressure, and it is _aled lure, :u_d it consisls of lhc c()re suPlX_rtshield, the core

ORNL-DWG 93-2888 ETQ
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Figure 2.8 Westinghouse PWR thimble and guide tube
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Figure 2.9 I{&W PWR internal.s

hartel, tl_c h_wc_ grid as,,cmbly, the flow disuibul()r, the III additiol_ 1¢_it.'< _.'c_le_upporl functions, the core suplx)rl

tl)cnn;.tl .,,l_it-h.l, survcill:_itce Sl'Jccimcr_ h¢)h.lcr tube, in-core a>,umbly al.'.,u directs and guides lhc co_fl:mt flow in tile

in:-;tJtnrlcnt:tlion guide lt]bcs, and inlcrnal verll valves. The c_)rc regic)u. 'lhc ll_)w cnlcr,s tile vessel through inlet llo;z,-

core supporl shield and lhc c(_re barrel are lhc ma.ic_rtc)m- z 10s, :tllt.l lhc c_re suPlX_rt shield lurns tile c_)ial_l flow

ponenls of lhc ct)re supporl assembly. 'llmy pro',ide struc- d()v,,ll\v;.trd in the ;.tnnul:tr regic)n between the core barrel

rural suplx_rt alld attachment points lo other internal and the vessel wall. 'l'he coolant flow is turned upw_ud at

colnponents, tile bott()m ()1 tile vessel, and ii goes up to the core II'H'ougll
lhc flow distributor and the bottom grid.

_

NtlPd_,G/CR-6048 12



PWR

"l'he core barrel guidts tile co_)lant li()w through tile core. 2.2.1.2 Core Barrel

"l'he main ll<)w is upward through tile fuel assemblies out-

lintd by lilt c()rc baffle. A small quanlily of tile c(x)ianl is 'llm core blu-rel supporls die fuel asstmblits, the lower grid
also diverled Io llow upward in lhc regi(m belwten lhc core assembly, flow dislribulor, and in-core insuumenlali_n

bltl I1c mid lhc c()re barrel. "l'he c()ohml pressure in the core guide tubes. II guides the primary ctx)lanl flow Ihroul,h lhc
ball]t-<.'()rc barrel regi_m is mainlained iii a lower value core.

that_ lhc main c()(_llmt pressurt in lhc core. The resulting

pressure dilfcrential helps lo prevent lhc l()nnation of ttq-

sion stressts in lhc b(tlls attaching lhc verlical baffle plates "l'he Ciilt b;.aa'lcl is ii cylindrical strucliare wilh l]anged ends.

Io the h{wizonlal f(irmtr plales. Iii lhc evenl of ll()w leak- "l'la(.:upptr llaalgc is be)lied to tlm h)wtr l]angc of the core

ages through gaps in the bafl]e plate joints, the nressure support shield, and lhr lowtr llange is Ix)lied io the iowe_

differenlial will force the cix)l;.lall lo inove o" ,ud and grid _L<:senlbly. In sunic B&W units, the top end (tr die core

away from the fuel assemblies. "l'his bYl)_Lssflow schelnc harrtl is wtided !o tilt lower end of the core suplxwt shield.
can prevtnt fuel its._inbly damages caused by bafl]e plale
waltr-jelling problems.

'l'tae c_>re ballle is c()lasidertd as an integral pant of the core

2.2.1.1 Core Support Shield barrel. The baflle is lt)raned by Ix)lling a _ries of horizon-

lal l'c)rmer plates to the inside surface of lhc core barrel.

'llm core suPlXWl shield provides struclure suplx)rls 1o ()ther Vertical ballle plates are then Iu)lltd to the inside 'edges of

internals and transmits loadings to lhc react()r vessel. The the h()rizontal l¢wmer plates. "l'he vertical b_dflt plates form

shield is a cylindrical structure with l]anges ai the ends. lhr bt)tmdary of lhc fuel a.ssemblies.
'llm top flange is forged, and ii rests on a circumferential

ledge in the reaclor vessel eh)sure flangt. "l]le ct)re supp{)rl 2.2.1.3 lmwer (;rid Assernhly
shield lower l]ange is Ix)lied lt) the lep l]ange ()I lhc c_)re

balTel. The plenum assembly is h)c;.lle(.l inside the core "l'he h)wcr grid assembly pr()vides structund suplx)rls lt) the
support shield. The p_)sititm and orientati(m ()1 (he pltnum fuci assemblies, the thermal shield, and the ft()w distribu-

assembly with respect to lhc core supp()rt shield art main- Ic)r. l:ixlures altached t()lhr lt)wtr grid assembly also align

la)ned by fixtures located {m the shield inside surface. In lhc in-ct)re illslrumel_iali{)n guide luix..'s wilh fuel as_m-
st)mc B&W units the l()wer tnd tsf tile core supf)t)rl sllicld bliex' instrumcn! tubes.

is welded !¢) the top of lhc core barrel.

"l'ht asstmbly consists of tw¢) grid slruclures connected by

"llm ct)re suPlX)rl shield wall contains Iwo lYlYCSt)f open- she)rr tubular c(51umns alld surrtsunded by a forged cylinder

ings. The l]rsl type consists of oulltt nozzles used R)r reac- with flanges iii tilt ends. 'l'he upper grid structure is a per-

tor c(u)lal_I 1](sw. "llle exact number ()1 ()utlel n()zzles is l_)r;alcd plale allachcd 1(5thr lep flange ()f the forged cylin-

planl specific. "l'he fl()w nozzles are formed b.',' wchling der. l'ads ht)lied I_)thr pctR)rated plate are u,_d lt) _dign the

l()rged rings t() the wall openings. l'he rings inalc with fuel asstmblies a_d i_l-c()re inslrumenlati()n guide tubes.

inlernal pr_5.jecli()ns ()l the react()r vessel _)utlel u()/,/lcs. 'lhc l'he h)wer grid slrucltne is R)rmcd by wehled intersecting

rin_, seal surfaces are si/.ed and finished s(_ lhat a clearaaic¢ pla_lcs. In s_)mc u_lils, ttle ltswer grid st.ruclure is a machined
gap is tnaintaiucd at ctsltl c()nditJt)n It5 lacilitalu the instalht- ltsrgi_g.
ti()n and rt:mtwal _)l c_)mlXmCnts td tile c_)[e salpp{)rl

asxc'ialbl_,. V_,'lle_ll.he reacl()r is healed l{_lhc ()Ix:rat)Jig ic_a_-

p,L'ratiarc, the dillcrenlild thcrnlal eXl-)aiisi()n.,, td the sl:till. 'llie l(+wea ;lilt] tipper grid slltlCltlaus are c{mnccted by tube-

lUgS >teel coa'u stiPl×)rt sh)chi and the clirlx_l steel rt:acl_)_ lat_c_,lu_n_ls AI>,t_a l_'rl_)[alcd plate l()<.:aicd midway

vessel will cl_ssc lhc g;tp and ltnlla lhc tleccxsaly ,',ca] star- [)uIwuL'll tl_c Iw_) grid slrtl(..ltllgs is used t_) gelleralc a taill-

lau'u [hc (.'()ld gap ix >,leed st)It|al '+_,'hell(.'{)Ilt:K'{is, Ill;talc, 1,)rllllv +.listlibtllt:d c()<.,'l;ull fit)v,, I_)lilt (.'_)re. 'lh(.: lower gald

llI:aXillllllli S[JCS,_S )al lhc rcacU)_ vessel m_d i_l_.,__l:al+,'()l}_- >,lluCttlre rests <)_ :rod is ,dst5 txdlcd t{5lhc lower flange ()1

l'_)ncnl._ remain t_h)w all_)wat-)le values a.,, xliptllillCd iii Ill(.' c_)re .stap[-)_}rlxhichl. 'lt_c U)p Il;.mgc ()f lhc lt)rgcd (,'ylin-

Sccl. III +.)Ilhc AS;MtC I_&t'V ('_,d_' der is b_)lled t_) tl_c h)wer fl,mgc ()I the ct)re bmTel.

2.2.1.4 i"h_ l)isltril)ul_w

l'hc _'c_)nd lYlYCSt)l ()pcning iii tl_c qlicld wall itr(., illlcrll_tI

venl valve _spenings. M_)uniing rillgS ;.lie wchlcd u) these lh(,' l l{)w disuibulor is a r)crloaaled dished head with an

t)penings l+()rlhc installatJ()n ()t tile )ntu ttal ve_it valve cxtur_ml flange thai is Ix)lied lt) die |x)ll()na ()f die h)wer

as._mblies. 'l'he exact number ()f vint valve ()l)C_fings is grid _Lssembly.
plant specific, but most B&W plants are equipl_'d with

four to eight interned vent valvts.
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Perli_rations irl tim flow distributor produce a unifonn am h_ated al a short disumce from tile lhennal shield out-
c_x_lant flow lo lhc core entrance. The flow distributor also side surface, qlTe span of the tube typic_dly extends from

provides support to the in-core instrument guide tubes, the top of the core supl_rt shield to tile lower end of lhc
thcnnal shield. There arc usu_dly three support mounts for

2.2.1.5 Thermal Shield each holder tube.

The therm',d shield protects the reactor vessel w_dl from 2.2.1.7 lh-core Instrumentation (;uide Tubes
excessive g_unma heating and radiation damages, lt shields
the ves_l wall from fast neutron fluxes m_d gamma radia- In-core instrumenlalion guide tubes provide housing and
tions. 'llae shield is located in the annular region between supports to in-core instruments from penetrations irl lhc
the core barrel and the reactor vessel wall. reactor vessel IN)llonl head to instrument tubes in lhc fuci

assemblies. Guide tubes are segmented tubular structures
with different diamclers for tile various sections. The h_wcr

The thermal shield is a cylindrical structure. The upper end end of the tubes m-econnected to instrument pcnetraticms at
of the shield is restricted against radial vibratory motions the ves_l bottom head. The tubes then go through open-

by restraints bolted to the core barrel cylinder. The lower ings in lhc flow distributor and the lower grid assembly
end of the shield is shrunk-fit onto the upper llange of the before being connected to instru|nent tubes in tile fuel
forged cylinder in the lower grid assembly. As an added assemblies.
assur_mce, 96 high-strength bolts are also used lo secure
the thermal shield to lhc upper flange of the forged cylin- 2.2.1.8 Internal Vent Valves
der. The N_lts are made of grado A 286 st_dnlcss steel. A

sketch of the Ih:;rm_d shield lower supl_)rt is shown irl The use of internal vent wdvcs ix a unique design leaturc
l:ig. 2.10. of B&W PWRs, The primary function of lhc internal vcm

valve is to release lhc pressure buildup in the rcactc_r upl_cr
2.2.1.6 Surveillance Specimen Holder Tube (SSIi'I') plenum region following a cold-log pipe break accidctfl.

SS! ITs arc cylindrical tubes mounlcd on the outside sur-
face of the thermal shichl, t:,ach tube can hold two survcil- _ll]e internal vent v_dvc assemblies arc attached to xrlQtillt-

hmcc capsules, and the exact ht|tuber of tubes in a reactor ing rings welded to opcnir_gs in the wall of lhc C()lCsuplx_rl
is plant specific. There is an off-sol for tilt lubcs, and they
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shield. The mounting rings also cont_fin devices and fea- potenlial flow paths. The first flow path is through the hot
tures that are used to align and l_sition tile valve assembly log and U_esteam generator. The second flow path is
for proper operation of the valve disk. The internal vent throtigh the core and the cold leg. The llow rate through
v_dve assembly consists of a hinge assembly, the valve disk each path is determined by hydraulic resistances in each
with sealing surfaces, split-ret_fining rings, and fasteners, flow path. In any event, reactor c(_l_mt is translx_rted from
The design of tile intenml vent v_dve is similar to that for the core region to the pipe break location. If the process is
swing check valves. "ITJevent valves ,are uniformly spaced not mitigated, the water level in the core will drop, and a
around the circumference of tile core supt'x_rt shield wall, portion of tile core may bc uncovered. Note that the pro-
and the exact number of v_dves required is plant specific. A ccss is dynamic, and the event could take piace in a very
skclch of _mintenud vent valve assembly is shown in sh(_rt time interval.
l:ig. 2.11.

The inlcrnal vent v_dve is designed to achieve a quick pres-
Llndcr normal reactor operating conditions, the coolant sure Ctlu_dization between the core region and the cokl-leg

pressure in tile annular region between the core supl_wt pipe break lt_cation and to prevent the lowering of lhc wa-
shield _md thc reactor vessel wall (downcomer) is higher tor level in the vessel below the top of the core. After the

than the coolant pressure in the core. "lq_emagnitude of this pipe break ¢,ccurs, decompression waves propagate from
pressure differential during nonn{d operations is the cold-leg pipe break location into the reactor ves_l. The
-0.29 MPa (42 psi). lt will generate a btrge force that will lluid pressure of the core region bccomes higher than thc
press tile wdve disk s,'_d face tightly against the tilted valve pressure in the annular region between the core suplx_rt
body seal face. Thus internal vent valves are cloud during shield _mdthe vessel wall. The direction of the resulting
nonn:d operations, pressure force will now oplxme the valve closing force

generated by the hinge assembly. 'llle valve closing lk_rce
is overcome when the magnitude of the reversed pressure

In the event of a cold-log pipe .,ak accident, the sudden differential attains a value of 1034 Pa (0.15 psi). The v,'dvc

loss of pressure would lead to rapid phase changes in the will be fully opened with a pressure differential of no more
primary rcacu_r coolant. The c_lant becomes a two-phase than 2069 Pa (0.3 psi). When the intenml vent v_dves arc
mixture of stemn :rod water. The pressure in lhc core region opened, the major reactor cc×ll_mtflow path, the one with
will droopfrom the operating pressure of 15.5 MPa the least flow resistances, will be from the upper pletmm of
(2250 pxi) to -10.6 MPa (1541 psi), which is the saturated the core region to the cold-leg pipe break locatio_l. The
pressure at tlm operating tempcraturc of 316°C (600°I:). opening of internal vent valves together with the activation
"l'hc htrgc thermal inertia c)t the core would prevent a rapid of the emergency core ccx)ling system can prevent the
change in the lluid temperature in the core region. A large uncovering of the core in a cold-leg pipe break accidcnt.
pressure differential m_w exists between tile core region
and the pipe break l_x:ation, which is at the _nbient pres-

sure. Thc pressure differential will drive the reactor c_x_lant Becau,_ of their important s_ffety function, internal vent
fr<mTtile c_re region to the pipe break location through two valves are inspected and tested duril_g refueling outages.
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The valves tmcome accessible to visual inspections and intersecting plates to form square lattices, and the lattice
mechanical testings after the vessel head and the plenum structure is covered by a perforated flat plate with an inte-
assembly are removed. A hook tool is used to engage the gral flange at the periphery. The inner edge of the integral
exercise lug, and the freedom of the movement of the flange is attached to the upper flange of the plenum cylin-

hinged valve disk is tested. When the valve disk is rai._xl, der, while the outer edge of the flange is attached to the
a remote visual inspection is also performed on the valve upper flange of the core support shield. Holes in the perfo-
Ixxly and the sealing t'aces, rated plate arc positioned to match the upper ends of the

CRA guide tubes. Lifting lugs are welded to the plenum
cover.

2.2.2 Plenum Assembly

2.2.2.3 Upper (;rid
"Iqaeplenum assembly positions and supports the CRA

guide tubes, lt also provides a path for the reactor coolant The upper grid aligns the lower end of CRA guide tubes to
to flow to the reactor outlet nozzles, the upper ends of fuel assemblies. The grid is a perforated

plate lxflted to the lower flange of the plenum cylinder, and
it is also guided by the inside surface of the lower flange of

The as.,mmbly is made up of the plenum cylinder, the the core support shield. Perforations in the plate position
plenum cover, the upper grid, and CRA guide tubes, lt is the lower ends of eRA guide tubes to the upper ends of
l{x:ated inside the core support shield and directly alxwe fuel assemblies.
the core. The structural unit is formed by attaching the

plenum cover and the upper grid to the upper and lower 2.2.2.4 eRA Guide Tubes
lqanges of the plenum cylinder. CP,A guide tubes connect

the plcnuin cover and the upper grid. l.ifting lugs are (:RA guide tubes provide housing and support to the
welded to the plenum cover, and the plenum assembly is CRAs. The tubes also shield the eRA from the effects of

removed as a single unit during refueling operations, cross-llows in the plenum assembly. Guide tub'-,; are also
considered as structural COmlxments connecting the
plenum cover to the upper grid.

"l]ae plenum assembly is aligned with the reactor vessel
closure head, control rcxl drive penetrations, and the core

support assembly. When the lx)lts of the vessel closure A (_RA guide tube is a tubular structure with a mounting
head are tightened, a large clamping Ik_rceis produced flange welded to one end. The mounting flange is I'uflted to
between the reactor vessel, vessel closure head, the core an opening of the upper grid, while the top end of the guide
support shield upper range, and the plenum cover asscm- tube is welded to a perforation in the plenum cover plate.
bly upper flange. "llm clamping force helps to form a rigid (?RAs are located inside the guide tubes.
joint between the components involved, and it will limit
movements of these components. Proper positioning is
attained by the l(K'king of keyways in the plenum assembly 2.3 Combustion Engineering (CE)
cover flange to keys in the reactor vessel flange. The lx)t- Internals
tom of the assembly, which is the upper grid, is restrained

by the inside surface of the core supl'x)rt shield. (iI._intern_ds are divided into l'{mr structural units: the core

support assembly, the upper guide _L,_scmbly,the flow skirt,
2.2.2.1 Plenum Cylinder and the in-core instrumentation support system. A sketch

of the arrangement of CI:_reactor internals is given in
llm plenum cylinder lx_sitions and supports eRA guide l:ig. 2.12.
tul'u:s and guides the reactor coolant flow to the outlet noz-
zles. lt is a cylindric_d structure with flanges at the two

ends. The side wall contains holes _L_outlets l_r the reactor 2.3.1 Core Support Assembly
ccx)lant flow. The plenum cover is attached to the top

t]ange, and the upper grid is connected to the lower lhtnge "l'he major core support structure is the core support
of the plenum cylinder, assembly, "lhc assembly consists of the core support barrel,

the core support plate, the lower support structure, the core
2.2.2.2 Plenum Cover shroud, thermal shield, and the core suplx_rt barrel to pres-

sure vessel snubbers. Because of flow-induced vibrati_m

The plenum cover aligns the upper ends of eRA guide pr_blems, therHTal shields have been removed from several
tulFycsand provides supluWt points lc_r the lifting of the (_1- reactors. A typical core support assembly is shown in

plenum assembly. The cover is formed by wcltlmg pantllel l:ig. 2.13.

INtPlC,I:,I, 1/L R-(,_4_ lt)
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Figure 2.12 CE PWR internal,;

The core support assembly also directs and guides file of the fuel assemblies and claddings for a (q- unit ix
reactor coolant flow through lhc corc region. "llle ctx)lanl -133,333 kg (~3(_'),(X)0 lb). The barrcl ills() providcs proper
enters the pressure vessel through inlct nt)/.zlcs and ix alignment for the core support a.,_._mbly, the upper guide
turned to flow downward in the _mnular region bctwccn structure as,_mbly, the reactor vessel, and the closure head.
the core support barrel and the reactor vessel wall. The
c(xflant flow is turned upwlu-d in the lowcr plcntun, lt

flows through the flow skirt, the Ix)ttom of the core support Thc ct)re support barrel is a h)ng cylindrical structure with
barrel, and the lower support structure before cnlcring the an external ring flange at the top and an internal ring Ilangc
core through flow distribution holes in the core support at the I'x)ttom. The top flange rests on a ledge in the reactor
plate. At the core exit, the c(x}lant flow is turned to a radi_d pr;;ssure vessel. Four equally spaced :alignment keys arc
direction in the upper region ()f the core suplx)rt barrel and press-fitted into the top flange of the core support b_urei.
leaves the barrel through outlet nozzles. A smldl ix)rtion of Thc reactor ves_l, closure head, and die upper guide strut-
the main coolant flow is diverted into the gap region turc as_mbly flange arc slotted to lit tnt() the alignment
between the core shroud and the core support barrel. This key locations. The keys are used It) _dign the core support
_condary flow is u,_d tr) provide a more effective cooling as,_mhly anti the upper guide assembly with respect to the
of the core shroud. Other minor byp_Lssflows are leakage reactor pressure vessel. A cut-away view of the core sup-
flows through key-keyway alignment systems, instru- port barrel is shown in Fig. 2.14.
mentation guide tubes, and nozzle clearances.

2.3.1,1 Core Supi_)rt Barrel Two outlet nozzles in the upper _ctit)n of the core support
barrel are fitted tr) internal projections of the reactor vessel

The core support barrel transmits the weight of the fucl exit nozzles. Four equ',dly spaced guide pins are attached to
, as_mblies to the reactor ves,_l. A typic_ total weight the inside of the core support barrel just below the outlet
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OaNt..OwO_nm _ bolL'_.The gap in the region between the core Ix)undary and
the core support barrel is maintained by seven tiers ttf hori-
zontal centering plates. These centering plates are bolted to
vertical core shroud plates and centered during assembly
by adjusting bushings l(x:ated in the core support barrel.
Ali Ix)ited joinks in the core shroud ,arc lock-welded. The
location of the core shroud in the core SUl,PO,'tbarrel is
shown in Fig. 2.14.

Most of the ctx)lant flows through the core. I loles are

CORE_ drilled in the horizontal plates to provide some ctx_lant
SHROUD flow through the region between the core shroud and the
ASSEMBLY core upport barrel. The flow in the gap region will elimi-

OUTLET_" CORE nate stagnation IX+cketsand provide a more effective ccx)I-SUPPORT ing to the shroud. Improved shroud c(xtling would reduceNOZZLES BARREL
temperature gradients and minimize thermal stresses in lhc
shroud and the core support barrel.

2.3.1.5 Core Support Barrel to Reactor Vessel
Snubbers

SNUBBERS The upper end of the core supIx_rt barrel is cla, npcd
between the pressure vessel Iqange and the closure head.
From a structured analysis standlxtint, the core support
barrel has a cantilevered support at the upper end, and no
additional supporl would be needed, l lowevcr, the core

Figure 2.14 CE PWR core support barrel
suplx)rl barrel is submerged in a turbulent llow and is sus-
ceptible to flow-induced vibrations. The _unplitudcs of

2.3.1.3 Lower Support Structure such flow-induced vibrations would be larger at the lower
end (ff the barrel when it is not restrained. Snubbers are

"l'he lower suplx)rt structure provides additional stiffness to installed at the lower cud of the core support barrel to limit
the core supFH)rt plate and _dso tr;msmits a part ttf the core and reduce the amplitude of ixttenlial flow-intluccd vibra-
assembly weight to the b()ttom t)f the core suptx)rt barrel. tions. l'hc i(w:ations of the snubbers tm the core supporl
'll_c lower suPlx_rt structure is a welded as_mbly that

barrel are shown in l:ig. 2.14.
consists ofa cylinder, columns, support beams, and a bot-

ltm_ plate. The clare suPl_rt plate is supported by columns,

and the ba.,,es t)f these columns arc welded to support The snubber system consists of six equally spaced lugs
bosuns. 'l'he b_)ttoms ()f the supixwt bosuns are welded to the

welded to the core supl_)rt barrel ouLside surfacc. The core
bt>tttml plate, which is perforated f()r ctxtlant flow pas_ge, support barrel lugs act ax the groove of a tongue-and-
The enols of the support bccuns are welded tr) the cylinder, grtx)ve assembly. Mating lugs attached to the insitlc sur-
The l()wer end of the cylinder is welded to the perforated face of the pressure ,,,es_l w_dl serve as tongues. An
b<_ttomplate. The wh(_le _t,_sernblyrest,_ on the internal ring expl(xled view of the snubber a:_sembly is shown in
ll:mge of the core support barrel. The outer "edgeofthe

Fig. 2.15.
core SUPl_rt plate is als(_ supix_rted by the top end of the
cylitldcr. The cylinder guides the nmin reactor ct×)lant llow

to the core and limits the core shroud bypass flow by When the core support barrel is lowered into lhc pressure
me,ms o! l:_.les Itx.'ated nc_u-the Ixtttom of the cylinder, ves._l, the pressure vessel lugs slide into the grt_),,,es of the

core suptxtrt barrel lugs. Shims arc Ixtlted to the side sur-
2.3.1.4 Core Shroud faces of the ves._! lugs, and the correslxmdi,_g surfaces of

the barrel lugs are h,'u-dfaced to minimize wear. "It_erc is
The ct)r.' slu-oud lonns the lxtundary of the core and con- no direct connection between the lugs. The gap clearance
trois the ctx_lant flow through the core region. The shroud

between mating surfaces will imIx_se a limit on the barrel
is forrntzd by bolting vertical shroud plates to horizontai

displacements. The snubber system will not impede ther-
ce,ltering plates. The vertic',d plates, ttf varying widths, mal expansions in the axi_d and radial directions, lt will,
_c:)me ,_.he.:'ore _-,,_,_n.,Jary"!_he_!,om <ff:he ve,',.ica! ht_wevcr, restrict Jalera{ t)r circumfcrcntiai expansions. i-ric
plates are att,_hed to the core support plate by anchor
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Figure 2,15 CE PWR core support snubber assembly

snubber system is not a fixed suPlx)rt system, and the core mcnt plate, conl.n)l element assembly (CF.A) shrouds, and a

suppo,l bahel is n()t bnmune from sm;di-amplitude hold-down ring. The assembly is hzmdled as a single unit
vibrations, during refueling operations. A sketch of the upper grid

assembly is sh(_wn in l:ig. 2.16.
2.3.1.6 "rhernmiShield

'l'hc thermal shield ix a cylindrical structure l(R:atcd in lhc The upper guide .structure ([J(;S) suplx_rt plate assembly

atmular rcgicm between the core supp(_rt barrel and the pnwidcs .supl-u_rt and _digmncnt to CEA shrouds, which
shield the c(mtr(_l r(_.,, fr(_m cros.s-tlow effects in the upperreactor vessel wall. "lllc upper end of the shield is sup-

ported by nine uniformly spaced lugs attached to the out- plenum rcgitm. "ll,lc ('EA sbr(rods _d.s(_provide suplx)rt t(_

side ¢>fthe core support NuTcl "lt]c lugs restrict the axi;d il,l-c(_rc iil_,trulnel,ltali(m. "llle luel alignir,e,nt plate lxmitions

;li,d laligcniial nl(_vcint:nt _I the ,..hi(qd. A prel(mdcd l_s;i- Iii,,.'upper clids (_I d ic fucl assemblies. "lhc h(ild-d()wn
ti_t_in_ pin under each lug is ttucadcd radically thr()ugh the sprini( h_ld_., d_v,'ll tilt tuel _Ls.scmhlies during n(_ml;d oper-

shield alld butt.',, agaillsl the c(}rc barrel. "lt,lc i(_wcr end (_1 :tti(,l_ an(! prcvclll.,., die lucl as.scmhlies lrc),in l-ruing Iiiled out

lhc ,,liicld is held in placL' iii ;t ,,imilar mariner by 17 radial _I the c_rc duril_.e ac'cidcnls

p_,_ti,_n_tlu pin',
2..'*,.2.1 [,:'(;S Support Plate Ass_mhl_

I_L'LiIIt',L' (,l 1t_',',-ill(Jut..'L!(i vihl]lli()Ii I)r(_blcmx, lJtcrnlal 1 Iw !;( }S supp,_r', plait' :L,,s,'!ll|-,lv is a v,'cldcd Mrtlcltlru 111c

,,l_tcl_J, flgit',}m'Cl}lC'lll(,vt.,<l ll-(,ll} ,.,::vcral ('I- n.:act(,rs :ls,_rlltl_tv is CK_ll",ll'tlt:lL'_,l b",' v,'ultlill? ',t S,tlpr_)rl ll;.l,ll_Ul() tJlc

/kll;t}\ ',i-. ru',tlll', ilt,.lic;_l,:,.l Ih;tl il iS lll}I I_cCCs'.,ar_, t()replace I,,[-,,_I :t L",lilldc_ ;_l_.l;_..,upp(_rI plate is v,'cldcd l(>lhc
ll:,,.'-.u ,,llicJ<l, 11, Iii(.' rtrll_;|lllilt}., (IL,.'.,I_.2'IIlilt.' (_t Ihc'.,c rcact(_rs c','liIldL'r iI>,idc '.,t_Ft:tL',,:al Ilic c', lin,lcr IIIid',,L'CIi()II. ]I,l S()I,IIC

I IIL'rlli:t] ',IIiL'I_t', arc 11_I tlst'_.l lli It`iu llCWCl ('}{. t.lllil.,, ('} _Ilit.-, II=t.:supp(_r! t)htlc is I(_c:tte(l lllC:ir the l(_p (_l ttlc

cvtil_(lc_, lu,,t h,,:l.,v. Itlc .,_1)i_t ll;mgc qhu t(_p (_i a grid

2.3.2 I.'l)per (;uide A,.,.;sernl)l,, :trr:t', '-,lI'tlLltll'L'.lll:ldL' {)t ',vchlit_e iIllt:lS,L'C'lillg deep bCal,llS,,
is welded I(_ tl]ch(_lt_m (_l lh(:supp(w!plait: The ends (._I

lhc deep beams are wch.led t(_ the cylimlcr in.side wall. l'hc
111,.:upp,r _tlitlt: ;t>,,,t:lllhl 3 ,,:(_l>i,,ts (,I the upper gtlidc

hl> dig ..... "".IrLICIUIL'',Upp',)rl pl:tiC hs'..ClllH_, lhc lucl ;.t:',SClll '_ l'l- "Ut'l""'_ t ..... v a,.,,.... ,,..uv*. t, t,vcu,, /.3=,u aa"Tgl)_u
tion and suplx>rt the upper ends of ('EA shrouds. Four
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Figure 2.16 CE I)WR upper grid uL_send)iy

equally spaced keyways are machined into the top supix)n machined into the supI_)n b;u'rel nng flange and the hold-
flm_ge, and they engage the core support barrel alignme,_t d()wn ring, and they will engage core support barrel align-
keys. The key-keyway alignment scheme ensures a prupcr ment keys. "llae tx)ttom plate of the support barrel provides
alignment of the core with reset tr) the reactor closure supix)rt and alignment to CI-A shrouds.
head and ('EA drive mechanisms.

2.3.2.2 Fuel A_emhly Alignment Plate

In the new CE units, the [I(;S supix)rt plate a:,scmbly is The fucl assembly alignment plate l_)siti()ns the upper ends
replaced by a IIGS suplx)rt barrel assembly The I.I(;S sup- of the fuel a.,_semblies and als() provides supix)rt t() the
Ix)n "barrel as,_mbly consisL'_dfa ring llange wclded to thc lower ends of CEA shroud.,,;, l.(x:ating holes are machined
top dfa circular cylindcr. A circular plate is welded t() the into the plate to engage IX)SLs()n the fuel assembly upper
bottom ()f the cylinder. The ring fl,'mge rests un the h()ld- end fittings. Four equally spaced slots or keyways are als()
down nng that, in turn, sits ()n the core supIX)rt _trrel machined into the ()umr edge of the fuel assembly align-
tip[_i- _hii_.C. I:OUi- iJiiif_ffiiily .',f_t_cd kcywdy_ ,t_t: nnmini phai.c, m_di.hc ¢ct_gagc pin.,, I)tuiJ udi=_gduro d_c ct)_c
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suplx)rt barrel. The pin-keyway arrangement restricts lat- ring _gment contains plungers supl_)rted by Belleville

eral displacemen ° of the upper guide assembly during washers, and the compression of the_ devices will result

operations. The fuel as_mbly alignment plate pres_s in an axial hold-down force acting on the upper guide

down on the fuel assembly hold-down ring, and the upward assembly. "lhc ring _gments are fabricated from type 403

reaction forces are transmitted via the alignment plate and stainless steel.

CEA shrouds to the flanged [I(;S supl_rt plate.

2.3.2.3 CEA Shrouds A shim plate is in_rted into the space between the I/(_S

and the core support barrel flange to accommodate internal

CF, A shrouds in most CF, reactors are tubular su-uctures, comi_ments' axial expansions.

They extend from the fuel assembly alignment plate to an

elevation al_we the suplx)rt plate of the tl(;S assembly.

The shrouds protect CF, As from cross-tlow effects in the 2.3.3 Flow Skirt
upper plenum.

"l]3e flow skirt ix a perfor, tted right circular cylindrical

structure with stiffening rings al its top and b_ttom. The

"lhc majority of (_t'_A shrouds arc the five-element type, skirt is supl_)rtcd by nine equally spaced machined _c-

and they are made by welding a cylindrical sccti_,n to a tions welded 1o the bottom head ()1 the reactor pressure
b_e_e; the base is bolted and h:_k-wclded t_>the fucl a,,_sem- vessel. 'Fllere is no connection between the flow skirt and

bly alignment plate, l:low channel inlets arc nmchincd int¢_ other internal components. "l'hc skirl ix made _A Inconel.

the cylindrical section at tile base, and they serve as a pas- The llow holes arc designed I(_ pnwidc a unif<um inlet
sageway for the c<_dant flow thrc_ugh the fuel _e_sembly l]_>w t(_ the com.

alignment plate. "lhc upper ends of tile shrouds are
connected to the I I(;S suppc>r! plate by spanner nut.,.;, which

would alk_w the slm)uds to expand in an axial direction. 2.3.4 In-core Instrumentation Support
Structure

l:our-clement shr¢_uds arc located at lhc periphery _1 the
'l'hc in-core inst rumenlali_m supp_rt structure ix a part ()1

l l(_S support plate, and they consist of a cylindrical section
the in-ochre ncutr(m flux monitoring system, lt consists ()l

welded t() a base; Lhc b;L'_eis _)lled and lock-welded t(_the
an instrume|ltali(>|i supl-x_rt plate that fils in the recess sec-

fucl as_mhly _dignment plate. The upper sectic>n _f lhc
tics of the l l(;S assembly asi is suppc}rted by tour bearing

shrc}ud ix welded directly to the _I(_S sup[_}rt plait, pins. (?I'_A shroud._ exteml Ihr(mgh perlontlions in the
instrumcnm_ti_m plale. The in-core instruments arc guided

In lhc older rcact_rs, the ('i'_A shrouds have a crucili>m_ and protected by in-core instrumentation guide tubes tllat

c(ml_gurati(m, and they extend lr¢+m the fuel +_,_sembly r()ute the instruments t(; varit)us locations in lhc core. 'l'he

alignment plate lo an elevation ju._[ above the reactor vessel guide tubes are bent _md grouped together to f(_rm cluster

llangc. The shroud is fabricated by welding four l¢wmed assemblies above tl_c instrunlentali(m plate. "l'hc cluslcrs

plates to four end bar._ t() complete a crucif(_nn-shapcd _re supp<>rtcd hy frame-type slJuctures bolted t() the inslru-
strllcturc. The shroud e:ltls arc lltletl with support pads. mcntati<m plale, and they cxlcnd i_il(} lhc rcacl{)r vessel
"lhc I_lt(mT cn(Is arc b()lted and litek-welded I() lhc fucl head instrtllnCnt_tti_m n()zzics. A sketch of an in-core

assembly alignment plate and the t_p ends I(_tl_c [ ](;S sup- insu'unlc_u_liem supp(_a structure is sh_)wn in I:ig. 2.17.

l_rl plate. (,l';As l(rcatcd inside these crucifiers shr¢>uds

als<_ shield Ihcm fr(mi cross-l](_w elf eels. Reference

2.3.2.4 ttold-down Ring
1. American S(>cicty ()f Mechanical l._nginccrs, ASMI:

The lmld-down ring res!riots axial displacement.', _I intor- Butler and Pre._'.s'ure Vessel Code, Secti(m 11I, Nuclear

nal c(>ml_ment,,_, l)ilferenlial lherm_fl expansi<ms, lucl l'_wcr l'l;u_! ('_mq_menl.,_, l)iv. I.*

gr(_wth, and r(_tati(m_ (_1 the cl()_urc head during b_lt ti_hl-

cmng and pres_urizati()n arc Inaj()r causes ()1 i_tcrmd t,',,m-

i_menl axial tlisplacemc_t.,,, lhc hold-d(_wn r_ng i,, ;ti_¢_
rclclTcd l() ;.t_ lilt.' cxp_lllsi(_ll c()Inr, cl|S_lti()ll I-i11_2. *,,\V;tlla[,]c lr_,._ millt..llt.;tll Nal l_,na] _qla,,l_ud_, IllS,li|tilt', 1430 [Jt,_a<lv,'a3,,

Nc',v Y,_tk, NY I_I_)IX, U_lLVll_hlcd

'l'hc h¢fltl-d(_wn device ix a scgmc_tcd circular Inunc, :u_d

each rin_ _gment i._ b(fllcd l(_ lhc flange t_l the [ J( iS, l'_tch
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3 Primary Stressors

In the context of aging studies, stressors are conditions that are kept at a low level. "llm existence of temperature gradi-
will promote the development and sustain the growth of cnts and rapidly chm_ging temperatures in a component are
aging-related degradation mechanisms. Applied loads, important thennal stressors. They can lead to thermal
environmental conditions, and manufacturing processes cycling and fatigue track initiation.
can impom stressors on reactor internals.

The two major sources of static applied load.,; are. differen-
Applied loading is an importan! stressor htr internal com- tial pressure loads and preloads in bole,;. Most intenmls are
ponents. The majority of the internals are not parts of the not a part of the reactor prixnary pressure bound_u-yand ,are
reactor cooh'mt primary pressure boundary and are not not subjected to large static differential pressure loads.
subjected to static pressure differential loadings. Flow- Pxcloads in bolts can produce tensile stres_s ttmt may
generated o_illatory hydrodymtmic forces and preioads in reach the yield stress v_due of the bolt material. Tensile
bolts are the applied loadings of concern to reactor stresses of such a magnitude are considered as an essential
internals, fao|or to the development of stress corrosion cracking

(SCC). 1

The operating environment inside the pressure vessel _dso
iml_SCS many stressors on internal comlmments. Reactor The applied loads of primary concern tct reactor intermds
internals are submerged in the reactor primary c_x_lan_ arc flow-induced oscillalory hydrodynamic forces. The
flow. The c_x_lant temperature in the core regicm, where volumc flow rate for PWI>,.sranges from 250 Io 380 l,/s
most internals are located, is -316°(: (600°I;'), _mdthe (40(X) to 6(XX)gal/min), and thc c_x_hmt is fl_rced through
average c(×)lant llow speed is -4.9 mis (16 ft/s). The nomi- the reactor vessel by reactor coolant pumps. Major sources
nal system pressure in the reactor vessel is -15.5 MPa of llow-related excitations are the r)ump-gcnerated pressure
(2250 psia). These conditions can generate many aging- pulsations al the pump rotational speetl, blade passing
related stmssors. Normal reactor operating conditions for frcqucncms, and their harxnoxfics. Pressure pulsations can
the threc types of PWRs may v_uy, but in general they do act as pcriodic forcing functicms on rcactc)r intcnuds, azld

not deviate significantly from conditions mentioned above, their effects mc most pronounced al lhc enmmcc regions of
tile vessel inlet n{_zzlcs.

Because of their proximity to the core, some internals arc
exposed to strcssors _t,;sociated with fast neutron fluxes and Two types ()fhydrt)dynamic f()rccs act ()na blunt ()bjcct
the heating of g_unma radiation, when it is placed in a fh,w srrc;un. The firs! type is a static

load and is usually referred to as a drag f_rcc. "l'hc second
lypc is a timc-dcpctldcnt l_>xccintltnccd by fh)w scpara-

Accidents can impose xnuch more severe thermal and ti_ms. "l'hc weights of the c_mq)oncnls and struclural sup-
mechanical Ioadings on reactor coml_menls. Ih_wcvcr, the p_rt.,, arc sulficicx_t lo counlcrbalancc lhc rhag fc)rccs. "l'hc
cmph:L'_isof lhc present study is on effects of llorln:|l plan! cyclic or pcxiotlic fh_w-gcxmralcd hydrodynamic lc)rccs
operations, which constitute tile great xnajorily of the _q_cr- Jnay l_xcc a slxtnclulc t<_vibrate, l:h_w-induccd vibrati_m.,,
aling history _f tile reactor, cat_ lead t_ lali_uc l;tilurc._ :rod xllcchanical wear.

3.1 Applied Loads ,,, tl,_,,l s,)ux-cc,,1 llc_w-rclatcd strc.'<.,<,,r,,i,, the I,ighly turhu
i,.i_t I ',_v,' ,_CllC;alCd bv lhc I_ru'c,d l l_w tlH-_)I_'It .,-',t"'"')_'al|d

"l'hcrmal and rncch,mical h)ad_ arc lhc ii|iii(q +_pplicdI_+;td:. ()tJl__,,+t£;dl()[,_?llilt_+!',. /\ X[Itlt'ttllt it)L'atC(,t 11,IIlL 'O,'ilku ()I

aClill_..' ()Ii rt:acl(_l illlCl-llal_ (.hllill_ ll_Wlllitl .',;It.'_l(lv-r,lillU ;IIi(l s_JcJi til_2ll--illluil:.dl\ itllhtliulil ii:_v,n _.':tll tlllOcf >_?v)vil')l_ttlt)ll_,

|_tllMClII {starltlp ()I _;lltlldt)wll) _>pciati_)ll.',. 'lt_:itnal l_ati: _ ,tlJ>v_] [)'; Hit.' lilit+.:+tlu[+Uli,.Jctll tl\t.ll()ti\'tl,ll/l|. [_)rt.'trx [_:tiFlc

arc pr_)(_luccd by ICillp(2F[lltll'U y.r:_dic'lfl.', iii ;| c_._it_['):_l_t;l_t, b', l_i:ttc ',_',tt(.:I-i_'II_L_r i_, ;tit uX:tllll')lL' _)t ._[1_.11 [l<)'v,- Illd[it't.?(!

lhcnn;d cxi')ax_si(_z_s.Mecl_;inical lt)ads atc _-c:_c_;flcdb\
sialic prc._sure dillcrcnli;ds, prch_ad_, i_ b_h,,. ;_lld l-lt_id
lltw,'-;cx_cr:flc_lcyclicl(>rcc_, 3.2 J'_llVil'OlllllOlltal Stl'cSs()rs

l'l_t., p_ llll;).ry tq_virt)lllliClll:ll ,,Ift..,,.,;tHs ]_I- lu;it'lt)I i_l(.rx_tl._

Rcacl_)r internals arc tlcsigx_cd i_) a(.'c_munodalc thcr_nal arc tcl:ttcd t_ tl_c <q_c_,tting ctp.irot_tncnt ttts_dc the rcact_r

cx[)allsit)ns" _ls [t rcsllll, c()llMn_inl-illdl_CC(l Ihc_llll;_l I();_cb, pF_",,,_)F,' v('_,,,_,l 'll)cy i)_c!!!_h? ,'_!!!'dC! u.'it]! a.[!,, p!i?.)_.:,.r"
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reactor ccxtlant flow and exposure to fast neutron fluxes, cl_uld have potcnti_dly adver_ effects iii the structural

l.ong-tenn contacLs, with a high-temperature fluid medium integrity of reactor internals.
and exposures tc)fast neutron fluxes may lead to physical
changes and deterioration in some of the materi_ds of con-
struction for reactor internals. Neutron irradiation effccL',; 3.3 Manufacturing Stressors
may cau_ embrittlement and irradiation-assisted SCC in
stainless steel components. Parts made from cast austenitic The processes used ii; fabricate reactor components may
stainless steels (CASSs) are susceptible to thermal aging introduce stressors to the finished parts. Welding, bolting,
effects.2 cold working, and oa.sting are four common proces_s u_d

in the making of reactor intern',als. Stressors are associated
with each of these processes.

The ccx_lant is borated water of high purity. The corrosive-
ness of the coolant is determined by the quantity ttf dis-
solved oxygen content, concentrations of impurities, and Welding is a common methtxl for attaching components
boric acid pre_nt in the flow stre_un. The dissolved oxy- together tit fttrln an integral structural unit. Austenitic
gen is a product ttf the radiolytic reactions in the core, and stainless steel such as tyltC 304 may be sensitized in a
the process is generic to reactor operations. The hydrogen welding process. The chromium depiction _nsitization
overpressure system in the volume control tank of the pritccss can make the linished products su_eptible to SCC.
chemical m_d volume contr()l system adds hydrogen ga.ses Residu_d stresses in weldmcnt`,_, ii"not properly heat
to the flow stre_un, which act as scavengers and rem(we r('iieved, may also contribute tit the development of S('C.
most of the dissolved oxygen, lh)wcver, it is possible thai
h)c_dly high concentrations ()fdissolved t,xygen and other
impurities may exist in crevices in some internal comply- Many reactt)r el)rc supI_trl structures are joined together by
nents. PWR intern_ds are susceptible to eitrrosion attacks, bolts. (laps and crevices in bolted joints can create a local

cnviromnent that is conducive to the development of corro-
sion attacL,_, l_rcloatls in bolts and the resulting tensile

Chlorides and lluoridcs are the two impurity components stresses are stressors that can aid the S('C process.
in the rcactor primary c_x_ling water that arc of c¢_ncern to
reactor internals. They can bc introduced into the llow sys-
tem by condenser leakage and a.s impurities in lhc reactor (?¢_ldworking is used in the making of slime internal com-
make-up water. Impurities may bc trapped in crevices, and poncnts. The component is formed to a predetermined
their concentrations may reach such a level that corrosion shape by a bending operation. Pl_L,;ticstrain accumulation

cracks can bc initiated in the affected components, and surface llaws arc the stressors ass_ciated with a cold
wcwking <_pcration. They can lead lo crack initiations and
accclcralcd crack growths.

Boron, as boric acid dissolved in the cooling walcr, is the

preferred nuclear l'_)ison used for reactivity ,'_mtr_)lin
t)WRs. Some reactor comD)ncnts, usually made of high- Some stainless steel intcrn_ds arc cast in one piece. While
nickel alhtys, are susceptible to corrosion attacks in boric C_Lslillgmay climimtte many of the stressors associated
acid solutions under a stagnant condition. Reactor internals with welding, bolting, and cold working, it is not a
arc submerged in a Ilowing fluid medium, and they arc stressor-free m_mufacturing operation. ('ASS component`s

usu_dly not sensitive tit ts)ric acid corrosion attacks, are susceptible tit thern-i_daging effect.,;.

An impommt environmental stressor f(tr some internals is Stressors imlx)scd on reactor intern_ds by applied loads,
the cxposurc to fa.st neutron (E > 1 MeV) fluxes. "l'hc ntu- cnvironment_d conditions, and m:mufacturing processes are
tron irradiation effcct.s are most pronounced for corals)- the basic ingrcdictits for the dcvclitpment of aging-related
ncnLs located in the immediate vicinity ()f the c()rc, dcgratk_tion mechanisms. Stressitrs that are pre,ni in a

ih-olongcd b(tmbardments by neutrons can ctumgc lhc system, whether acting independently or in conjunction
mechanical and physic'al properties of the matcri_ds, with others, will initiate the aging degradation prcxzess.
Spccilically, they will increase yield and ultimate strengths l)cgradalion mechanisms devehtp at different rates and,
and reduce the uniform elongation It) fracture and lv,lcturc unless c()necti()n (tr preventive measures are taken, will
t()ughness. Irradiation effects c_m also lower the tempera- eventually lead to failures in the affected components. A
lure at which creep can become a significant dcf_)nnatio,i review of the failure history of reactor internals can pro-
mechanism. F.xposure to neutron fluxes can also lead tr) a vide useful infttnnation on the relative development rates
htwering ttf the threshold stress level that is c(msidcrcd a.s ()f ix)tential aging-related degradation mechanisms.
necessary rtr the devei(tpmcm ()f _q(:C.a-"1....l_U_U t.ll_-t_k;t..",_.......... I,_l,,,I,,r_'lq)_,li_)g........................ _f _h_,,.;vn('r_,i,_lie.,... ,_, relalionshir), between
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stressors and aging degradations is also the basis for the Properties," in Proceedings of the Fifteenth Water
formulation of strategies for managing aging effects. Reactor Safety Research lnfi)rmation Meeting,

Gaithersburg, Ml), [ISNRC Conference lh-oceedings
NI.JRF.G/CI)-00_X), ()ct()bcr 1987,*
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4 Aging-Related Degradation Mechanisms

The development of mi aging-related degratkJtitm mecha- products can be removed by the lluid. The corrosion pro-

nism is a time-dependent process. The process is initiated tess t_ccttrs more or less uniformly over the cn]ire contact
when the neces,vu'y stressor or stressors are present in the surface. A moving lluid medium can increase the corrosion

operating environment of the affected comlxments. ()nec pre,duct removal rate. Austenitic stainless steels, specifi-
start]xi, an aging degradation meclianism will remain cMly type 3(M, have go_d resistance to gener_d corrosion

active, and the deteriorating effects are cumulative. The atm wa.stagc. 1 (;eneral corrosion and wasutge are not con-

affected comlxmCntS will eventually fail unless mitigating sidercd a_; significant aging-related degradation mccha-
meth{xls are urad to remove the reslxmsible stressors from nisms lk_r reactor internals made of stainless steels.

the operating environment. When it is not leasible to elimi-
nate the stressors, then it is essentild to replace the

4.1.2 Corrosion Cracking
degraded comlxmcnts bch_rc fidlurc. ()tic of the objectives
of an aging study is to identify Ix_tential aging-related

degradation rnechanisms assc_-iated with the primary sires- Materials thai provide g_.l resistance v¢_general corrosion

sors of the system, and wastage, such as stainless steels, are often susceptible
to corrosion cracking. These failures arc l{_calizcd, and

they have the appearance of microscopic br]tilt fractures.

Aging-related degradation mcclumisms generally _tss<_ci- "l'here is m_ \.'isu;tl indicatio|| of the presence of corrosion

ated with the operating environment of reactor internals are products, alld ii the cracks ;ue m_t detected, failures can

corrosion, fatigue, erosion, mechanical wear, embrittle- _ccur with little _r n(_ mlvance ',a,arnings. Mc_st S('(" mech-

ment, creep, and stress relaxation. (k_rrosion includes get]- ;uusms require the presence of tensile stresses in the strut-
eml wastage and S('(?s. l._rosion is the h_ss of material ture as well as a ct_rr_sive |nediu|n. ()liter types of c{_m_-

caused by the flow t)l an abrasive and/or high-velocity sitm crackings can tleveh_p with_mt tensile stresses. As a

fluid medium, l:atigue is vibration induced, and lhc I'csp{HI- general rule, the presence _I tensile stresses may accelerate

sible oscillatory forces can be either mechanicld or thermal the crack grt,,vth rate.
in nature. Vibration can also lead to |neelmn]cii wear and

fretting. F,mbrittlemcrtt decreases the fracture tt_ughness (_I
a material and is caused by thermal aging and/or irnt'.liation S('(' is ztmai(_r aging-related degradatitm mechanism for

effects. Creep and stress relaxation may lead tc_changes in react_r intern;]Is. ('reviccs atm irradiaticm ellE'ors can _LSSisI

material properties and structur:d dclornmtion mechanisms, tl_e S( '(' prcwess.

They arc usually caused by prolonged exposure to high

temperatures and irradiation effects The operating envi- 4.1.2.1 S('(.?
ronlnent inside a reactor pressure vessel conutins stressofs

that can activate ali these Ix_tential aging-related degrada- lt is generally accepled thai the simullalte{ms presence of
ticm mechanisms, three con]li]torts atrc necessary for the development _l S(_(':

a susceptible thaler]al, a c{_rr{_sive envirtmmertt, and tens]lc
stresses, l-?.limination _l any <mc _1 the three conditions will

4.1 Corrosion stop the S('(' pr{_'ess I)epending on the _dlov comi_si-
tions and corrt_lents involved, cracks Call develop along

('orrosion is a tem] applied t_ a chtss of aging effects in boundaries Ix,'twcen grains: such failures are known _LS

which the stn_ctural integrity of a c_ml-ument is weakened itnergranular stress c_rr_si_m crackings (I(;S('('). In other

its a result of materi_d detenorati_m caused by electro- cases, cracks propagate along certain cw.',tallographic slip

chemical reactions with the surtout]]ling medium. ilte pla||es witltin the grains. 'l]msc f;|ilures arc referred t_ :is

effects can be highly localized, or they can c_wer a htrge tntnsgranular slress c¢)m}sion crackings ('l'(;S(_('). Mott

lxwtion of the structure. "l'he localized cflects usually lake inltwmati_m on the luntla|nenlals of S('('s can be ltmnd in
the form of crack initiation and devclt_pment, while the texts by l,ogan 2 and P,_ln;t_t_v. 3

more global effects are generld comas]on and wastage.

( )perati ng conditions, corr(_Jen ts, and _dIoy comlx_si ]ions
would determine the domituml corrosion mechanisms in a Austenitic stainless steels, such _ts type 304, have g_d

p_u-ticula.r situation, resistance t_ general corrt_sion and wasutge, but they can
Ix: made susceptible to S('('s by a sensitization process. 4

When a COllllxment made of type 3(M stainless steel is
4.1.1 General Corrosion and Wastage heated t_r c_lctl sh_wly through the tcfnperature range of

4,",;2to g 16':'(" 10(R) to 15(R)':'I:), carb{m in the steel will pre-

When a structure is submerged in a COlTt_Sive medium, the tlp]talc _ut a.,, chr_mtiunt c:trhide ahmg grain lxmndaries.

surface of the structure c{tti beCOllte oxidized, and ct)rrosi_m (?hr,,miu|tl, winch is at key alloying element lk_r prtwiding
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Aging-Related

corrosion resistance, is depicted in regions adjacent to not ¢_'cur even when the chloride content attains a level as

grain lxmn 'daries, and the chromium-depicted regions arc high as 20,(XX) ppm. During steady-state PV, R operations,

su,,a:eptible to corrosion attacks. Slow ccxfling after amm_d- the dissolved oxygen content in the bulk of _'_e reactor

ings, prolonged stress-relieving operations, and welding ccxfling water is <5 ppb, and it is not likely that SCC can

can provide the temperature condition that is neexled to develop under such a low level of dissolved oxygen.
sensitize stainiess steels. For reactor intem_ds made of type Crevices, which can trap and create high local impurity

304 stainless steel, welding ix a likely cause of the sensiti- concentrations, are nccdcd to initiate SCC in PWR

zation process, and weld heat-affected ztmcs (! I,M,',)are imcrnals.
common l(_ations for S(TCs.

Sulfide in another comulent that can cause SC(?. lt is not

lt should bc emphasized that a susceptible material by present in the reactor c_xfling water, l lowever, molyb-

itself, such _ts a sensitized stainless steel, cannot cau_ dcnum disulfide (MOS2), often used as a thread lubricant,

SCC. ()thor conditions must als(, be present in the system can create ku:ally high sulfide concentrations in reactor
bclore SCC can occur, internals with crevice conditions such as those that existed

in bolted joiuts. 7 MoS2 reacts with ix)rated water, and one

efr the rcacticm products is hydrogen sulphide (II2S), which

The second requirement is a corrosive environnaent, ltlndcr is highly corrt,sivc. 112S can cause SCC in comlxments
m,nnal PWR operating conditi_ms, the primary react¢,r nlatlc of stainless steel. Reactor intcruals that use MoS 2 as

c_x,ling water conlains small quantities of dissolved oxy- a lubricant are susceptible Io sulfide-induced S(_C.

gcn, chlorides, fluorides, and other impurities. The impuri-

lies may contribute to the dcvclopmcul of S(?(' when they

arc trapped in crevices in intcnml comp<mcnls. Small quantities of lluoridc are present in the reactor pri-

mary cox,ling water, and they may imlucc S('(? in stainless
steel COmlxmcnts. lk,wever, inl_,rmati¢,n on Iluoride-

I )issolved oxygen is a prc_luct <,f radi<,lytic reactions in lhc induced S('(" in I'WR ccmtlili_ms is very limited.

core. In stca(ly-statc I_WR operations, the NR(" Standard

"lechnical Specification stipulates IImt the tlissolvcd ¢_xy-

ecn content in lhc rcact_r primary c_fling waler be kept al l'he tlevelopmelll _1 S( '(' in react_r intenlals ix only one of

<I(R) ppb. The plant primary c_fling water chemislry many C()llCCl'llSIhal need It_ be taken into ccmsideralion iii

requirements, as slated in lhc l:inal Safely Analysis Rep_,rt establishit_g an cq3limum primary cording water chemisu'y

(I:SAR). mec[ aral exceed the .Slandard "lcclmical Sl_cili- pre,gram l_,r I'WRs. ('racking problen_s in steam generalc_r

cation requirements I_r diss¢,lvcd <,xygcn. l'he reacl_,r lubings and _ml-_l-cc_re ratlialicm ctmlr_d arc equally
chemical and volume c_mlrol system, using hytlr¢)gen gas ilnp,,rtant Iact¢,rs. Mc)re tletailed discusskms c,mcer,ling

as a scavenger l+¢>rthe diss_flvcd oxygen, can maitltain a I_WR primary water chemistry contrail can be found in
tliss_h,'ed oxygen c_illelll al <5 ppb in lhc bulk of tile pri- Rcfs. 8 and 9.

mary c_ling water system during steady-stale p<,wer gen-

e_ttkm. AI this concentration level, diss_flved oxygen is not

a lacl_,r in the devck,pment <,1S('('. l lowcvcr, ix,ckels ¢_t 'l'he third requirement for tile devclop_nent of S(_(' is the

high c(mcentrati()ns _.)fdissolved ()xygcn may exist in presence ()I tensile slrcsses iii a structural c()mp(mcnt. In

crevices and can c_)ntribule I_)tile devel()pment ()f ,'¢,(7('. Iii tile absence _)l signilica_t irradiation effecls, the magnitude

lhc presence ¢)1impurities such as chi(,ritles, S(?(7 may he of tilt tensile stresses nlus! exceed a threshold value before

initiated when lilt disscdvcd _x,,,,gcn colltenl ix >4(} ppb. 5 S( '(' can occur. A goner;lily acccpled value l_r the thresh-

S( ?(' in an _}x,vgcnatetl water etlvironnlc_t is intergranular. <>Iclsl3ess ix tile yield stress of tile lnateri;d {>l construction.

B_>IIprelomls and weld residual stresses can generate the

necessary tensile stresses in a reacl_r in_emal C()llipOllCii[.

l'he Standard "lechnical Six:cificati_m l_r I'WR primary

water chemistry also, requires that tile clll_ritle _tlltl fluoride

c()[llcnls he keptat <15()pph. ('hh)ridcs nrc _)f Sl'X.'.cialc(m- Based <)n this illf()rn-lali()ii, ii is reasonable t() suggcsl thai

cern. I lndcr fav{)rable c<)ntlili()r_s, tile prese_wc ()1 chh)rides crevices ill I)WR internals arc likely k_.:ati()ns f()r lhc

and diss_flved <,xygcn ill tile reactant primary c_xding water dcvck,pmenl _,I S('('. A "crevice condition" is a general

may promolc tilt: tlevel<_pmcnl _,f S('(' in auslel_itic sl:t_n- term Ihal is used lo ,,.lescribe a small rcgi<m in which Iiigh

less steel c_mq_oncnts. (' In gel_eral, tile quantily <_Ic111¢_- ct_wentrati_ms ¢_Ic_rr_.lc_lls ]nay be traplmd. (?rcviccs are

rides required l_r the develofm_cnt _,1 S('(' tlecrcases with created by sin:di h_les, surface deposits, narr<_w gaps in

increasing dissolved _xygcn Ct_lllelll. l-xpcri_nenlai results gasket stlrf:lces, i::p, and b,,_lletl .}<finls. The small region in
with waler in lhc hinge {_l 2(_ lt_ 316_'( ' (4(_) t¢_6()()"1:) usually filled with a stagnmlt liquid, and a differential acra-

• ' ' ..... ' ...... " ' ' " " gi ....illtllLkltUl.l |llitt iil tilt..: I,LRVgUII.S('( "" ii_,,t t.c_, _ _nciltL_,cllkt2 _[ '_,il[ i._ U,_[ill _,Vitlltll tile ,_{_tgilil[itHI IHlS, llUti U t}ll.tll/xNt )i } ELi
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differential achilles cell can create R_'ally high collcel|lra- hie ll_ lASt'('. I lclwever, there is nel sufficienl infllrnrlali(m

lions of anionic species such as chk_rides iii the crevice, to correlate grain txlundary impurity concenlraliems wilh

The presence of tx_ll tensile slresses and tliss{llved oxygen neulrlm fluence level and lASt,(' susceptibility. "l'esling
would supply llie necessary condilions for lhc develllpinent resulls fire inconclusive; slmie high-purily slainless steels

of St'('. Mo:,_l crevice-assisted S('(' is intergranular, are more resistant I_l IAS(?(" under PWR operating condi-

iilms while i_lllers (including lypc _(),-1)performed no boiler

than conllnercial--gnlde stainless steels.

li) ad(lililm Iii the crevice condililln, exlxlSuies Icl lasl neu-
trim fluxes can alsil a.ssisl the St'(' pr_u.'ess. St{'(' ha.s heen

observed iii reactor coinlxments made iii nlmsensilized "l'here in il¢_aigreeinen[ llll the primary mechanisnl for
slainless sleels. Iii mos! cases, stresses iii ihese con_luments IAS( '(', and there are inany at:live research wl_rks iii lhc

;ire illll high, and Ihey ;irt.' Iniich lower Ihan lhc yield stress fie.ld, li is generally accepted Itlal lA,S('(' wlmld require lhc
iii lhc inaleriai. A coinmlm iaclllr iii these mmsensitized excedcnce iii a threshllld ileutJ_m Iluence level. Also, the

stainless steel c()llip_lilelllS tS the eXlXlSui'e til high energy tlireshllhl tensile stress value tllr IASC '(' _s iiluch lower
i)r lasl nelitr{in fluxes. "i'hesc llhservalkms seem to suggesl lh;in lhc yield stress _lt the nl;lleriai. Stresses incurred dur-

a new inechanisin lllr the devehlpnlenl {ll S( '( ". 'l'his tornl in R iliallulacturillg alld halidling {)['tcrali{ms Inav tm suffi-
xal St'(' in kmlwn als irradialkm-a.ssisied St'(' (IAN( '( '); ciellt l_lr lhc tlevehlpnlelil _)1 lASt'(', li in alsll accepled

lA,S( '('in inlerg_lnlll:lr, til:li Ilie critic;li flaw size decreases with increasing ileulr_m
Iluence level. i'llc rctllicli_)li _ll the critical t]aw size Call

accelerale crack gr{iwtll rates.

[_isic understanding (_l lASt '(' is il_ll cimlplete. M:iny

Illec)i-ies have been prcll'Ulsed, bill till imt' stogie thellry can

salislact_rily accllllllt I ,, lhc iiradiatilm eflecls/iii %C'( '. l'he lllleralillg e_virlmnleilt inside lhc pressure vessel lit a
( }elleral a ereeinenl in Ill;li a Ihresh_lld ileiitr_ln l]tlellce level I_WI4 can pr_tduce clmditi(llls lhat tire Iav{irahle Iii tile

cxisls Ix'l()w which lA,";( '(' in llcll likely I_l ()CCLIf.'l'|le hcsl devel_llunenl iii St'( '. St'( ', in ime lllrln cii anl_lher, is

estiniate (ll+the thresh(lid lletltl(lli l]tlelice level _ l<lr stalin- CXlX.,cied Ici hk ai nlajllr aging-related degratlalilm nlecha-
lena steel in -5 × t() 20 ncutr_ms/cin 2 ii-> I MEV). 'l'he ziisliJ ltir l'eacl(ir illteinals.

exlwcled Illeliille IlCllll{)ll flllence levels l_ll ix_icrlulls

I_.:aled iii elsise prllxilnily l_l tile c_lre, such a.', lhc cllre I_al- 4.1,2.2 [J'itiillg

Ilo, iii-el)re nllmit{ir Ii_lusillgs, and lhc c_lie supp_lil plate,

C;ili exceed lhc Ihresh_lld vallle, and slich clliiip_llieiils are l'illillg cllri(isi_lll is ii hlcalized phelillllieli<lli, l lilies llr pils

susceplible ll_ IAN( '('. are cit'lied iiikl lhc lilelal slirl;ices and are lillcd willi cllrr(>

si_lil pi_lucl.,_. 'l'he pils ;ire crealed by crevices llr oilier lab-

rit.'aliclii I]aws iii lhc f¢lrili {lf ,_inaJl tills and lilt:ks. l_iey acl

( )lie (if lhc' prllp_lsed illellrics sllTgesletl IJial llie inailciial _isdilferenlial aerali(lii ceils iii which the pit is ali aiil_le

may I-u_'welikelied by lhc l(>rnilili(lli iii btlbbles iii lhc sillicl alld lhc surriltilidiiig surface is ii calhllde. 1The allildic rt:ac-

caii__'ll by ai l;ailsinulalillli pr/_'ess. Austenitic slaililess ii_lll will creale locally high ClllicentraliilliS iii aililllliC

slcels C_llilaill Irate quanlilics iii b_lrclli and Caili reacl wilh species SilCli :is chlllrides aiid sulfide.s ixi lhc pils. 'i'he cllr-

Ihcrillal lielllrltiis I{i l_lrni lilhiuin and heliiili/. 'j I lydr(igcii r(isillii pr_lcess is lhc resilll i)f high C{)liCelllrali(lliS (ii

7a=scs;irt' ;iisll prltdilCed by II'aliSiliillali/lli reacli_lliS ilivlllv- aggressive t:ilrr_ltlelils, l>illiiig can {lccllr wilhlllil lhc pres-

ilia3 l a.q lielllrillis alibi elt'liielilS siich fix iiilrl_gt_'li, lilt'kel, elite iii Sigliit]Calil slresses iii lhc c(_illp¢llielil. A slaTnaiil

irt)ii, alid chrl)iliiiiin _4lliese ilisilliible/2ascs precip:ilc ll-()ili c_liidili(lii will prl)lliillc llie/e|clwlli _ll pilling C(ll'rllsillii.

lhc s_liid ;ili_l have a lelidClicy I_l llii_rale l{l tlislitcali(liis _lr

Iii I.Traili _llllitlaries <j( ;fix bilbbles are disC_llililiiiilies, aiid

lhey Call weakcli lhc slriiclilral nialt:rial. 'l'hc s(llkl iiiay tlis- t'illiiig in ii c()iicern l llr rcacl(ir internals wheli they are iii

inlegrale ii the hilhblcs are ltlsetl l(igellier, t.'Veil whexi illl St(iX'a_2C dtliilig exleiided plalil Oillages. l lllless lhc reacllir

sigiiil]cani slrcsgs are aclilig liii Ihe .sysleln [las'ic tinder- has a hislilry til I_liib," llillages, pillilig in iilll clinsidered a=,,a

Slalldiii_s _lii bubble sil.cs, lheir wcakeiliiig eflecls, and IJle priiii;iry ;igilig-rellile(l degradalillli nicchaliiSlil llir reaclllr

drivilig lllrces bchiiid hubble ililiveinelilS fire ii(it c_liiiplele, ilileriials.

lhe presence _il iinpurities such ;ix ph_spll(irus (l'j :uld ,,iii- 4.2 Fatigue
c_lltc (Si)increases lhc susceptibility {_I unirr:itlialed sl;till-

less steels Iii l( IS( '('. lhis M2ClllS I() suggest lh:li gr',iili Iii atltlilillli iii sialic l_ails, reactlir inlernais atm suhiccled Iii

hliindary mgrel4alic)ii cii iliipurilies cllilld be lhe rt.'.Sl_liisi- dyliaiiiic (iz liilie-tlel__,litlelil l()rces. A slrtlcltire will

hie iriechanisln Iclr IAS( '('. "l'hereltlre, hil_h-plirily .slaixiless illldClg(i Silliie l(irlli (ii vibralllry liilllil)liS atsa resp_)ll,_ I<l

_,icels, wiih hiwt'.r ilnpurily ccllilelilS, liiay Ix: less su.sccpli- d)'li_iiiiic i_)a_ls Vit_ralilms caii lead tc)crack inilialillll and
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sub._quent crack growth. Structural failuies caused by 4.3 Erosion
vibrati(ms arc classified as fatigue failures, l:atigue failures

are further clivide'd into two tylx'S: h}w- ;lllti high-cycle I-.rosit)n ix lhc removal ()f ni;ttr}als from a metal surf;ce

faligties. The detemlining l'acR)r ix the numl'_'r of vibralion whcen ii ix submcrgc, d iii a in()ving lluid mediunl. I "l'he pr()-

cycles that a c(mll'_mcnt exi_nenced bclore the develop- cress ix best illustrated by lhc sandblasting operation iii

mcnl of a crack. The counting prtwess begins with the which a gas stream laden with fine st)lid particles literally

on.,a.'t of vibratio,is alld is terminated with the iniiiati(m of ft giiiids away a metal Sill-face. i{e;icl()r co<)iing water is fit-

faiiguc c_lt'k iii the struci(lre. 'lllerc ix n<)! a precise divid- lcred, a|tld lilt', quantiiy <)l suspended solid parlicles iii lhc

ing line ._plu'ating low- and high-cycle fatigue lailurcs, flow stream ix kept at a very low level (<i ppm). l.,rosion

(;enerally six:;king, when a crack is initiated between I() -_ caused by tlic acti(}iis of stlspclitlt,,tl s(_litl p;ti_lcles ix ilOl
and 1()4 cycles, the failure ix c()nsidcred ;ts a Iow-cyclc expected 1o bca niaj(ir aging-related degradation nmcha-
fatigue failure. Iqaslic strain accunnllalions arc ass{)(.'llile(.l i}islit l()r ]'WR inlernais.

wilh low-cycle latigue failures, l ligh-cycle I,iligtJe failurc.s

:ire characleri/ed by large nulnt_'r.,, ()1 cycles ;lid cl;lslic

stresses. 'l'here are tlStially lillle _)r iii) plastic slraiill ;iccti- (';trot;lt}lm Calll ;.list} ca|iso t,,[i).',i()ii ()ii ;i liiClai surf:lee .stlb-

mulali(ms iii lt high-cycle l;tiiguc f;lilurc, nwrgted iii a liqliid l](_v+' .<,trtennl. in rcgiolls where lhc flow

speed is high, lhc It)cad static pressure may la}li beh)w Ihe

rapier pressure (}1 Ihe liquid, :uld ii f)h;tsc change lakes

l::iligile lailurcs ;irt eli\'ir()liliiClil tlcFu_'lltlelll. I llitlcrsl:illtlillg pl,tct, litibbles aiic I()rliiCd ;lid Call bcc(llllC attached Ii) the

oi Ille inlet:}clio}is I_i-'lwecn /:iliTuc ailid eNVll(lliliit'l_l_il lilt'- liiClal sllrfaicc C;iliMlig crosi(in pr(_bleliiS. "lherc is iii} phase

lt)rs sl}cii als c(irr()si()li is ii}li}led. Mt>xi li}Iii211}-' aliiil.,¢st_'s ;ire cli;tli_Je iii lliC prilli;iry re;icll)r ct)ill;}iii iii ii()rln;il I'WR
lt'rl(_rlni-'d wiilititil iilptil.,, /re)lh envirl)iiiilClilal c_lildili(lli.s. (ipcr;ili()lis, ;lid lhc l]_lw speed iii tilt,, t.'(irc regi_lii ix ll()l sul-

]qiliTile dcsil2n c'lll-\'t,,.,,, such a._ lilt)si.' providcd by lilt' ASMI-' licieni li) pre)di}ce cavillili()liS. ('avilali(lll-iiitluccd closi()li

I1({ t>I,,' (7"+_flf'.1() ;irt`` {Icvt.'l_qk'd l(ir dry _iir _'llc'ic' II}t! envi- is li(ll cxpccled t() bc ;iii ;i/2illg issue l()r i)WR iillCrlials.
ri_lilllelil;il c'(_ril)si()il c'llccls arc iii.,,il2nific:inl.

4.4 Mechanical _IVear
SI)IllC dVII;IIiliC h_:itls, Sll(.'h :l.s lll_)sc C;lllst.'tl l')v l!vtlr:iulic

II'_ilISiClII.', :illtl sciSilliC C×Cil:ilil)ilS, ;ire Ilclili-'d }ts pali-l.s lit Moth',ii}it;ii wteair in Ilic hiss ol lil:ilCli;il ;is ii rcsllll ()1 relai-

lhc tlc',iTil Ioa(lilil2s ll)r lhe rc;icl_)r svMt'lll ,_llcsst's, slr',illiS, Ii',(,' lilt)lit)ii:, Ix.'lw'¢eil Iwl_ el)Ill;icl Stllf',lccs. "l'hc pri-'sciice ()1
;}lid lhc d(inlill;ilil lrcqilelicics ;lsstt'i:ilcd w iii} lhc' slrtlclur;il ',i c{)rrt)sivc ilictliiilll lii'<iv ;lct_'clcrlilc Ilie ill;lltrli;ll I(i.ss r_ilc.

lt:slXlilSc' Iii Ihesc evClilS t'iill bc calculailctl, and II}cir c()ll- .Nlt)>,l ilit'clialiic_il _vc':ir prt_t_l¢lil.s iii It.qlCl()r ililCrli;ils are
IribilliOlls arc added Ii) lhc lalit21ic lilt c,slilii;ili(_li ll)r lilt' \ibl',ili()li..iildticc'tl.

;illcclcd t'()lli[_ )liCllls.

Mcc'[i;lliic';il _ c';il c';lll ;ilxll ,.lcvchq_ ill CilllipllllC_ll.s thai ;irt'

lhc prilll:iry Gitl_C ()i laliTilc' I;iiliilc!_ iii ic'iic'l_li ililCrll_lls is lic'l_l lixc'd ilii!!'<,ll_ I']x:iiliph_',, :iica v_'t_':ilSi_l_scl\'cd iii

lll>w -ili_hlcc'_l _ibr_ili_)li_ [li_' ,iilil_lil:itlc _1 ilw \ itlr',illt_ii_ ix li;}ilL'Cs ii}ii! b_liccl i_)iiil._, tqc'hl_itl_, ;ilo :lpplictl il_ Ilic'_c

tlClcTllllllc'(l b_ lilt' ;iliillilill (_1 (I;iliit_iliL' iii tlic _',_lc'lll _i_ pa}II, Itt[)lc',,c'iil _li[_pii!.,t' I_c'l_t't'li _itll_ic'clil c_)ltl;ic'l _,ilr-

wt, li ;i_ llic tll>,c'lic',, <, t_t'l_._,t.c'li tilt ",lilit Iii}ali li;illll:il Ilo'. l;k c.... \,'it,ll}iii)li-, iill_l clct'l_ t';ili Ic'tliic'C Ilic I(lltt *_,li_ltllll_!

till( Iic _, ;ilitl lilt' tltlilllll;ilil t'\<Iliillt,II Ilc'ttllv'lit ", \\li,'ll Iii, _. llit,c l_,ill- tcl_','ll_<.'l _il,,i ,lilq_;iL'c' c;lll (_ccill. [lic lt'stllli!t_2
llt'qll_'liclc'-.;iic _v'li xc'l_;li;il_'_'_, lilt" ;llii[_i_lil_lt,.,l Iti_ ',lt>_;t Ic:l.lii'.c'lii(,ll_li., <,il_c '._i,.. liic'cliiiliic;il _t':ll

!i_lll,. 1-. \Ill.iii I iii;'{ .llliI_ill_l,lc' I:.'-t_li,ifll \ Itll;lllt_ti, lll.i',

cic'_tl,_ !' \_.!ic'll lilt' Ill[}lll t'_;t il,lil_,ll tit'ttlit'llc ', I <,t ii, I%< Iii {I::'

i,ill_t;illi: Ill,li li,Hill;ii II. ,lilt'lit , _,I Itic ,,li}lt }lilt ' I I,i_iii,lli'.' \1 , l, _li! .,; ,',t;il t.ili I_, Iliiliitlii,.'c,,I t_', li;lltlt'liiii!_ ltic' c,;l_

,.,li, l_',II!_ '. lll_ ,tfii[_ii!il, lc ,_! .'i,. i '. li_t,tll,_ll'-. ]!lc iv ..c'i<+l_ 'lc= .}ill:!,. c_! I,, i!J_ ti'.,t ..,! .;_;.'t I,i! ',',c'lil i_:lt!,, i)c:,t.*_llt

_ii:.ll! t_i l,itt', ,iilii,il_ll, lc ! '-. ql. ifii L t!_l,ill,+ll- !li ;i lc'.} !_1 (l:'!il lit!i;' .,! f_,_i(.. I[_ !),,il, _! i,>irt_-:;ii! lilt '.r f' flit', }l;illlt .i,

t ;>ll,l_',!lit.'l'.! _cl{l <ltll< I.,l\ i,;i,! t<, ; !<_'.'. c',vl. I lll:'!l, i,tllllr .<,c/ii ,.it;,'.,'. I", "i',j_i'.l.'t
\\ii' ii tilt • ;}lt' 'i_'Ic'c I,'<! _tilllli;.' I';i: t.'.il l_l",4_c'l;ilitqi;i! IC-

tliL'" t '11;" ll'_c :ic!!_qi', _,ctll !_c"'_',tii'i'.'tlit lilt'_l !<, c"_lllililiilt'

.._l,!, i.l_: .,ll_l,lil_,i<' _t,l.,i,,,ll- i!,<.I_'i,,,<',l_,.ll_,__'_,i;' 4.5 l';ilit_i'illit'illelll
{I,,t' ",lilt'til ',Iii<l, lilt't} c\v I_' !.ill:_'lic' l:ill_.ti:'_ c;iti-c',.l l,',

,l:i,lll <ill}pl}Ill, lC' _.ll_l.ilic_ii- i, Iii, lli_lt' iilit_t_l,ilil :ili_l i: lc' I liit_l lilly'lilt'Ill i, lilt' t_-,, _,1',lli,.lilil', ;ili_l lliltltilc' It'}}'.,Ii

\:1111;i_211i_2rcl,ll_'<l ,Icl..'l;i(!illl_li ii!,c ti.ilil,lll lic'-.x iii ai ili,i(tll,il II i,., ti,il;lll_ ;ict t)lllll;ililt'tl t__ illclC',l.,_t",
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in the materi_d yield and ultinmte strengths. l+hc pr{_.'ess tubes, and possibly the core suplx_r! plates ;tre imernal
can I.raiisfonn a normally ductile material to one thal is components that can experience net|Iron fluence levels

susceptible to brittle fractures. Prolonged exlu_sures to fast close to the maximum valtle, 12 tllltl they are vulnerable to
neulron fluxes and therm_daging can cause embrittlement radiation embrittlement effects.

in reaclor comlxments lnatlc of stainless steels. 1

4.5.2 Thermal Embrittlement
4.5.1 Radiation Embrittlement

...._,

Thermal embrittlement is an aging-related degradation

ITfects of radiation embrittlement are contr_slled by ,_vcral mechanism for reactor components made of cast austenitic

parameters; the more imlx+rtant ones are neutron I]uence, stainless steels 14 (('ASS). (,ASS is a two-phase alltsy ccm-
im_tliatJ_m temperature, and material COmlx_sitions. The sisting o1 atustcnite and lerrite. "l'he austenite is ductile, and

experimental data base is obtained from testings using its ductility is not tdf coted by thermal exposure. 'lqm ferrite

surveillance sl_ecimens from commercfid power reactors can become embrittled by thermal eXlX}sures, and its con-

and other test reactor experiments. Reductions in uniform tent is the controlling Iactt_r I_sr thermal aging effects in
elongations arc used a._ indications of the decrease in tluc- (?ASS. Witch tile l_,rFite c_n_tent is <2()_, lhc thenn:ll

tility in the materi_d altor exposure to lttsl ncutrtm fluxes, embrittlement tfr('ASS ctmlptments is low.
('hanges in lracture toughness can bc de<.hJced Innn results

_I ('harpy V-n¢Jlch impact testings as well as other tylx.'s _I

fracttlrc-totighncss testings. When the lerritc ctmtcnl in >25"+, ('ASS co|||ponerlls c,tn

become embritlled witch they are aged in the PWR operat-

ing temperature range oI 2g() to 1t2()_'(" (51_5 t_sbi()°l:).

At a teml_..'rature _l-_ l&'(" (6()<VI:), testing results 11 with "l'hermal-aging, eflects under these ccmditi{ms can lead I_ ;l
type 3(k-1 .'+lainless steel indicate thai the effects tsl radiation b|ittle cleavage fracttlre oi lhc ferrite, l:ailurcs can also

e|nbrittleme|+t arc I+cc_m+ing noticeable at a ItCtlll'(lll fluence lake the Ic>nn _1 a separaticm _>1the le||ile/atisl¢ililc phase

level of -S × I() 20 i.teul,t_ms/cm 2. lhc estimated neutron t+_mndary, which pr_>vid¢s a convicnt crack prc_pag;lti_)n
licence lc+r reacttsr internals is determined by lhc distance path. in either case, the [racture It+uuhness t)l the |n:tterial

_>Ilhc c_)ntp<menl ln_m the core. In 40 years t_l p{+w'er in reduced, and ('ASS c_>t_l'umenl.,, are susceptible It> brittle
operations, for Ihosc COlllpoitClllS I{+calcd in close pl'OXill/- lracttlrcs.

ii)' t_ the core, lhc expected maximum n¢ulrem llucnee 1_ is

1 x 1022 neut_-ons/cm 2. Such reacltsr inlcnlal ct)m[_mct_ls

are susceptible to the cfiects tsl radiation enltuitll¢mc_t. 4.6 Creep and Stress Relaxation

('reep and srics,, rel;tx_tlflm I _'an eatJsc ;t _ );kl-|u..';trinle

At s_cified lleUlroxl l]uellce levels and using amlcalcd type structure lt) h)sc ii.,,st|tJCttlral ii_te_rit.,,, when ii is cx[x+sud

.'a,{)4stainless steel, cxpcrime[_tal results 17+shin,red thai tile It_ l|igh tcn_pcratu[c.s l_u ,u_ extended l×:ritsd t)t time l{xpt++

lll;ilcria] hardCllS ;llt(l there is a ct>neslxmdin _ d¢crcanc in suru.s h+ I;e,l IICtllfllll Ilux_'s Cal_ h)v,,'cr tile lellllK,r;lltlru Iii

ductility, ;ts i|ldic;tted b,, a rudueli_m iii tmil_nn chmgali_ which creep :l_+l '<l_c:,s r¢l:t\;_ti_ll cam b¢c{)lll¢ ,,ig_ilk",t_ll

']']tC CXpCFiIII¢IItS were COlldlR_'lcd _.l| lUlllpcratt|rex r;l[l_ill+._ d_.:l{_llll;lli(+ll IIICCh;llli",lllS,

Irtm_ rtumt tempcratt,r¢ t_ -7(+():+( ' i ld-lR)'l:) a_d al ItCtll.l(+ql

fltlcllCC levels (l'_ "> l MeV) tll) It+6 * li) 21 |letJlJ(_lt>,/Cln 2

Al 200"(' _57{Y+1:) tilt.' uni_T;tdi;ttctl tlllil_._llll t'l_)ll_lti_ll I_;ts ('_cep is ll_c pltL_!ic-,,t_ c _lcl_>._!_ti_tl_ t_l at ',truclu_e tlI_l_+'_;t

;! \';lille (If--._,g:_. "l'hc tlllil()llll CIt+II_E,IIR,II ;li ;1 Ilt+tltlt+ll fill. k.'t)ll',,l;ll|t IlllClll;t! slD",,>.. _ll{.".,,- +Cl;+'4;ltlC)ll i_, [lit' I+CtJtit_'litlll <.+1

CIR.'L' level (}1 ] S ), l() 2() IlCIl[l<lll'-,/k'lll 2 I.'-, -+22q ;li lte: ',,t,ttc Illlt.TIIgll .,,IICs*C', III ii S,lltlvltJlt "_.llll it t.+t_llSlllllt d¢l(li'lllglll',+ll

ICIlIIX'F;IIlII'C. Al "-[ q * 1()21 IICIIIr',,_!I',]CIII "!, tile tllliJ(_llll ('l-'_:!+ ;11_1 ',,ll_,"-,'-Ict;I',,;III, q; ;1I- _.._tl,,_'d tr,, tilt. s,;IIIIC lllct.la;i-

¢l_m._at_m dr_plx:d t_ --I) S_ Ihu _h.',T¢,ls_.'.,CClllC,l h_ it_',ii1, tu_l tJ_uv_.itllt'! t!: tl_.' _.,_l_,.ti;tllll', i_lU,,,c_l t_n thf

lu,.'cl ++IIat hi._lR'i Ii¢lllltllt tlt_¢i_c,,' i¢,.'ul,. :\'-,Sttlllil_9 tll_.,_.' s;Itlvltlltl ('ltt'lF, ,.;_ll k"t,_ t • t,t _'.it_.I_;_UllllC_,il! ",,lfllUIIll;tl

lC',tl]t_, itl-t' l¢pi-Cnelll;llivC va]tiCs I_r _!i4 ',t;_l,.',,>, .,It't'i... II ut_lllt_(_llCllt,, t]lili v;llt t,ll,.l:'_.,..',,_ldl:_:lllilll,._ll,, _llc._s l].'ldx,t.-

C;lll t__'',[_'_.llJ;llCd III;ll wIl¢ll I]lc cx["_'ctcd llCHIl(_ll l]tlUtkc {1_._11I., ;t t_._llt','lll I,_1-c__11-.ll;llllCd',ii tlUllll-C',.,'.,tl.vh;is t'_dk.'d
level d<_'s I1()1cxc¢¢d ] 5 :" 1()2<_IlCtltl(tll_,/ttll 2, lU;lu'l(_l 1'._11tI.'.+._.llt'lC (Ici,_llll;ttl,_li., ;lt_. il_'k! Iix_.'<! lieu t.lccruasc t_

IIII¢III;I]?',',llt+tlltl lCt,_lill StlllK:i¢lll _hlclililv tJt;_t blitlJu' If:it. _',lJu>.,4.,sIii ;t l"+_It__'_i]+,>llltt.';tll v';Itl",t. III,<.' It+illl It+ l{+s,,+'It._,llll-

Itlrt.' <,:alll+'u.' prevct+tcd. Wl_en the llCtltlt+ll llt_clkv lu,.ul I_+_ t_;_i ti#!l_tt+_'.,.'-,,;llltl [c;_k+l_,,+_';_ib,i ,l_M+;_,,.,,uiii;i\' t_t'tll-, lhc

,1111il+Icrnal t'(+lllp('ffl¢lll appr_Y,ichc_, the ill_l.Xillltllll v;lluc t_I (lC",'¢](+[)llP..'llt _>Ittt..'t.:l+;tl,_ ,,lees,-, r,.'];tx;tti_>l+1', inllu¢l_CCd t+',

I < I() 22 neut[<ms/cm 2, lhc +.lccrc;t.,,e i_ ductilit\' w_>uM tl_c _l+',cr;ttill,e IClll[K.'l';lttllt" ;tlld Iletlllt)ll []tlCIR'I2 level

Illak¢ a C<Sllil_llelll susceptible !{_brittle Ir,11cttirc'_(r¢,1|.,,_ll-

able c{m_hinati{m of critical fracture toughness, stress, and

llaw size)The core baMe, in-core in._trumentation _,uidc-
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Aging Related

c"rccp and stress r¢l<txatum ;ire c_msu!crcd _e, ._iglli[iC_tll[ material. 'l'hc c_mibixm[ion _ll oevice condition,_ and high
slriicltiral dt'litrll/ali_lll iticch:iili._lllS W|lCil lhc <lpcralilig t_lll tensile stresses indicates thai I_WR inlernals with

h.'llilx'ralurc' i,', higher lilaii l_llt (li lhc ,"cliing-[_linl lc'in- tx/llcd jmnis aild other tight-lit COlilit.'cliollS are probable

pcraliir¢ _ll lhc lnalcrlal l}ic iiit:llinId p_ixil._ l_lr iiusl¢llilic l{l_'alillliS for the dcv¢l_iplnelil iii Si'('.

slaillit'ss *icc'l_ arc -Id27_'( ' (2fTl_i<'t:) "lhc li{irlilal lllx:ral-
ing Icilipcraltlrc raligC for t'WR ililCriials is bclwCCli 2g()

and !2tl (' _S IS alid f_! {I !:;_. aiid ii is ililit'b l-K'lllw 714<"(" 'l'h¢ iocalioli oI ali illlernal COliii_lli¢lil Call have s{line

t l tI_t !:_. \vtiich is half lhc in¢llilig-p_inl Icliilt'ralurc ltir inl]u¢lice i,i lhc tlcvclopmelil {if a dllnlillaiil agilig-relaled

,,laiililt.'_ steels 111¢ creep alial,,'sis I¢llil_'raltir¢ iiinii for d¢gradaliOli lliet'hailisln. A lnaior slressor lhr reaclor inlcr-

ai_Mcliilic _l:iilllt!_,_, _t¢cis. ats spccil]¢d Iii the ,,I,TM/: itri/iV lla|s is llow-generaled ex¢ilaliorc, which may lake lh0

"_,d_, _,, 42 ,7 {" _4(l_t I: i ('tct p allalvscs :ir¢ liOi reqtiirctl [(iNn iii piiliip-geliCraled pressure ptil,_ali{iliS, voric× shed-

l_r rc,icl{_l c_iliptli¢lils or_,ralilil2 al lllc lilirllia] i_/VI_ {ipcr- tlillg:_, alld high-illlCllsily lurbuleill l]{iws, l_uinp-gelleralcd

alilil2 It'iiipcl, iliirt: \Vhcll lhc liC!lilrlll111i1¢1ic¢ level is low. piessurc rtul,_aliOliS are al ihc'ir slrllllgesl level iii regions

ltit!riliiili_ ili_htct'tl t'rl.'t!p iiilcl sllcs,, lclaxalil/li arc li{_l C_lli- al-Otllid inlcl littl.zlcs. Rcaclor illlCrilals l_._Calcd iii tlles¢

_i_lci-t'_l ;is llial_it _iTi_i7-rc'lalctt tlc,12i : "ilil_li lricchaliiSlli_, l_r rt.'gi_.liis, siich _lScore supp{/rl shields, lhcrlnal shields, sur-

tl_0t,R llilc:lll:i!s v¢illazlC¢ sfK.'cillleli holder iilk's, alld c()rt' barrt'b;, arc stls-

ccpliblc I_)l]ow-IlldUcc'd prcssiire pulse ¢×cilalions As tile
c'(_._l:ilil lll_w Iravt.'ls decl_L 'r ililo rite core regioli, lluid

I_ pile ,.tlk-i tliit,liliil it,_tltlx ,ii -_,_; (_ s_tl I.l ilidic:llc, tl daniping :llld l ricli_xl losses reduce lhc inlcnsily _)f lhc

lliiil _ll-c'_< rcl:itaill_li Call _ctli iii b_lts ili:itlc _ll lYlr×' I{_4 pr¢._._ilic pulsali{)liS, alid lhcy wl;llid b¢cllln¢ li'sN i_t a lacl(ir

<-{<illilc'x, \lt't t, i iii ii lic, llll()li lliil':lcc I¢_t'l ft] > I Mt'Vi iii iii ¢×c'ili11_2 ilil¢rila] COlllplill¢lll.k.

-. t_ • 1(! ! `_ lit'iilrl,llx, t-lll 2 AI lilt It'lllpCr:llillC ;:lli_t.' Irlllli (_{i

{{_ 4 If_( i {4i_lt_ (l{_'l t ! xll_'lllf]<7;llil _,ll-t", _,I ClilX,llltlll tias

'-K't'li ';h',Cl '_c_tl Iii t} pc li )'4 sl_tlliit'_s slt:t'l_ '<tl lit'llll{ill l]li- 17tc'ac'ltir ililCrli:ii._ lilt,ileal chlsc 1(_ Itltk'-b:iiik-likc sirilclures.

,2Ii<t' lc\ c'i, ;,'_• i(i _(_lit!illlllll',/clli 2 lhc t'\pcc'It'tl lilt'Illite xticii :i.s ill-Cc_xC illSllUIIl¢llhllilll112UitIC ItlbCS _llld .,,hr{lutls,

_it'lllli_l! l lilc'li_ t' lt.\t I.. _ ,i lt',it ltli Iiilc.'lfi;il_ t_Kiilt'tl lit:ii lhc '<irt.' susccpliblc I[i lii¢ cflccls _lt c-ll)ss,-l]tiw _:'.¢llt'l'_ilCd vi)ric'ac

;i>it < ;ii| c \cvc_i Itii_ ,. ailiic lhc ct,rc l,,llfic. Ilt-c(_it' lli_,llll- _l_cchililT_ I:h_v-i_ldutctl \'ibralillli is :i ill;ii(lr sll12._Mii l_)r

ilil..lll;ilii ,ii ,2,tli_lt' !tit-_t',. ;illtJ oi)lt' _ill)l)_lrl i)l;_Ic'> ;llC _li,cc'p- lilt'St' Cillllpl)llC'lll.k.
!ibic t , 11_c;t;llli9 c'llc_clx _,1 lrl;i_li,ili_ii-a_,l,,lcd mlCt D :ilid

xlfc_ _-,!t'lli\,ilit_l/

llic cllc'cls _1 I ai.',l lic'llll-illl lliixcs arc iliilsl prllli{mnccd iii

l t'_2iilli_, iirlliilltl lhc c'(irc. I{(.'_ii.'ll)! inlCrlilils Siltli a.,, c'{_[c' bal-

-1,7 I>%%RI llterllals and lq)tenliai Iii:, c{/rc' barrel, lhcrlil:il sliichl, stlrv¢ill:iilc¢ _pccilllt!!l

\ IZlil_-I)elzra{l:iliOll _1 t't'h,'ini._lllS l_<_ldt:r tubes, ciirt, supl, lri plalcs, aiid iii-c_lrc iiislrun-lcnta-

lii_ll _2iiitlc" Iutt'.s :iri.' susc'cpliblt' l(i irratliali_m-_L,,sislc'd ,Ni '("

.\ i...;it '_,t li!t, ill;ii c'_Jlll[_qltlil 1, t ,;p_),.t cl !_, lllilll', ",llt"_'.ttl\. ;llltl r:ltliallittll-illtltlCC'tl ¢lllblilllClllc'lli.

iili, l i'_ . -tll"tc'clc_tl(,l!ic't_llc'_t'<,l Ili_lt' ltlail_c_lit';l_Ttli}2
!'.'t.ilc+,! cit "_;;i:l,l!i_ ,11 lllt'cll;lll_',lli :_2tlI_£ l-cI;l!c<! tJt'c21{liliillt,li

. _'.llll2-1L'l_llt'tl t',llitllt, llllt)llllali()ll [()1 1'\_'14 illlt.'l-filet li,i[il-ll, c!c'v,'l_ p il ".lill,';cltl l_llt'\ iii tllli,.l t list'-.. ;! i<c'pt)rLc'_l ',i
_h.il,tl_,li,i ,lt'wl;l_l_illi ,lt lllt'_ li,tlll',lli t'tllt.'l '2t'_ ,lll,l ',_,,ist,l ii;ii, I_ llCCtit, tl I(_ ;i>>t'ss lilt'. IC;I;IIIVC illlpt)ll_lllt't' til lilt' till

c',c i_ii,_il', <_ti,c > ;_ l;iiltilt> it$ (tit' :ii It'c lc',t c_dlil*.,llc'Iil !c'Ic'iil ;iQiii_,-rt'liilctl dc'.¢l:itl:lli{)ll llit'Cli_illiMlis ;is',i_Tl:ilt'{l

\c !ii.ii , .!t'i;dill:? _ _ll_li!l_ii_ ili,i_ lli',t_! lilt' <lt'_ c'l_l_liiclil _,I _ilJi lilt' III;lily sllt.',,silrs Ih;tl lllliV cxisf illSldt' ;i lt.'at'llll

vcfl+iili ,!.,_till" lt'iiilt'ti ,l,/_,l;i_Lili_li lilt'_ tliilll\lll<..\, _ii_ plc'_lllc' vc'x_cl

-,_ill!f,ic il i. v_,.'ll tilltltiq_k_l tti_il lllipillll-, t_lllc'til_ _111_1

!c'li\l!c .,lit _t',. ll,l\t' _t ,,iii,tit? ilii!i_, ::., iii lilt' ilt'\t'lt_pilit'ill

_,i N/ _ il_ ,l;illilc',v _tL't'l c<,litp_lit'ill, til i'\VR _-,l_c'l;ilili_,? lqlllial., ,,Irc'>,_4_ix illitl :i,,,,(>ti;ilt.'tl '0igili_,.-rc'l:ilctl (lt_'_l:ltl_ilii/ii

ci;ii+lltl_ql, , it", lt t',, <ilo I_cc'_lc_l 1,, tl,li'_ ll_,,:t_ illiplllll', llic'vliii!ll,,lli_ lt)l I'\vR illlt'lll;ll_ :iii' Mlllllll{tll/t'd 11t

ktlli_t'llllLlil,+l_" l'Itl,,,l<l, Iii t_'ii, t,ill l_l'_lii, c' !lilt'ill;li l_llqt! 4 I
Iv'li,lit ,l!C,xt;_ Ihill ;Ht'i. It_',C' (i' Iht' ', lc'ld _(lt,, ,,I itic' l_ii
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Table 4.1 PWR internals primary stressors and aging-related degradation mechanisnt_

Stressor Source Aging-related degradation
mechanisn_

()scillatory hydrodynamic forces Reactor c__lant flow Fatigue and mechanical wear
(dynamic stresses)

lhcloads iii IX)Its (static stresses) l:xtern_d applied loads Contributing factor to SCC a
(torquing during installation)

Rcsidu_d stresses (static strcs.,ms) Welding ('ontributing factor to SCC

Thermal suez, cs (static m_ddymunic) Reactor ccx_lant mid g_unma heating Fatigue, contributing factor to SCC

Dissolved oxygen mid other impurities Reactor cc_)lant Contributing factor Io SC(_

l,¢_.'_dconcentration of corrodcnts ('rcvice condition in reactor c¢_lant Contributing factor to S('.(!
flow

('hromium depletion in grain Welding Enhmicc lx_tcntiai fi_rS('C
_mndaries (sensitization)

l ligh operating temperature Reactor c(_lanl "llmnmd embrittlement in CASS
l- 316°C (6(X)°I:)1 COmlxments

EXlX)sure to fast neutron fluxes Nuclear reaction in the core lrradiation-;t,_sisted S(-?C,'rod
embrittlement, irradiation-enhanced

creep m_d stress relaxation b

aS(,(, ix n_s! likely Io ¢_:cur a.,_a resull _1 high tcnsdc stresses, local ct_ncenlrallon of corr_ulents (t:rev|ces), aral a su.'_ceplible material.

hhradlalion effecls can make creep and stress relaxalum major degradation mechanism._ al reactor ofmralmg temperature 1316"C ((,O0"F)].
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5 Survey of Aging-Related Failures

Reactor internals are subjected to stressors that can activate proper lighting. Internals that remain in ti._epressure vessel
many potential aging-related degradation mechanisms, arc also inspected by remote television cameras. Note that

Aging-related coml'_mcnt failure information is needed to the ISI plan only cldls for tile inspection of accessible areas

properly identify the more imlxsrUlnt aging-related dcgra- of the intermds, l)ctails of the inspecting procedures can bc

dation mechanisms. The idcntificatiem of major aging- found in Sect. XI of the ASME B&PV Cdc_&.
related degradation mechanisms may provide infomnation

thai can be used to fonnulatc strategies for controlling and

managing aging effects. When a failure is detected, infonnation concerning the

failure such as its location and suspected causes is
rccordcd. The information is sent to NRC for inclusion in

The reactor comlxmcnt failure information is compiled the l.iccnscc l,Nent Relxsrt (I.I:.R). "l]ac IJ:.R may also con-

from results of the plant in-service inspection (ISI) pro- lain inl_rmation on corrcctivc actions t;.tkcn to repair the
grams. The progrmn specifies requirements mtd prt_zedures fidlure or d_unages, l:or these re_e,;ons, I,ERs m-e considered

for inspecting reactor systems or comp,.ments t_ ensure its reliable sources lcsr reactor systems or components fail-

safe pltmt operations. "lhc requirements and procedures ure inlc_rmati_m.
may include orders, rules, criteria, lind guidelines estab-

lished by regulatory or licensing agencies _ts well a,',, indus-

tr3,'sumdards deveMped by technic_d orgmlizations. ISI 5.2 Failure Information Summary
progr_uns for [ T.S. commerci:d nuclear IX_wcr plmlts iu-c

established under the rules _md regulations _1 Sect. XI ¢_1 'llm majority oi PWRs in the 1lniled States started com-
the ASMI:" B(nh, r and Pre.v.vure Vessel (B&PV) Code. IThe xnercild _pcrati_ms in tile 107()s, _u_d since thai time there

inspection {51some reactor internals ix included as a p:ut oI were many rep_rted aging-related failures {_I reactor inter-
the plant ISI program, iials. N'h_st _1 lhc relxsrletl lailures can be allributed tc} three

aging-related degradation mechanisms: ( 1) fatigue,
(2) S('(' and (_q) mechanical wear,

5.1 ISI Program for Reactor Internals

"llm plalll ISI progr_un requires visu;d inspccti_ms l¢_r atc- Mt}st of tile rel_wled aging-related lailure cases inv_flved

cessiblc _ueas {_l reactc_r intenutls A complete inspection d(mlestic PWRs. Many overseas I'WRs {fl the

cycle is 10 years, and selected intern:d cemlp_ments are iii- Westingh{mse design have experienced aging-rclaled lail-
spectcd at reluelmg outages, ures stroll;u- t{_Ih_se _I lhc domcslic unils. I h_we\'er, lhc

_mly ¢>verseas c:t.sc tliscusscd in details in this rep{}rl is lhc
Sectiem Xi c_l the ASMI: II&t.'V Code spccilies three S('(' failures m core b, tlllc bcflts detected in strum ( ;ennan

clas.v,.'s _l visu:d inspections: V'l 1, VT-2, :uttl V'l-3 A and Swiss I_WRs. This failure ca.se ix included because _1

\,'T-1 visual ex_unmati_m ix conducted t_ delermit_e the i_s salctv sigt_il-_c:mce.

conditi_m of the p;trl, com_mcnl, or surface cxaminctl, i_-

cluding such c{mditi_ms ;ts cracks, wear, c¢_rr¢_si_m, ernest{m, 'l'ht: l¢flh_wing i.s ;t hncl SUllUH;lrv {_I lhc rcp_rlcd failure

¢)r physic,d d:unagc on lhc surlace ()1 the part _)r C()lllp()- ClISCSI¢)r each t)l the three n_al()r aging-related degrad_lli()ll
nenl. "lira cx:uninati_m ca_ be' pcrfl_rmcd either dircclly ¢_r mct.'h;tllisHls.

rem_tcly. A V'I-2 exalnillati_m is used lt_ detect lcakagt.'
lr{_ln pressure-retaining colnp{}lleillS. M_xl react_r i|ll¢ll_als

_m: not presstn-e-retaining cemqxmcnts, and VT-2 inspcc- 5.2.1 Fatigue
tions are ._ldom used _m inlernals. A VT-3 ex:tminati_t_ is

coHducted to determine fl_e gcnentl meclutnicad :rod strut'- M¢_st fatigue lailures in I_WR internals are caused by' Ill,w-

rural conditions of c{mtlXmCntS _u_tl their supports, stlch ;ts induced vibr,_ti_ms (l:lVs) lml_rl,tHl cxcih_tiem s_>urccs

vcrilicati{m {5I clcarlmces, scltings, physical dlsplat:entet_ls, _clutlc pu_np-gcner, tlcd prcf, sure pulsali_ms, cr{_ss-lh_v_

hx_sc or missing parts, debris, c¢_rrosion, v,'c;tr, cr_si_H, _r v(_rlcx sheddil_gs, alld highly turbulent flows. l'hcre ix tlStJ-

the loss oi integrity at l-v,flted :sr welded cotmecti_ms. VT-3 :til,,' ;t d:}llli|t;ttll lrequcncy ass:_.:iated with lJlese dislur-

inspections can Ix.' pcrl:_rmed either directly ¢_rrc_:_lcl,,' b:u_ccs, l.,trgc-,unplitude vibrati:ms can dcvch_p when the
structural H;_lur;tl IreqtIeHcy nlalches {_He_I these excilati{_n

l)uring a refueling emtagc, semle ititernal c{_ll_l_{_lc_ts arc lrcquencies. "l'hc Ct_Hip_}lt¢lt!will be' subjected It, sm_dl-

removed from the Drcssurc vessel and st{_retl in ,t p{ufl amplitude vibrati_ns when the [requencics are well ,¢epa-
VT-3 ex_uninations arc perlonned _ the ;.tccessiblc :ucas rated.

of the._ c(_llixsHeHl.s by remote [elevisit_n c,ul_ents u_tler
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lugs caused a through-the-wall crack in the core barrel. No
5.2.1.1 WE Thermal Shield d_mmgc to the rcactor vessel was observed.

The failure of thermal shields in older WE PWRs have

been attributed to FIV. 2 Thcnmd shields arc h)catcd near The d:mmged thermal shields were removed. Aw,dysis in-
inlel nozzles and are subjected to pump-generated pressure dicated that removal of the thermal shield did not lead to
pulsations. Most (71these failed thenn_d shields were of the any significant changes in the core thermal-hydraulic ()per-
segmented-shell design with shell segments (usually three) ating ctmdititms. The remt)v_d of the thermal shields is not
keyed to support lugs at the bi)from of the reactor vessel, expected to have any undesirable effect on the reactors dur-
The top end was either free or was equipped with radi_d ing their remaining design life.
spacer pins. The supix>rt condition can bc characterized as
a cantilevered support with limited displacements at the 5.2.1.3 CE Itold-l)own Ring
frec end. The shell segments were fastened together by
vertic,'d pins at the intersections. C(x)lmlt flow-induced ox- l)uring inspection of a maintenance (>utagc, excessive mc-
citations caused the a,,+scmbled shield to vibrate in a shell chanic:d v,,e_hrwas (>bscrved in the ht)ld-dt)wn ring of a Cl'_
mode. i)uring vibrations, some of the shell segments came unit. 2 Failure was attributed to FlY caused by insufficient
into contact with the core barrel. In these ¢)ldcr rcactt)rs, the ht)id.-d()wn spring lorce. "lqmhold-down ring was replaced.
core barrels wcrc bolted together, and the repeated impact 'lllc new ring was fabricated with type 403 stainless steel
ioadings caused failures in the ct)rc barrel support bolts, instead (If type 3()4, which was used to make the old hold-
"l+hcimpat: i()adings _ds()d_unaged the thcrlrud shield, down ring. Additional ht)ld-dowu spring force was applied

during the installation of the new hold-down ring. The in-
terned hohl-dt)wn spring force w:t,+also incre_tsed for other

()no of the reported failure cases involved :i otlc-picct' ('1"_reactors. There wcrc no other rclx)rted hold-down ring
cylindrical thcnn_d shield and occurred during lhc rcactt)r problems.
functioned hot testing. "llae shield was cl:unpcd to the core
barrel at the bottom. The top ,,vatsfree except tor tile pres- 5.2.1.4 WE Ballle Plate Water-Jetting
cncc of radi;d limiter pins. which fit into a keyway in tlm
core barrel. The pins wcrc shrunk-fit tnt() the thcrlnal l:ucl r()d d:unagc caused by baflle plate water-jetting has
shield and l(v,.:kwelded in piace by light lillcl welds. I:IV bccn rep()rlcd in a nulnbcr (If W}'_rcaclt)rs. 2,_ The ct)re
caused the pins to ct)slC into contact with lhc sitlcs of the b;dllc outlines lhc boumktry til the core. A bypass flow is
keyway in the ct)rc hmxcl, and repealed iml'):tcls CVClltu,tlly established in the region I-)clwecn the core bafllc and lhc
led tc)the cracking of the fillet wchls that locked the pins t() ct)rc barrel, and it is used to provide more cffeclivc ctx)ling
the thermal shield. After the lailurc was detected, the dcci- lt) the core barrel. In some of the (fltler Wl-,"reactors, the

si(in wa,s made It) rcphlce lhc pin-keyway systcln by' a bypass Ih)w is introduced into the region between the corc
flexure support syslem, t)_dfle _md the ct)rc barrel by holes located in lhc upper core

barrel. The bypass llow moves in a d()wnward direction
through holes in the h()rizontal former plates, and it is

l+herc v,,:tsals() OltCrcp()rtctl case oi lailurc inv(dvil_g a turned around at the boils)liTof the core barrel and then
fmc-piece cylindrical thermal shield wilh a flexure supp()it mcrgcd with lhc m:dn flow going through the core. When
svStCln The I¢)p-m¢)utlted flexure stipp(irt s+vstcmlailcd, lhc b),p;Lss ll()w is in a tl()wilward direction, as illustrated in
lhc cause was atlributcd lt) high-cycle l,lliguc U'_ltJsctJby }"ig, 5.1. the bypass flow f)rcssurc is higher tllan thal tri lhc
sm:dl-a.mplitudc ].IV ()1 lhc Ihcrl))al sl)ield, ilutin c_)()l:)lltflow in lhc ct)re. A pressure diflercntial is es-

tablished bclwcen lhc bypa,ss l]()w and the ct)rc and il will
push lhc cot)l;ult int¢) the core ii gaps exist between the

l'herc arc n()rclx)rt(ed l;tiluies it_thcrln;d shichls using the \'crtical balllc plates. "llm jctlike leakage flow ,,,,,iiiimpinge
)lciJlr()n-shicld pad dcsigl_. ()II lucl r()ds in the vicimty ()1 the gaps mid set the rims i,tto

whirling m()ti¢)i_sat_ttlvibrations. ]¢xccssive fuel r{xl m()-
5.2.1.2 CI,_Thermal Shield Ii(IllSwill CVCl)lu_dlylc;td I()claddi_lg tlcgradati()ns _ultl

latilurcs.
('lt thcmud shicltls ;tlC l()t.'alcd II(e:lr ll_lct II()//ICS \VllClC cl-

loots ()1pulnp-gcncraled l'_rc.ssulc puls:tli¢)_s ;rrc ,,t_()ng
Iw¢) ('1- units equipped _,_,iththcrlnad shields tcp()ltt:d 'l_,v_)lypcs ()I ball]c plate v,,'atct-jc! iInpingcntcl)t patlcrtls
pr()blcms vvllh lheir MJpp_)l| S\'SlClII. 2 INis tltllit_R l(elllClill++2 ]i;IVCI+)CC))()bscl-,,'cdand ;tr(.'illustr:tlcd i_ll:ig. 5.2. 'l'hc icl
()utagcs re\'calcd missing supp()rl :tlltl p()sltl()lllllg pills :NII lit)Ill ,t c(el_lci-il)iccli_)ll i()it_timl)ingcs directly (in a fuel

) , )-: t .... ( ................... ;..; .... );.,,, i,,_,)l) ,),_ll h,)_,,, .)
lClllltllliIIg pills slIt)'wc(J si_IIS (:,l C.KCC.",SivC _.'t,t.'_ll <)i tlilllhtt:C )t)t._, _,'_),lu [ ):''))_ ') t_'_''-)"U_-"-'";"' I ......• ll_ll .)l,l l)_l.._.,

I,ugs wchlcd It)lhc _.()[c b:trlcl It) stJppt)rt tJ_ctr)l>cml _)Itttu' )tt()lc sldcv¢;ty_,, impact. l'hey can b()th set thu allcoted lucl
thermal shield wcrc :list) tl_tlll;tg!ctl III till(,,I111illilt.'d;tllt;t_ctl l_)ds ilmr()vibr:tli{)llS alI(l _'hirling m_)ti_ms.
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Sever;d remedies have been tried 1()reduce tile severily ()I pressure distrihuti(m in the core can be regarded as ct)n-
lhc baffle plate water-jelling impingement problem. ()he st_ull during nonnal reacl()r ()perati()ns. l'he variable Ihal

remedy that has been tned is the peening of an entire joint c_m Ix' changed It) allecl tile pressure dilferenli_d between

to reduce lhc gap width between lhc verlic:d pl,lies, lhc byp_L',;s l]ow regi()n and the ct)re is the prcssure oi tl_c

Subscqucnl inspections revealed Ihat peening tile it)inis hypa._s flow A dccrc;t'_c in the bypass l]t)w pressure re-

was il()l cflcclive because d:unagcd luci rods ,.,,.'ere lt)und duces lhc pressure diflcl-glltilll alld lhc driving ft)rc'ta ['R.'hilld

;.troulld the pec[led joint. 'l+hcrc v.':LS ,ils(_ evidence It) stl_- tilt watcr-ictling ll<,w 'l+hc bypa.s,, ll_)w prcs.',tJrc can Ix_'

gust that peening lt centcr-injccti()n j_)inl will have the cir- lowered by im:rc_tsit_g tilt: !m.:,,.,,_Jrc hiss ill lhc ill;till Ctx)laUlt

tcct of cni;u-ging the gap width ill [lc:trbv c()rllcr-in.jccti()lJ tl_)v,' bcl(irt thr divcrsl(}l_ ¢)i ;l '-;iJtitll p<)rti<)[l ()1 the illaUl]

i(_ints. A m()rc ellect]rc remedy is tc)replace tile tucl rod.', tk)w illlt)lhc t'_yp;ts,_ ll()w, ru_,l_)t_ fhls is acct_inplishcd b\*

ii+ lhc watcl+lCt ilnpillgClllellt lc_i_)ll with st)lid stainlcs.,, pltl_gillg IJlC ii;lc! ti_+lcs n-'a; Ill_.: t.:)p vii tilt k}v,'cr ct)rc t_itl +

,,loci r_l.', (_I lilt: .M|IilC dl;.unclcr lhc illSClli()ll ()( partial rci l]l_..' prk'._.%tllC iii Illu b,v!_;t>,,, ll_,v, ts rv'du_.ud |sac;lust: (if

t..'['ldS, _'liich will _'r\'c ;L_ nlidxpali ',upp_)rt,, l_)r ItlL:! r:},Is iii tilt_' a,idcd |)ICS,:qlIL; l()S,S l:t tilt" 1t_'>, d_'_'ll lhc allllUlHl

tilt llllpillgClIIC[l[ rc_,21tHI, hats als, t) t_,cll ¢ll')cliv_.' ill IL'dU_.- <_iIWIIC_.IIIIL._I EL'Ri_)!I [K'IB,'L'_.'it Ii_t' _,")IL I")ilflrc] ,tlld lJlc VEX'-,C]

iii)..' lU_:I l(_l damage l t()wcvcr, uses ()I st)lid _-,lalllllcsv. Mccl ',*,all I'hu byp;l.,,s I]{)v_ l', thcl! .i,v_'llcd lilt(} [llC L{)rc });ll fit

[-{}d.,,,tlt(l partl;ll gruls mc il<_l c()ns, l_lClUd ;ts lh(.' i_.;rln;lnc_{ t{)r:: bar[el rcgi()ll tll_t)uRt_ {h_.' i_,,,,.cr _.t_ru III,LIe III the

st)itlli¢,)ll lt) lhc haLII]c plait vv;.tlcr-lUl[lllg f)r_blclltx ,",, Ill_)rc m<)dillcd ll<)'z S,CI|CIIIL', tilL' ["LVp:IsS II_w' in III ;til UpW':lf<_

cllcctivc st)lull(Hl IS t{._reduce ()t clil!lili;llc ttlL' _hlvll_g, l{)_cc dltL'ct_()n, hk:ally, prcs,,ut(:,, l_} ltir' t_)lL' ;llld thr? bypass ll()x_

tEhlnd tile v,attcr-iclti!lg llt_w rcgl()ll sh()uh_l Ix., bal,_llccd, al|li tile[L' will Ix: m) drivil_g

l¢_r(._.:lt) pr(xluce jutting lit)v, lhr t)ttgl} gallIS In practice, a

hal;clued prc.',sure s}.slem is dlllicult t() ;.tll_lilI, alld the

l]ic b)'p;t,,s llow rate is sm,di when c(mlp,trcd with tilt severity of the water-jet(ing pr()blcm is reduced by lt}wet-

main c(}()lan! ll()w rate through lhc core, and the ct)_)l:tll[ ing the pressure dillerential between the byp_tss flow alld
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COOLANT FLOW THROUGH
JOINT IENLARGEO GAPI

O CORNER-INJECTIONJOINT

i i ,,

o ., ..,..
Figure 5.2 Westinghouse PWR baffle water-jet imifingenlent patterns

the core. "l'hc effectiveness of the modified fh)w scheme fitted conncciit)ns arc likely sites for SCC attacks. Most

c;m bc further improved by designing the ll()w system in observed SCC is intergranular, lntcnuds with crevice

such a manner tllal the core flow pressure is higher than the conditions thai arc also exl_)sed to high-cnergy neuUoli

bypass fh_w pressure. In this situation, potential water-jet- fluxes may also bc su,,,ceptiblc to imidiation-_t,_sislcd SC('.

ling l]ows will bc from the core ill[o lhc bypass flow region

and away from the fucl rods. 5.2.2.1 B&W Thermal Shield Support Bolts

"l'hc B&W Ihcrmai shield is a cylindrical stnlcturc with its

( _nc Wl-_ unit that ha:; a history ¢)I I_allqe plate watcr-ictting upper end bolted to the upper flange of the core bm-rei. The

problems has modified its downward bypass llt_w schclne h_wer end of the shield is shrunk-fit into the upper lqangc
intt_ an upwm-d bypass l'h_w scheme. ( )thor pl_mt.,, with a of the forged cylinder in the lower grid _t,_scmbly and so-

downward byp_tss l]ow have _dso dcvclor, cd plans to con- cured by 96 high-strength bolts. B&W thcrm:d shield sup-

vert tct an upw_urd byp_tss flow scheme, port bolts were made of a nickel alloy stainless steel (grado
A-286).

In the new WI._ reactt_r design, the bypass flow ente_ the

ct)re b;dllc--c¢)re b'trrcl rcgitm lrom the N)llom rcgitm (_1 ISis in several units rcvc_dcd missing bolts from the thor-
the ct)rc barrel, and the bypass llow travels upwm-d through real shield lt)wer end sup_)rt jt)int. 2 The majority (-80c/,)

holes in tile horizontal former plates, td the remaining bolts wcrc loose, and sevend bolt locking

cups were also missing. (_racks were :dso detected in bolts

at the shield upper end and in the SSI IT mounted on the
l)iscussions of the Ndllc plate water-jet impingement tmtside ,,v_dl of the therln_d shield. "l'hc more serious fail-

problem in Wli reactors arc based on information provided urcs wcrc bolls al the lower end of the shiehl.

by NR(' II lnft)mmtion Notice No. 82-27. "_There arc no

rcl_rtcd baffle plate water-jetting impingement problems
) w' •in ('I_ and B&WI W Rs. l:ailurcs were attributed to I(;SC( at the bolt-hcad-tt)-bolt-

shank transiticm. The replacement bolts were designed to
reduce the Icnsile stress level in the lx_lt, and this wa,,_ ac-

5.2.2 SCC complishcd by redesigning the slumk region, lm:cning the
surf:lee til the bolt, and reducing the prcload used to install

A crevice c(mdilitm is a c(mlmon lcature in the develop, the bolts. The Inateri;d of ctmstruction also w_L,_changed
Hlcnt _)i 5('(" in .......l"¢_rK, iiliUIIlitl3. _ i. li : : ...... i ,:,.L.I,. _, _l)," ..... :.,_ .... , .... I *,, [ .......... I V "7_()
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A review t)l I,I-Rs did n_t shrew any rep_)rted failure _)1 IIle two parts: tile upper part. called tile c_mtl(fl r_)d slir_ud

tiew thtrvnai shield supp_rt b_flls, tube, and the lower part. the ccmtrol r_)d guide tut_, 'lhe

upper suplx)rt plate ix tile dividing b_mndary. "l'he I_p oi
5.2.2.2 B&W Core Ilarrel-to-(.'qJre ,',;upimrt ,Shield the control rod guide tube ix fastened t¢_tile Ix)tt_)]ll ()1 lhc

Bolts up_r supporl plait, and lhc I¢_wer end til lilt lube ix lleld in

place by split pins inserted ixll¢_tJle I(_wcr c(_rc f)lale.

"llm core barrel _uid core suplx_rt shield are flanged cylm-

dricad structures. The upper ll:mge c_f lhc c¢_re st,plsm
shiehl rests on a circumferential ledge o1 tile vessel cl_sure Sevcr;d WI- units had experienced slc:un gene,_tl¢_r I;tihJrcs

flange. The I¢_wer flange oi tile c_)re suPl'_lrt shield is caused by Ic_se pans in tile re;lcl()l" pri]nary c¢_cllilig eye-

bolted I(_ the top llange of lhc core barrel. The i)_llls were tem. The Iex_se pans were idenlilied as part._ Ir(ittt I;dled

made ¢_I a nickel ali¢ly stainless steel (grade A-286). spill pins in cemtr_ll r_d guide lubes. "lhc cause _ll II_e l;lil-
ures was identified as 1( ;S( '( '.

I lit]as(mit (! l'l') inspcctiems in twil B&W pku_ls sh_)wed

indic:lit(ms ()I cracking in a number (_I tile b(flls .j¢finitig lhc 'llm sr)Iii pills :ire made Ir(mi a xuckel alicly (incimel X-75())

core h:u-rel t¢_the c¢_re suplxln shiehl. 'llie resulls were and are tx_ited [¢_the b()tt¢_]n _)I the guide tube c(flu]ntl. "l'he

verified when lhc tx_lt heads became sep;u;tled Ir_ml the suPl'U)H pins are then inserted i]lt()lhc upper c¢lre pl;fie. "il_e

ts)lt shanks when tile k_.'king clips were rem_wed. ]:allures pills suplx_rt the guide tube again.st hydr_dyx,;utlic I¢lrces

were attribultd tc>1(;,S( "('. Visual ittsl_.'cti¢>xls laih:d tt_ de- and als(> align the Iinims with resl',Cct I¢>the upr)er c(ire plate

teel these lallures. ;uld tile fuel assemblies. A sketch _1 lilt: _:uide tube suppcul
pin is sh(_wn in I:i_. 5.3.

Ilmr cracked lxflls were replaced by txllts xm_¢le_ll Ille s;llxie

material, grado A-296 slailllens slec]. 'l'lie tww tnflls were ('revlcc C_lldilitlllS :irt cre;tied when tile pins ;ire inserled

made by machining, while lhc _fld befits were _utdc by a itll¢l the upix.'r c{ire plale :u_d tile pins are exp_lsed I_l a I(>

hol-headed ()pcration. 'll_e t¢_rque ;ipplied I_l tl_e new b_flls tally c¢_rr_sive Iluid medium, lmpr_pcr heat tfe;tllllelil allCJ

will be signilicantly reduced. A review _fl l.l(Rs sh¢lwed xtcl cn,'erl¢)rquing ()|' lhc Iltll,% dtll'il|g illsl:tllati()ll (ft lhc pillN Iil;ly

rep_rted lai}urt of the flew C{)le b:lrrel-I(>c¢_re Sllpp{Irl have c{_ntribultd I(i lhc devel{ip_nent _l 1( ;S('(' ix_tile N}I-

shield Nfll. Iem_ regkm <ii lhc sh;mk. As a remedy t_ the I(}S('(' pr¢_b-
lexns, Wl- m_w rec_mmlex_ds a scfluti¢_nl heat Ireatmel_t al a

5.2.2.3 WE C'onlrol R_,! (guide Tuhe Support Pins Itiglter lemperaluxe, it_crea:-,ing tile size cii lhc pins. pcetlillj2

IIle IIUls, :tll(.l reducing tilt prel¢>ads during inslallali<m. 'l'he

l'he guide tillX}assettd_iy ix a part (ll lhc ilpper C()le Stll)p_l'l ()bjeclive ix tel reduce the stlsceplihilily ()I the m;llerial I_l
slrlicture, al|d ii h{mses the C(llllr()] l()d drive shall altd {l_e 111ccclrr_lsive envir(_tm_ent and I¢_re,lute lensile stresses

R( ,( 'As. llle ;>seml-)ly is a lUblll;lf slructure divided illk) IIlal are lleccss;irv I()lhc ¢lcvelc_pn_ent (ii !( ;Sf ,( '.

L :
"-)tJID[ '!Jg[_ ..,,d![2'_ r;IJ,'[_f" " frg

/"/ ' _i B{_ ' ' I)p,a
. [ .[

C {"J_[. fl Jpt7

_j_J PtAr [ p,,t,

_. Sr_IO_-_t PIN t, 'rAP_l_t,.,, PIN

|,'{ ....... _" _1 11_.. _1;.., i .., Illlrll .,;.11. 6..11
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The guide tube split pin IGSCC problems at PWR planL,_ ORNL.-DWG92-3331 ETD
wcrc addressed in a NRC lie Information Notice No.

82-29. 4 M_my plaints have iniliated programs to replace the IGSCC
existing guide tube split pins with pins of the new design.

5.2.2.4 Core Baflle Bolt Failures in KWU-Built PWRs

"l'hc Kraftwerk t lnion (KWl!) Al; has built numy PWR

plants of the Westinghouse design in (;ennany and i
Switzcrl:md. Five of these plaints have rclxmed SCC prob-

le:ns in lhc core baflle Nflls. GSCC
FAILUREI

The core bafllc maintains the geometry of the fuel asscm- "
blics and contr¢fls the c(_iaiil flow through the core. lt is a I

bolted structure c,,mllX)scd {_Ih_rizonUtl lormer plates and ]
vcrtic_d baffle plates. l'he {mitr edges of the l{Jnncr pl;tics ! ]
_uc b{_ltcd lo the inside c_l lhc c{_re barrel, and vertical bal-

Ilo plates arc b_ltcd t(_inner edges _1 the former plates. In
rcactc_rs built by KWI I bclore 197!), the c_rc bafllc b{flls
v,'crc made c_la nickel-alloy (lhc{inel X7501. After they
were inst;died, the tuflts wcrc secured by tack wehls. Allcr
1979. tl_c c(_rc ballle is a welded struclurc in KWl l-built

units. A silnplilied view c_l the c_rc b;dllc and its txdting
scheme are sh_w,,'nin l:i#. 5.4. l"ig,ure 5.5 KV,,'U-built I'WR core l_affle Imlt failures

by the welding prcm'css, ccmpled with crevice ccmdili{ms
and high tctlsilc stresses in the I'aflls.l<_mtine l I'l in.,,pccti_tls detected signs <_Icracks in c_rc

b;tllle Nfll.s in five KWl I-built IJ\VRs. A typical _lt failure
l_;tltcrli ix ,.,ll(_wniii l:ig 5.'_ 'l'l_c pr_blcm ',,,,':tslirst rcf_rlcd
11119,",;7.5 lmlurcs were altributcd I_ l( },'q('('. lhc sus- lilc _lickcl-atlh_ytx_lt.swere replaced bv 1.4571 austenitic

pcctcd cau_,e was the scl_,iti/;tli_m {d lhc nickel-all{w I'x+lt.,, _,tccl b<+lts,and the replacement tx>lt.swen: secured by a
_nccll;mical '.,chcmc. "l'l+creis n(+rcru+rted failure t>l the rc-
phwc_wnt c{_rcbitll]c b{dt.,,

c)RNt. [5¢¢C_2 3330 E'fr._

CORE BARREL

".i__ "lhc c<_rcbaltic in th_l_c,,lic WI I'WI<,, i,, :_h_ltcd _,trm.-

"''_ lure lhc t_11.'., are _lladc _1 1,,'I_' _1(_'.,Imtllc,,s ",teel A
SC;tl_,tl _}I lhc I,I{R (.t;1I;I base d_{l I_<_l_<'alC ;lily r:'p_rlcd

it ! "_ _ 2 3 .Xlechanical _A'ear

_"_T_ ]lie l't|,[,,_|,',, k..ll, ..... ,)' ,]iUv'lillllv,lJ .AL'i|, :li ''..',Iv'I," ,,l'k_',,l_l[

: , 7... l', I i". I",trl,, Ill:ii :_I_. III v i,,',.t.' p/_Tlillll', li_ t';tk'ii '_llatr I11;1
,_.d..._
"5"."f_ .'.3j - ,.'._II1,_' 1111__ k_'i_lll;IL[ _J_lllll..' '. lbl;_ll, q,,. Iii(t lit: IIi!'_[_lli.;.? '...k,_ij!,_

_QD_Z_L,-;._ " }lqltl.'- III _.I)IL: lll".,lllilllk'llt JlIIU-, l_Itdt'k l,<l b, tl.2l_ll\ lillc'd

; L;r:;:_,'.!: ;q q_p,.'l_l,,. ;111{t t)lJl(}C lut',,:, ;rrc lUt,b;tl_lc -.11.,_',, l_ll IIICLIiIIIIiC;.II

;,_,'E5 ,.'._:;trpr,.4-_lc_n'.

vERT # '
EAF_LE 5,2.3.1 _,V|.: Reacl_r Flux "l'himl_le and (;uide 'l'ul_e

i PLATES Thinninl4

i"ilaure 5.4 KVt,'U-I_uiit PWR core baffle and lmltinla ln-c,m, n,..,_lr_mm_..l_w,, u.I,i,_h :!!-,_.p:!,!.. _I _t,,..r,.':,_,_r
schen_e flux-mapping syslcln, arc l_c;_lcd ilt,.,idcrctr',tcl;_blc ll_iI_ble
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tulv,:s. 'llm lllimble tubes ext¢iitl Irolli scleclcd l()cali()l_s irl- 2.3 Failure Information Survey Results
side tile oi)rc, through lhc bi)IIi)Iii ()l lhc pressure vessel.

high-pressure c(mduils, and seal fables I():t Icn-palh li:ills- Mi)rc specific inl()rll)ali(m will bc provided ()n maj()r inlcr-

Icr device. The thimble lutx.'s, in ttrrll, arc .xupp()rtcd by iml c(unptment failures. In addition to the r|ti,j()r aging-
guide IIII'K.'S ii) tile l()wter region _)1tile rt:tcl()r pres,',urt Yes- rtel;tled dtcgradali(m mechanisms, tile t()tal humor oi

sol. 'l'hc guide lithe is dividcd illlo tw() palls: tilt,, upl_er rte:tct(ms rt,.D)rling lhc failure :lid their tlllil act will als() Ix:
part, I(_'ated inside tile lucl assembly, and tilt,, h)wt,.r p;trl, idcntilicd. 'l'ile unit agc ()1 a rcacu)r ix lhc:surreal irl

txttnding Ir(m) i()wer c()rc pl:le I() lhc rcacl()r ,,'csstel bi)t- c()rnmtercial ()perati(m years, wl)ich in the difference

tom 'lltc porlion of the Ihinible ttrlg belwterl the Itltel as- belwtell the C(Hlll)lelcial Mal'lillg dale al)d tilt,, evcill date ()l

scrnbly :lid tile I()wter ct)re pi:tle ix tlnprtHecled :lid cxp()scd tile Iirst l.I-R (m tl_c rtpt)rled failure. I lnit age ix a
U) rt,.ad()r ctuflant ll()ws, "i'he thimble lubcs art susccplible p;tl-;lrrtelcr lh;II call be rested to represent rile age {ft the
Ii) I:IV irt lhc unshithled rtegi(m ('()Itlacl.,,; bcIwtel) Ihinlble re:tcl()r wlltlt lhr firm lailurc ()ccurrtd. ('orrtclive :cii(ms

luhcs and guide lubcs can Dad II) mechanical we;tr lakttl will als_) be inclmlcd in lilt,, survey |csults. l,l'Rs

prohltms iii bi)til slnlclurcs. A skclch ()I the Ilux lllilltble Ir(un log(){() 190() pr(wide Ihe bulk ()1 the Iaihlre
arid guide Itlbe afrangelllelit in shov,,tt iJt l:ig. 2.7. i)fl()rmalion, l lselul iltl(H'rll;lli()ll WaS also ()blaincd lr()m

I".I'Ri rep()rts (m nuclear unit ()l, raling txix:ricnces.

l'.'xcessivc thimble and guidt lube thimlings al_,l leakages

were rcp()rlcd in a II,,'S. rcact()r irt 10el. ti l"relling-illduced 5.3.1 WE inlernals

lailures ()l guide Itlb(.'s have been relu)rtc'd iii I()reign WI(

units. "i'hc c(mscqucnct,. ()f a thi|nhlt tube leakage is serums 5.3. i. ! Thermal ,Shield Nuppor! Ihdts
t_'cause ii can rcsull in a breach ()1 lhc rtacl()r c()(danl pri-

mary pressurt t_mnd:try. 'l'he thind)le tubes are (qu.'nt_l ;li Maj()r aging-related degradali(m mech:_nism,_: N)II tail-

lhc ttcrl-palh Iraltsler device I()r tile iltst,.rli()|l ()l lilt_'_tteull()ll urts t.'attlStd I_, I;lligtlt i)lllrlp-gtlttrglled pressure pills:Ii(HiS

m(mil()r, and lilt dcvel()pnwllt _)l lubt Iteatkagt_, c(mhl _esull :ltd ()scill;tl()ry hy_lr()dylhmtic l()rctes arc the primary
_lt .:)n()nis(dable C()()lalll ltak. stlc,,s()rs

Nund,..r ()l" units rei)(n'ting failure: (), m()stly tarly rc:ac-
lubc lltirtnings v,,cre dclecled by the c,ddy-culrc'Itl ilislWC- It)rs wiIll lhc ()ld Ihcrlnal shield dtsign.
li(m mteth(xl. When tubt thinning is dtlecled, tilt,, t.'tlrrclll

rcmtdy ix Ii)rteti:tc{ tilt thinned stegmcllls I()_n()vt.' thter|l l!nil atae al first failure: n()l kn()wn for Iour units. ()l tilt

away lr(ml tilt vibralir)g rtgi_m. 'lhicktr-w;|lled lulx.'s :tls() relnainillg tw,() units, (me eels)flied thermal shicld suplx)rl
have t_ell used. "l'lllK'S that wire steri(msly _ltgr;ttlcd will bc bi)li laiitJrts al Icr 12 years, arid the ()lher Ullit alttr 21 years

rcmtwcd lrt)H; strvice hy cl()si_g the is()l;lli()ll valves. ()1 CtUnl,ltrCiad ()lK'rati()_l
Many trlililies h:tvt iltsllltlltd iltsptecli()ll pl()_21;illtS I()itt()lll-
I_)_Ihil:lblc-lubc ll|in_li|lgs, Al 11)¢present lime there is ni)

pCll)l;URtnl s(dUlitm lt) Ih_ II_Hnblc-lulsc Ihinning pr()bltm.,, ('orrective aclio;ts: 'l'he pin-ktyway supp()rI systmi was
replaced by a flexure shitld suppl)rr systtem. New reactor

design rcpl;_.'es Ihermal shields with ncutrtm shield p:_ls

I.lux lhimblc ;t_td }2tlidt-ltlbe Ihlltrlilt_2 pr(ff)ltcrlls ;fie dis- itltached direclly Ii)Ihe c(Ifc barrel.
t'tlS',ctl iii I1: llll()lllllt[i(lll NI)litr NI). g7-44 6

5.3.1.2 Baffle Plate Water-,letting

5.2.3.2 B&WSSll'i's
Major aging-related degradation mechanLsnv_: l ligh-

l(xccssivc wt;lr _,s;ls (lcteclcd It_ E,_! I'ls iii Ii& W t_nlls _n cycle latiguc. Bafllc pl:le gaps chi:reed by I:IV. Fuel r(_ls

tilt n_ltl-107()1 l'llc Iulx:s were Ill(ulnlt,.d _)n Ihe ()ulsi(lc al:imaged by vibratio_ns caused by high-intensity turbulent
ll()w,s thr(rech gaps.Sllrl;R.'C ()I tilt thorin:ii sl_tehl arl(! exp()std I() lmmp-ge|_tt-

;llted [_ltesstrrt ptlls;lli()rlS. "[lm l;tllUre wils C()llsi(lcrtd a.',

J2cllerlc iii II;lltlrt.' :llttl Was allribtrltd tr) i:IV. "l'he tllbcs were Numl)er ()f units reporting failure: 6

ii)()dilite(l si) Ihcy w()llltl Ix: less s,eltsilive Ii)lilt' prtssure

texcilalit)ns; tills was ;lcc()l_q_lixhed by changing tilt,, still- IJnil age at fir_t failure: 4, 5, 5, 6, 13, lind 2() ytars.

ntss ()1 lilt,. [ul',_ ,ultl/()r :uhlillg athlili(mai struclural ,,up-
p()rls. NI)pr()blelits hart beclt rcl_)rted Siltt'C the c()rrtclive Corrective acth)n.s: Scveral rtmtedics Imvc been tried with

Ii)te:t.',,tilcs wurc irl_plcmc_iled, varying dtgrees of success, including peening the b_dllc
plate j()il)ls, replacing furl nv,.ls irl the impingement ;u-_s
• * itri ._,_lik.i .'llcl_llll%..,'_,'_ .'_1_.._,..11 I_R31,*_. ¢llllkl 1.1,'1111_,._ Ilttlt|(ll _l I_.l._ *l_tl
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additional supl'x_rts to the fuel rods. One unit ha.s converted Tal,le 5.1 Summary of WE internaLs

the downward bypass flow into an upward bypass llow in failure infomati,,n
the core baffle-core barrel region. New reactors use the

upward bypass flow scheme.
Failure Aging-related

C,,mponent degradation
5.3.1.3 Control Rod Guide Tube Supp,,rt Pins description mechanisms

Major aging-related degradation mechantsnts: I(;SCC Thermal sh;old Cracked [x_lts Fatigue

cau_d by crevice conditions, improper heal trcauncnt, and suplx)rt bolts

overlorquing of the split pin nuts. Corc baflle plate Enhtrged gaps be- Fatigue
tween baffle

Number of units reporting failures: 5 plates

l:lux thimbles mid Excessive thin- Mechanical wear
Unit age at first failure: 4.7.7, 8, and 14 years.

guide tubes ning

(,ontrol rcxl guide Cracked pins Crcvice-assistcdCorrective actions: l lear trcauncnt at a higher tcmpcra-
turc. New split pins ,are largcr in size. Thc nuts arc pccncd tube supl_rt pins SCC

and installed with a redu,,cd torque. ('orc baflle bolts Cracked bolts Crcvice-_ssisted
SCC

5.3.1.4 In-Core Thimble and Guide Tube Thinning

Major aging-related degradation mechanisnt,_: mcchan- 5.3.2 B&W Internals
ical wear caused by contacts with llux thi|||blcs ;rod adja-

cent guide tubes. Motions induced by FlY of lhc un- 5.3.2.1 Thermal Shield Support Boit,_
shielded l_rtion of the thimble between the fucl assembly

and lower core plate. Major aging-related degradation mechanism.s: bolting

failure t:auscd by crevice-assisted I(;SC(,.
Number of units reporting failure: 5

Number of plant,_ reporting failure: 7

Unit age at first failure: 4, 4, S, I 1, and 17 years Unit age at first failure: 6, 7, and 5 units at S years

C.rrective actions: using replacement bolts that featureCorrective actions: Tube sections with excessive mcch_u_-
new boll design with reduced stresses in the sh;mk region,

ical wears are retracted _md moved away lr_)m the vibrating
peening lhc I'x)lt.,_to reduce surface tensile stresses, reduc-regions, and thickcr-w;dlcd tubes _u-eused. There ix lit)
it_g the Iorquc used in the installation of the bolts. _md us-

permanent solution at the present time. t lt;lit;es h;tvc set up

inspection progr_uns to monitor 'dlintblc-tubc thintlings, ing Inconel X-75() instead of A-286 stainless steel _s the
material c_l ctmslruction.

5.3.1.5 Core Baffle Bolts in KWU-Built Units
5.3.2.2 Core Barrei-t,,-C,,re Support Shield Bolts

Major aging-rclalcd dcgradatitm mechanisms: 1(;S('C'

caused by welding-induced sensitizatitm of nickcl-alh,y Major aging-related degradation mechanisms: crcvicc-
,lssislcd 1( ;S( '( '.

_)ils, coupled with crevice conditicm alld high bc,l[ tctl_ile

strcsscs. Numl,er ,,l' plants reporting failure: 2

Number of units rep,,rting failure: 5 Unit age at first failure: 7 ;rod 8 years

C_wrective acti,,ns: Replacement boil.,, ;u-c made with the
Unit age at first failure: Nt)I known, saint matcri:d, grado A-2S6 stainless steel. New b_)lts wcrc

machined, while _,ld bolts wcrc xnadc by a hot-hcadcd op-

Corrective actions: Nickel-alloy bolls wcrc replaced by crati_m. The tt,rquc applied to the new bolts is also sign;li-
austenitic steel bolts. Rcplacemenl b¢_ils arc secured by :t calltly reduced.
mcchanic_d means instead of tack welds.

5.3.2.3 SSll'I"

Table 5. I ix a summary ()I file rep¢)|lcd c,)|np_)||ct_t lailule l_laj,,r aging-related degradation mechanb_nt,_: mcchan-

information on Wl.:reactor inlcrn;ds, ical wear caused by l"lV.

-
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Number of plants reporting failure: 6 5.3.3.2 Core Support Barrel

Unit age at first failure: 1, 2, 2, 2, 2, m_d 3 years Major aging-related degradation mechanism,_: laliguc
caused by I:IV, l:ailure til lhernud shield supporl pins led

Corrective action.,_: New SS] ITs :ire siruclur:dly deluued 1o increased loadings on tile c_re barrel SUplX_rt lugs, and a

t() flow-induced excitali()ns; this ix acc()mplishcd by thr()ugh-the-wall crack was deice[cd al Iw() lug h_cali()||s.

changing lhc stiffness ()f fie tul_ and adding new suPlx)rls.
Number of plants reimrtin R failure: 1

5.3.2.4 StlltT Bolt,_

Unit age at first failure: 8 years

Major aging-related degradation mechanism.s: boiling

l_dlure causa2d by crevice-assisted l(;S('(?. Corrective actions: The dm)ugh-the-wall or'lick wa.',;;tr-

rested by drilling a hole al each end til the crack. "!11ecore

Number of plants reporting failure: 1 supporl blu-rel was pul back inlo service.

Unit age at first failure: 6 yem-s 5.3.3.3 Core Internal llohl-l)own Ring

(2orreciive actiotv_: SY,] I'1"bt_lls were replaced with slud Major aging-related degradatiqm mechanisnv_: mechan-

[tlld IIU[ [aSlellers illildc ()l hlCtlltC] X-75{), ical wear caused by I:IV. I"IV wits allfibuled Irl insuflicien!

htfld-down spring h_rce.

Table 5.2 is a summary til lhc reported ct_mp_menl failure Number of plant,_ reimrtin R failure: 1
information on B&W reactor i,ilemals.

Unit are at first failure: 2 years

5.3.3 CE Internals Corrective actitms: New htfld-dt)wn ring made {_1lypc
403 .sl;dnless slcel was installed wilh an increa.sed internal

5.3.3.1 Thermal Shield Support Bolts htfld-tlt_wn spring lt_rce. Nt_ new failures were rclx_rled.

Major aging-related degradation mechanisnts: l_igh- 'l'ablc 5.3 ix a stnn|nary c_f the rept_rled ccmlp¢_llent iailure
cycle fatigue [x_il failures caused by I:IV. ild_rln;tli_m tm ('!'_ reacl_)r internals.

Number of plants reimrting failure: 2 Table 5.3 Summary of el" internals
failure infomation

Unil age at first failure: 7 ;rod X years

Corrective actiotts: Thermal shields and supp_rl lugs Component Failure Aging-related
were removed from reactc_rs, description degradation

mechanisms

Table 5.2 Summary of B&W inlernab; "l]mrmal shield ('racked N)IL_ i:atigue

failure infomation suplx_rt bolts

(?t_re supp<_rl btu-- 'l'hr_mgh-the-wall l:aligue

Failure Aging-related rel crack

Component description degradation lflfld-down ring l'_xcessive wear Mechanical wear
mechanism,_

Thermal shield ('rackeM tx_il.s (,revice-a.ssisled

suplx,n bolts S(,(7 References
Core barrel to ('racked I'x)lt.s (;revice-a.ssisled

core supporl S('(' 1. American 5;ocwty of Mechanical F.ng_neers, A,_,'ME
shield _)lts Boiler aral Pressure Vessel Code, Seclitm XI, Rules

lt_r In,_rvice Inspection of Nuclear Pt)wer Plan!SSI lT l-xcessive Mechamcld wear

thinning ( oln_mel|U,.
SSlt'F Ixflts (;racked t_lls (_revice-a.,,sisled

S('(' 2. "(7t|aracterizaticm ¢)1lhc l_erlonnance of Major I.WR

(_Omlxmcnt.s," EPRI NP-5fX)I, a final rclxwt prepared
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by the S. M. Stollcr Corp., for the F.Icctric Power 5. Nucleonics Week 28(10),1-3 (March 5, 1987), a
Research Institute, Palo Alto, C_dif., 1987. McGraw-llill publication. "t

3. "Fuel ReM l)egra_ttion Resulting from B;dIle Water- 6. "Thimble Tube Thinning In Westinghouse Reactors,"
Jet Impingements," lE lnlc_nnation Notice No. 82-27, II': Information Notice No. 87-44, 11SNRC Office of

17SNRC Office of Inspection and l:.xfforcemcnt, Inspection and Enforcement, Washington, I).C.,
Washington, I).C., August 1982. September, 1987.

4. "Control Rcn! l)rivc (CRI)) (;uide Tube Suplx_rt Pin Avadablefromlhe Natj_,nalStandar&,;Inmntule,1430Broadway, New
Yt_rk, NY 10018, copyrighted.

Failures at Westinghouse Plants," I1- Information _'Avanlable m pubhc ledmical Ii[-l'arles.
Notice No. 82-29, [/SNR(" OIlice of Inspection and
l';nforccmcnt, Washington, 1),(7., 1982.
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6 IS I and Monitoring Programs

"l'hc ISI program stipulates visual inspections li)r react¢>r in- of key reactor comlxments can provide the basic infonna-

tcmals during rcfucling outages. Visual ilispecti_,ils, while Item nccdcd for lhc decision-making prwccss in an effective

relatively simple to pcrl_nn, have _bvious limitamms, prevcntivc-nmintcmmcc prograun. "lhesc studies arc used

They atrc used mainly to detect surface llaws in accessible exlt.'nsively in ISI programs for l:rcnch and (}crm_m rcac-

areas {71a comlxmcnt. Visu_d examinati_ms ;fit.' nt_t eflec- tiers. _ They have Ix'en used tm an experimental Ntsis in

live in detecting subsurface or partial ttmmgh-the-wall tlt_lllestic react_rs, but vibration monitoring _md trending

cracks _md cannot deicer failures in inaccessible areas, studies have currently not Ix:cn lonnally i||c_rlx_rated iiit_

Alternate mcthwd.s have bccn tried, on au_experimented ha- I I.S. pimlt ISI programs. S_mc individual phmts arc rc-

six. to improve lhc effectiveness _I detecting lailures in rc- quircd to marc vihr;,tticm mcasuremenls pcri¢_lic',dly as a
actor internals, l l'l" inspcctio||s have been used with some condition ¢_ftheir operating "l'echnic_d Specifications.

success in detecting cracks in bolts and in area.',; thai are nc_t

acccssiblc to visuld inspccticms, l lowcver, Irl inspccti_ms

also have limitations and access problems. In additi_,m, the 6.1 LPMS
interpretati{ms ()f l FI"examination results atrc much mc_re

c_)mpllcated and diflicult th;m those for visual inspections. "l'he I.i'MS is an in-service dctcctiem system designed to
l'he eddy-current rneth(_l ix mJc_ther iilspc'cti_m meth¢_! thal illdicalc the presence c_l Ic_sc meladlic parts in the reactor

ha.,, lx_lentiad applicati<ms in examining reactc_r lnlerxmls II prm_ary svstcm. "l'he system can pr_>vith.' tliagn<_stic lnlc_r-

ha.,, been used tc) inspccl hmg tubular struclures l_r execs- _x_atli_tlt_ the plant c_pcral_r cc}llcernillg ,_bm_rmal c_mtli-

sire wall thinnings. The establishment c_l ,m clIcctive sn- lures in lhc reactant s¢_thal appr_priale acticms can bc taken

spccIi('_II pr¢_graun I¢_r reacl¢_r c¢_mlxmcnts is an evc)lviil_2 I_)ctlsure safety in plalll ¢_pcratiems i'_trly warnings can

prc_'css. When a new inspct.'ti(_ll lnetht_tl has tK2CIItlscd als¢_ lnil|illlize tile risks tc_t_ther react¢)r cl>lll_)ilel|ls alld

successfully, the reslxmsible _rgani/.ati_m will issllC bul- syslcms.

letins and letters t{_inl_rm plant t_pcrat_rs c_l lhc laiest de-

,,,el_pmetlls az_d their IX_tential ;tpplicati_|ls t¢_react_r c_m-

p_)lWnl il|spCCli()ll progr_uns. llm c¢_llisiem {_1a h_sc part. carried ahmg by tile reactor
ctm_lant ll¢>w, with ft stati¢mary reactor cotnp_mcnt will
generate s_>t£nd waves, prim_trily bending waves, which

A maB_r c_mcern in reactor ¢_pcrali_ms ix the presence _1 will pr_pagatc tc__thcr stmcttmtl c_mq-umenl.s 'lt_e cllec-

h_se paris m lhc react¢_r primary cl)(llaill SySlClII. Reactc_r IiVCli,,SS C_lan [.i_MS will deI'u.'ml cm lhc system's capabilily

C_lx.'r;|li¢_llis d_smpted when hesse paris arc he.Iced in criti- t_ delecl, capture, ;tlltl nnlerpret these slructurc-N_rxle s_und

cai l(_.'ali(ms st_ch its inlets I_)pumps a_x_tlheal exch,tx_gers, waves.

I J_sc parts were gcneraled in s_m_e {_I the rt'lx_rted ab?ing-

related lmlures. Alth:_ugh ncme ¢_1these incitlct_ts had en-

d:mgered the s;tfely ()f rcact()r ()pcrati(m, the Ix_ssibility A typical I.I_MS c()nsists _I a series ()1 scns()rs (piez()-
C:UHI()Ibc ruled out in ttJture (m'currences. In atlditit)xl t(> electric accelcr(_melers) m()uxited ()_l lhc otJtside (_1lhc

salety ct)_lsiderati()tis, these lailures have resulted in ec(_- react()r pressure vessel _md steam gencrat()rs t(_ detect

m)mic h_sscs caused by extensive (>tllages lor repair w_rk. c()llnsi(>n-generated stnJcturc-i'u)rtle bending waves. A ring

t:_r these re:tsons, NRC' and pl;tnt t,pcrat(_rs atrc intcrcste_l ¢_Ithree sens()rs ix m()unted around lhc tt_p and the b_ttom
ill 'die tleveh_pmcn_ of ii'tSl'_'c',i_ll _uld mo;_it_ring metht_ds _I a I'WR pressure vessel. lwo sens_rs, separated by al

thai can Ix.: used t¢+detect failures in reaclt>r t.{_np_mcnts. Ica_,t "_ft typically, arc reccmmmltded at lhc primary inlet

Research and ¢lcvch_pmc_l w_rk t¢_detccl louise part.s I ha.', Iubc-shecl l_)r sick.till _ellerat_rs Inputs Ircm£ these SCllS()rs

led t_ the isstlalicc (_l NR(' Rcgul:m_ry (_uldc 1.1_1 2 are ampi_lied and lhell led t_ a m_milc_r thai roe{mis and

which cmtlincs the _,pcrating requirements l_r h_sc part analyzes the signals. When interpreted pr_pcrly, h_.',c

tn{mitc_ring systems (I .PMS) in (I.S. ct_xnmercl:tl nuclear parts t(_llisi{m signals can pr¢_vitle iJd¢_nnati_m on the mass

tx_wer plants I.I'MSs are required Ic_r react_rs licensed and energy _i lhc mewing ¢_bject a.s well the impact lcr:a-

since 1978. Many planls licensed bcli_rc 1978 have m- ti¢,t_ ll_e input signals c_mlain inli_rmati(m thai cau_ Ix: used
st:died I.I_MS on at vc_luntary basis, t¢_ev;tltl;|lc lhc dl_illil|al|l frequency and amplitude {_I the

slruclt_re-N)r_lc M)lllld w;.ives (Iclectotl iii lhc SCllM)r I(K.'a-

ti_m,, l)ilferencc,, in arrival time' at the vari_ms h_cati_ms

lhere ,s als¢_ a cemsider:,tble ;tmtmnt ()1 research and dcvc'l- can als(_ bc dclcrniincd, l lsing the ch_|ni|la|_t irequency m||l

c_pment wc_rk in the ;ucas (_t preventive ma_nlclt;tncc x'lelh- tl_e [unplitude ¢_1lhc structure-tx_rne s_t_M w;tves ;tzltl a

_,ls l_r reactant c(_mp_)llelltS Ali cllecl|ve prevenlive-x_i;lili- predetennined calibrali_m c_rve, the mass and energy _i
...... i- ....... I-.... I .... I _1" ' . I]'1 ' II_l}_ ,rUt _._'_.._ _..., a,attltt /_. t. *a_ *,_..iLt*,,t* _,it talk illl_'t&_.,t[Cii_iiiCC I_)_i',iiii Ciiii l...,illl,tlllt...c tilt..- .,,,ut_t, dlHl CIIlt..,ItTlll,,y til ........ [_,,rl ,,,[ ...... 1_,{I "|'}'_,_, | ...... 1; ...... t 1|',,, ; ....... ,1

plant {)pcr;tlit_llS. Vibrati{)ll in{)llit_ril|g ;tlld trt.'l_dit_g Sttltlies pt)illt c:m bc dctcr_nmed by using differences in arnv_d
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time al f.he various sensors and a in;ulgulali(m i roccss, meth_ul l(_r studying vibrations in reactor intem,'ds such as

Many uncertainties are ass(x.'iated with tile sigl, .ii process- core hmTels and thenngd shields, l:or more information on

ing pr(x:edures. Iii general, the uncerutinty level ix low tile the(_ry and application of neutron noise analysis for re-

when the hxlsc pan in small, arid lhc sound wflvc prop;ga- act_r diagnosis, consult Rcf. 6.
lion path in simple and straightforward. "I'1'_:uncertainly ili-

cma.ses with the size {_1tlm h,_se part :rod the complexity

¢,f the sound wave pmpagati(;n path. More dcta;led tldcir- Results of an ex-c()re neutron noise amdysis at a given

mat;on on I.I'MSs can be found iii reIx,rts by Kryler I and I-U)wcr level amd a known sensor l(_:ation are usu_dly pre-

Mayo. 4 selllcd in the f<_rm of; no;so spectrum, which is a plot of
the nonnalizcd lx_wcr spectral density (NPSI)) curve over

a Sl'X.'cificd frequency range. "!"he ability to correctly asso-

The perf¢lrmancc elf I,PMS is lnixed llus is ':,;i unex- ciatc characteristic features or spikes ()n the noi,,,;e spectrum

peeled hccau.,,e of tile comp+e×lty find dill]t uilies ill tiller, witi: natural Irequencies of reactor comlxments is essential

p,eling the structure-I'ulme s(mlld waves gcncrftlcd in a t_ the success of tile metlu_d. The structural frequency

collisi(in pnx.cs_,. I-I'RI has C_liduclcd ;l resc;.Lrch prtqct:l tdentil_ca_ion princess can bc accomplished by correlating

with the g_tl of impr(;ving the IX:fly,finance _I I.I_MSs. in-core and ox-core vibnltion measurements during preop-
Key results and rccommcndali_ms _l lhc pr(uccl can be entli(in;d viblati(m testing ()r by analytic:d modeling.

Iound in an article hy Weiss find Matyo. 5 lemlx).,try iii-:orc icns(irs arc often used during reactor
prc¢_pcrali(mfd t,esting and c;m pr(wide inlonnation on the

N_Ie that a I.lqMS ts not c()nsidered ats ft s;dcl,,'-rel;tlcd s\'s- slruclural tlalur, II frequencies cii maj_lr reactor internals.

tem I,PMSs can pl_)vttlc signal:, illdic;tliltg the pl c_,cll,:c ()1 Neutr(m nel;so "m;dysis is of limited v_duc for reactor com-

i(x_sc paris m lhc rc:lt*f()r prim;try syslcm "lllcsc signals. DmCllls wht;.,,c n,llund frequencies do not l()nn ;dent;liable

when pr_perly pftu.'c,,.,,cd _ultl all;dyzcd, c;u_ lead I(I ilcli()l) lc,tturcs or spikes (m the noise spectrum.
Ihal c(mld lniliilllilc d,llllilbTes It, ._l_cr rc;jcl_r Ci)IIIp_)IICI',S

and systems Mintllll/iilg tilt tlalnftgc iii ;i h_lsc-p; ,t lilt;-
dent w(mid reduce lhc (_ulagc IilllC It_r repair v,t_rk. When When lhc c(m-q_<,ncnt nalunIl frequencies are clearly iden-

vicwcd m this ln;umer, lhc illCCllli\'c ()I tJ_pr, p,'ing tilt pcr- Itlied ()nfl n(fisc Sl",cctruin, trending studies can bc pcr-
lonnancc of I,t_MSs is C_,()ll()llliC fellreed with noise spccUums at diiterent time intervals.

"lypically, three to li,,'e rncasurcments are made in one fuel

cycle, l)cviati_ms ()f m_ identifiable ix)mt in _m actu_d n(fise

6.2 Vibration Monitoring and SlmCtmln from thai of a reference SlX.:ctmm can bc inter-

Trending Studies prctcd a.s rod;cations of dcgra&tti(ms in the c(,mlxment.
llm preu:e.ss will require the establishment of; detailed and

l'hc salcly oi rcact,,r (,per;lit)IIi ftlltl plant i|\'ftil;ll'Hlily cit[i accurfilc rcl_'rcncc noise spectrum for a specific reactor.

be impr<tvcd v,ith a Ill(llliI()rlll_' sV*lt;n| thai trill tlclcCl sys- "lq_e reference n_fise spcctruln may be obtained from results

tem dcgradati_ms al a_l efffly st;ge st, thai laillircs (lr Infd- ol prctq_'rali(m_d vibration testings. The ability to correlate

Iunclums can be ellcot;rely prc\,._tctl. Vibr;tti_l_ lnemih)r- tlc\'i;iti_ms in the n¢,isc spectrum with tlm severity ota sys-

ing and l,.rcrldillg stud;cs, v, hich art: t'()llllll_)ll pr',|clicc'_ iii (till dcgrftdali¢ln is lhc key t() the success (ii trending stud-

preventive mmntcn;u_cc prongs;ms l_r r_tatting IIl_It'tlillcrics, iCI. 'l'hc cst,tblistnncnl {)I a kn(_wlcdgc-bascd experl system
have r._)tCllli;tl applic;tli(ms tn rcacl_r illslK.'Cll_Hi ;lilt] lll;Lill- ()11n(irntal and abm_rmal behaviors of reactor components

ten;moo pmgr:urls C;Ul aid in mc decision-m;tking process.

113c h_lslllc cnvlr_mmcnl II_sidc ;I rc;tcl_r vc,,scl w_mld pre- Ncutr(m mfisc anldysis can _ used on many rcact()r com-

elude the use _ll scns_r_, alhtchcd dlrccli\' l_ illlCrllal coiil- p(mcnts and systel-s including reactor internals. (Jnc of the

l_mcnts l{ir hmg-tcrm vibrfs(l¢)Ii megt',urcnlcnls It_slcad. vi- suc_'esslul applicalh)n.s (_I the mcth(_J is the vibrati(m as-

br;lions (_I :,clotted rcacltlr lnlCrlud C_llnp_mcnls Call be iii- .sCsslncnls (_1c(_rc barrels iii PWRs. 7 The core barrel ix

lcrrcd Ir_lm rlculr(m ll{_lSC',nlca>urcd h) cx-t',_rc tJclccl()rs spect;ally stilled tor neutnm noise ;u_alysis because of its
NcutJ-(m n{us,cs ;frc l]uclU;tttt)lls i1£tjlC nct£lrem Ilux ;tr(mild si],c ;lid tile citeels ot ils vibrations on lhc distributions of

a mean value "lqw ncutnm llux is ni(uJcr;llcd bv the water lhc wftlcr laver thickness between the core ai_d the vessel

layer rxrtv¢ccn lhc c(_rc al_tl the prc,,surc vessel Vibrztli(_tlS v,';ill. l'hc vibrati(mal characlcr,:.tics of the core harTel are
(li :,onw n:act_r li_tcrautls _c g., the ct_rc b;trrcl) C;tl| chfulgc all.',()well undcrslood, lnspccti_ms of tile core b_m-el during

[_C .L-.._ ..... I:...at....,, .... _;I _._K2..... ,,,,. t ................ ,_,li_,_ r,,tll,,lln_ tu_l:tg,,_. ,'tmlirllled ti_e t,('ntrral c()rrectness [_f theltl|l_..hll_,..i'_ _t,Jl,'_llllPU_|llll *lltl,,,..i itlfl,,,..i .itail..u ...... _S' ............. ." "

t_ic _.'ore. ('hangcs iii the watcr laver thtt.'kncss h:ad i_, \';tri- ileulr()ll IlOi._call;lysis resulLs. There is practic',dly no

ations in the m[xJcratmg ellects and c:m Ix: correlated to published mfonnation on the results of trending studies on
neumm noi,_s as measured by ex-c_>re dctccl¢)rs, l{x-corc reactor it_lemals in I I.S, reactors. One of the rea.sons could

neutron noi._ mea,surcmcnt ix considered _ul cllccuve bc because results of vibmlion monitoring and trending
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studies may contain infommtion that is considered a.s pro- Regulatory Guuh, 1.133, Washington, I).C., May

pricutry in nature by reactor vendors mid phmt operators. 1981.
Proprieutry infonnation ix not published in the open litcra-
lure.

3. 1). Wach, "Vibration, Neutron Noise ;rod Acoustic

Monitoring in (;cnmm I.WRs," Nucl. Eng. anti l)e,_'.

Vibration monitoring and tremlitlg studies have bccn in- 129 (19_: _"
corl_ratcd into ISI prognuns tt_r l:rcnch and (icrm;m reac-

tors. They have been used on an experimental basis ii: 4. C.W. Mayo, "i_{s}sc P;u't Sign;d Theory," Progress in

many domestic plants. The ASME ()pcr;ilion and Nuclear Energy 15 11985).
Maintenance (()M) Committee is currently studying the

l_ssibility of requiring in-service vibration monitoring for

PWR intcm_ds. 5. J.M. Weiss and C. W. Mayo, "Recommendations for
i-ffcctivc I.{x_sc Part Mtmitoring," Nra'!. Eng. and l)es.
129 ( 1991).*
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7 Discussion and Conclusions

Reactor internals operate inside the pressure vessel mid are 7.1 FlY
subjected to many environmental as well as physic_d strcs-

sors. l_'imary stressors for PWR intenmls arc related to the PWR interned comI_nents have failed as a result of tqV.

reactor primary coolant flow and CXlX_surcs m fast neutron l:atigue and mcchanic_d wear arc the two imporumt failure

fluxes (E > 1 MEV). Strcssors c:ul initiate _md sustain the mechanisms. FlY problems are gencr',dly resolved by
growth of aging-related degradation mcchanis|ns. climi_mting the excitation sources or by changing the

vibratioral characteristics of the affected structural

Aging-relalcd degradation mechanisms develop at different ct_mponents. The practiced choice for most reactor internals

rates, and conditions inside the pressure vessel may favor is the second option where lhc component is detuned from
the development of selected domimmt mech_misms in in- the external excitations.
tem_d components. Fatigue, SCC, and mechanical we_u _uc

the major aging-related degradation mechanisms for PWR

internals. They arc identified based on a review of reactor Some of the FlY problems wcrc detected very e_uly in re-

operating histories and rei_mcd c¢_mpcmcnt-lailurc infc_r-- actor operations and cim bc regarded as a part of the reactor
marion. "debugging" process, l-xccssive mechanic_d wear observed

in ('I'_ reactant intcrn;d hold-down rings is an example of a

l:iow-induccd cyclic hydr(_tlyn:unic loads arc imix_rt;mt ps)hies of this nature. The pre)hies was resolved by in-

strcssors for PWR intcn_:ds. "l'hesc Ioatlings include pump- sudling a new hold-d¢_wn ring and increasing lhc hold-
generated pressure pulsations, vortex-shedding ¢_scillatory dowtl f¢_rcc during installation. The SS! IT in B&W units is

forces and high-intensity turbulent flows. These cyclic an¢_ther successful example of dctuning the structure from

loads carl excite intcm:d components into vibntti_ms. When input excitations.
they arc not properly mitigated, I:IV can lead t_ fatigue _md
mcchanic_d failures.

{)thor I:IV problems arc more difficult lc>resolve. Thermal
shields in many early ('!'_ and Wl- units have encountered

Because of its low dissolved oxygen content, the walcr I:IV pre,bless, l:a_iguc cracks in support i_its were the

chemistry of a PWR is not lav_rablc to the dcvch_p|ncl_t ¢_f mc_st ccmmi_n reported failure, l)ctuning the shields by in-

S(,(, in the bulk oi the reactor c_ding system, l lc_wcvcr, crca.,,ing the stillhess oI the support systems did not prove

narrow gaps and olhcr small regions in sonic inlcrn:d com- t_ bc cHcctivc in minimizing the cflects (_f flow-induced
i'xmcnts c_m trap a stagnar_t lluid medium with h_cally high cxcit:tti_ms. Thermal shield,,_ had been removed from some

conccntr, tticms of corrt_ent.s. "lhcsc crevices create a c_>r- ('i" umts. Ncutrtm-shield pads, instead of thenmd shields,
rosivc environment and can cause S(,(' when tensile arc _(_v,, used ii_ the new Wl'_ reactors, l lowcver, the rc-

stresses fire ;also present in lhc system, l_rclo_tl._ in bolts moval of tile thcrm;tl shield with_mt an effective replace-
c_ut generale tcnsilk stresses nkkdcd l_r lhc dkvklop|ncnt _I mknt may incrc;t._C the scums llucncc al lhc w_di of the

S(,('. (_rcvice-assistcd ,_(,(_ is found in b¢fltcd jcm_ts :uld vcactc_r pressure vessel and adversely affect its hmg-tcnn

other tightly filled connccti_ms iii rkactor intcm:|ls, structural integrity, lt should bc n(_icd thai _malysis rcsulLs
- indicated lh:tr rkmtw_d td the thcnmd shields lrom the CI_

ic:lcl(_rs will h:tvc n_ undesirable elfeet iii lhc remaining
I,tmg-lcrm cxpt_surc tt_ la,,_tnctltrt)n fluxes is a strcsst_r lh,li design lilt (_I tilt: :tiLlcoted ik;K:t()rs.
can lc:td tr) kmbriltlkmcnt and ratlialitm-,issislcd S(,(' A

basic undcr_,t,mding ol thcsk pt_tcnti,tl agin_ dc_rad:ttitm

mcch,tnisms has m)l ykt bCkI_ achieved. "l'hcrc arc m_ttiy A mt_rc recent l:lV-related prt_blcm is the excess mcch:mi-

acliVk research wt)rks w/hose i_ain g¢_al is to incrc_tnk the c,tl wkar t)bncrvcd ill Ilux thimbles _md IhiHtbic guide lulx.'s
understanding oi +ncutnm irratli,_ti_m clIkcI.', _m lhc ;tgi_g _I i_ WI units. The problem has bckn mtckd t_>]:IV in lhc

rk;tCt(_r c(_mponknL,_, unsl_icldcd p<_rli(m ()1 lhc thimble between the fucl a._scm-

bl)' and the lt_wer c(_rc pl:tic. The current practice is tt_ rc-

lr, tct the thiimcd thm_ble scctitms away lrtm_ the vibrating

When they ;ire n(_t mitigatkd. _t___iI_gell cct.,_ will croP,lustily rk_i(m. N_ pets:them s_flutit_n has been pnq_skd, and Lhc

lc;td to a lailurc in lhc allooted c_mlp_mcI_t_. I l|_der_t:tndi_ l]ux tl_i_nblk ;I_d guide tube lhinnin_ pn_blcm is still under

the strcss_rs associated with these :tgil_g dcgr;ttl:ttit_ll _|t.'tiv¢ it_vk,,tigatit_l_.
mechanisms can Ikad lo the cst,tblishmcal _I clfcctivc

pr_gr_uns t_ c_mtrol and lli;|n, tgc thc.-,c :tl2i1_2cllct.ls.
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Discussion

The baffle plate water-jetting problem observed in sevend the susceptibility of the materi_d, and the second i:; to de-
WE units is an example in which tile c(_)lant flow field crease the tensile stress level in the component. The mate-
was modified to eliminate flow-generated excitati()ns. The rill ()f construction fi)r supi_)rt bolts in the B&W thermal
driving force behind the jetting problem was eliminated by shield was change, d from A-286 stainless steel to Inconel
changing a downward bypass flow to an upward bypass X-750 alloy. A higher temperature is now u_d for the heat
llow in the core baffle-core barrel region. New WE reac- trcaUnent of WF guide tube split pins. In Ix)th cases the
tors u_ the upward bypass lh)w scheme, size of the bolt sh;ulk region was enlarged, and preloads

were reduced dm ing installation. "l'he_ design and fabri-
cation changes should lower the tensile stres_s below the

Most of the serious I-IV problcrns in PWR internals have thrcshtfld level in the bolts. Together with the use of less
been resolved by well-established engineering practices, susceptible materials, they should provide adequate protec-
lqow-induced mechanical wear in llux thimble m)d guide tion against IGSCC problems in supi_)rt i'xflts.
tubes is an unresolved problem. Many plants have initiated
inspection programs to keep track of the thimble and guide
tube thinning problems. 7.3 Other Potential Aging-Related

Degradation Mechanisms

l)ue to the relatively high fic_wspeed and high-intensity Aging-related degradation mechanisms develop at different
turbulence level irl tile reactor c¢_)l_u)tlh)w, it is not l_ssi- rates, m_d, iii addition to the three identified major degrada-
ble to eliminate ',:dil:lVs in PWR intenmls. S¢)mc intcm:d lion mechanisms, ()ther aging mechanisms may emerge in
comix_nents are subjected tc)small-amplitude vibraliol_s future rcactc)r operations.
during reactor operations. They may bc susceptible [o
high-cycle fatigue failures. The effects of a corrosive envi-
ronment on high-cycle fatigue failures arc not well under- Neutron irradiation effects may manifest themselves in the
stc_x.l.Research results in this area have not reached the forms of embrittlement and IASCC. The expected lifetime
state that they can bc incorl_ratcd into design c()dcs such neutr()n fluence level for some reactor internals can attain
as the ASME B&PV Code. lligh-cycle fatigue may become the value in which neutron irradiation effects are iml_)rtant.
a m()re iml_)rtant factor in determining the useful working This is of special concern to components in the immediate
life for reactor internals, vicinity of the core, such as the core b',fffle, in-core instru-

mentation guide tubes, and l_)ssibly the core supl_)rt
plates. The existence of crevice conditions, bolt preloads,

7.2 SCf and exposure, to fast neutrcm lluxes would make the core
b_dlle a prime c:mdidatc for embrittlement and IASCC.

Most SCCs in PWR internals were detected in Ix)ltcd joints

and tightly fitted connections. Crevice conditions at these

kx:ations create a highly localized corrosive environment The CXlX)sure to fast neutron lluxcs may also lower the
that is conducive to the development of .'q(_(:.The use <)I temperature at which creep and stress relaxation can be-
molybdenum disulfide (MoS 2) a.s a thread lubricant can come iml_rumt aging-related degradation mechanisms for
contribute to the corrosiveness of the crevice condition, reactor internals. At the PWR, the normal operating tem-
The susceptibility of the matcri_d and the corrosiveness of perature ranges between 288 and 316°C; the best estimate
the cox)ling lluid are not sufficient to cause S(!(!. [_ch)ads for the threshold neutron Iluence level for creep and stress
in Ix)Its and the tensile stresses that they generate are als() relaxation in stainless steels is aIx)ut 6 x 1019 fneutronH

need_ fi)r the development of SCC. cre2). The CXlXa:tedneutron Ilucnce levels for reactor
internals ku,:atcd irt the core region can exceed the thresh-.
old value arid are susceptible tc) the effects of radiation-

Failures have been detected in thermal shield supl_)rt Ix)Its induced creep and stress relaxation.
in B&W units and in control rod guide tube split pins _d
WE reactors. "Ihe B&W thermal shield supl_)rt b_)lts were

made of A-286 stainless steel, and the split pins are made Reactor internal comI_,q.ents made of cast austenitic stain-
of Inconel X-750 alloy. The resi_msible aging degradation less steel ((;ASS) are ,,usceptible to thermal aging and em-
mechanism is SCC, specifically IGSC('. Improper heat britflement. PWR CASS internal components have ferrite
treatment of the split pins may have _dso contributed to the contcnLs in excess of 20_, and operate at a temperature of
c_n'rosion problems in guide tube split pins. ~316°C (600°F). CASS comI_)nents can becomes brittle

under these conditions and mav be susceptible to thermal
embrittlement. Many CASS comlxments have been re-

A two-prong approach has been taken to resolve SCC placed by machined parts.
problems in PWR intemals. The first approach is to reduce
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Discussion

In-mrvice inspections are relied UlXmto detect cracks zmd Note that xnc_streactor internals are not coml'_ments of the
other signs of aging-related failures in PWR intern',als that reactor primary containment system, Failures of reactor in-
are susceptible to neutron irradiation and thermal aging tcrnals may result in conditions that can challenge the in-
effects. The adoption of a preventive xnait_tcn:u_ceprogr:un tcgrity of the reactor primary containment system, but such
with the capability of detecting system degra_ttions will f;tilurcs c_mnot weaken the system if;elf. Key internal
enhance the _fety as well as the efficiency of plant opera- coxnponcnts can be replaced if necessary. "lhercfore, a vig-
tions. Such a progr,'un c,'m also provide useful infornn;tticm orous and comprehensive in-service inspection progr_un
to the decision-making process concerning the repair with the capability of detecting and monitoring system
and/or replacement of a degraded component, dcgrad_dion will eosure the safe working of reactor inter-

I1;.0 S coinp()llellls.
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