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ASSTRAST

A jecessary part of a survei.lance Pragras required Io IWNIIST jressure vessel
physical properties is an aczalytical metned of predicting fast flux discridu-
rion ia the pressurs vessel. n addiziom, there is 4 deed 0 predicc fluetce
(and therefore ‘lux) aver the vesse.'s Zesign life, whizh necessitates flux
extrapolation over suliiple fuel cycles. Az analytical s0del vas leve.cped
based on two-<imensicnsl rassper: thecry. Tha refe.ence sodel 18 in planar
JecmatTy with Appropriate corvectl factars for czapsule perturdaticn effects
and axiali pover distridution., Aa lzportaat feature 0f the =odel 8 he Lacle~
sion of & dotat=-by=-p~int relative power Jistribution which has deen averaged
over the irradiation time pericd. Iategral flux comparisocs wiin losineter
daca ‘rom five operating reactors indicated agrresenc of fadc fiumg (E > }

“eV) withis 193 Sased cu fissicn resctioes ia -''¥p asd *''U. CUncertatacy
limits for caliulated ‘ast flux were estizated o de :IJT at the inside surface
2f the pressure vessel and :10T for that value extrapolacted o 12 IFPY. lased
s zhis analytical procedure, & generic Zesign curve (s dresented for predict~
ing the pressure vessel fluence expected in a 177<FA reaccor over i:s )1 IFPY

design iile.
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1. INTRODUCTION

The reactor vessel survelllance program (RVS?) vas established to aomitor the
combined effects of irradiation and temperature on :the sechanical properties
of the delilisce region zaterials i3 a reactor. The RVS? decane a requiresent
in the early 1960's when (2 was deterained that significant differences Jc~
Lurted in the neutTIn embrittlement sensilivity betwveen various stee.s and
we.dnents used Lo reactor coastructicn. These regulations are puniishad in
Appendizes G and § of 10 CFR 50.'+? 0Of a3sjor importance is the adiustaent of
the reference oil ductilicy temperature (RType) as a2 functioa of fast aeutron
fluence (E > 1 MeV). T™his iaformscion will affect operating lizitacions with
respect to soraal heatup and coocldown procedures f{or the reactor vessel. These
pressure~temperature liaits are part of the Techaical Specificacions imposed
on the operating license required for each resactor.

The initial prograa, wnich was designed for Jconee-class reactirs, cousisted
of four holder tubes located i the coolant inlet region betwveen the ther=al
shield and the pressure vessel.'! Zach holder tube contalsed two capsules filled
vith specisens of pressures vessel materials siatlar to those used in vessel
fabrication. Also contained Lo each capsule wvere dosimeters for acnitoring
fiux exposure. Juring f{irstecyc.e operation, sachanical problems with holder
tubes veras encountared in saveral rractors, which secessizated the removal of
surveatillance capsules from all reactors io the original program. The affected
pLants 2:re Arkansss uclear Jne, Talr 1; Thise Mile lziand luclear Sta..on
Caic 1, Rancho Seco Nurlear Generaciag Stationm Unit 1, and Oconee Nuclear
Station Caits 1, 2, and 3. Thase rpecisens, and others, vere then added to
the RAVS? (with redesigned ho.der tubes) in th ee reactors scheduled for lacer
startup —~ Three Mile [sland Nuclear Statiom Unit 2, Crrstal RUver Unic )
Nuc.ear Jenerating ?lant, and Javis-3esse Yuclear Power Station Unif L. e~
Sause Teactors vere 10w operating wi'hout survelllance capsules, an analvtilal
detaraizacion of {lusnce vas reguired; {.e., fluence acsusulatica d>v the re-

ACtor vessel in one react.. had 1o Se correlated with the fluence 2f test

1ol Babeock & Wilcax



specisans irradiated in another reactor. ta addizion, pregicsiin of fugtuva
fluence exposure is necissary (or :208Pouent Jesign and fOr €slaDL.SNLNF WwiThe

draval schedules for survel.lactce capsu.es.

Prior to ihs RVSP a generic fluence value vas calciulated using the asalytical
procedure availacle at that tine aad pudlishad in SAR=1010CA.*  Jecavse 3¢ ua-
cirtainties ia reacs.r operating conditions and the lack of applicavle experi~
sental daza to Seschaark the analiytical procedure, considerable conservatis
was iacorporated into this curve. whem survelllance capsules wvere resoved
trom five of the six operatisg 17 7-FA reactors, fluence Jata decane ava.ladle
for comparison. THis provided an :p20rTuaitlv O reduce onservatisa ia the
design curve by better dafining reacior cperating conditicns and refinlag the
analytical Jlux calculations om waica fluence 18 dased. This report lescrides
that effore.

Bv their very sature, generic design curves will de conservative Ior most re-
actors because they represent the et adverse conditions expected O dclur

ia a class of reactors. Also, the fluence curve refers to the spatial laca-
tion in the pressure vessel at whizh the lotegrated flux (over vessel life)
will be a4 maxisuam, This cuarve is Yased on a fluence caiculation using cvcle

1 reactor conditions that has bdeen extrapoiated to equilibdrium cyc.e reacior
condicions. Thus, the two priaary comcerns are (1) the abilitvy =2 zaliulate
flusence for a known set of conditions and (1) the abillicy o extrapolacte that
fluence to conditions existing in an equilibrium cycle. An additional problem
1s the predictabilicy of reactor conditions associlated with an equilibrium
cvecie (defined as the rea:tor cycle that will predominate over :ne vessel life-
time of 12 effective full pover years — IF?Y). Aa evaluation of these uncer-
tain-ies will b» locluded in this repor:.

1e2 > Babcock & Wilcoa
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2. ANALYTIOAL MCDEL

e, 2. s3vOTTANL Vartadbles

The analyticas deterataacion f fasc fiax (L L MeV, 1hal fealnes 136 Teacior
TESUTE Vesse. ci8 De :onsidered &4 w0 Sa8:i: Srru.ems! (L) ld.lusetica of

0 fast .3 °HAT esCies 2i8 :3Ts ané ‘5. sitenuatizn 3! .=az fl.z five e
t9re CO the Jressure vevsel. Jeterainatiin of ‘lience adds 4z alililona. oo
plication = the [lux Sust D6 Lize-averzgd Over the LiTadla"ila peridd to Hro-

vide & valua that, whea itiplied Sy 2ime. will produce !luence.

Far A Jiven re.ative pover density (D) Slstiiiutlion amg core Isuilguradion,
£a0% Jlux that escapes 9@ :(ore ls direcily ;rI90Ptilta. ) FEaCIOr Jower level.
Als, for a jiven reactor core configurastion, fuel ls3auizg, soc pover level,

the flux that escapes the core L9 & fuscticn of distrizution Tepresented

ia three disensinos. APD distridution, ia tura, is a fuaction of fuel enriche-
sant, lumped Surmabdble polson (LAP), =4 coucrol rod locstisns. 13 34W reacicrs
@ 200ec core design s utilized vhereil cce tHird of the ‘usl Jisemblies are
replaced by frash assamblies at the ead of each fuel crele. Thus, enrichment
diseriducion (and tharafore APT distridution) varies fvom one cycle to the next
Jue to fuel sanagement procedures. 13 additioce, 37 and fissionadle material
Suraup acd control roo sovesent cause the APD o vary duriag 4 ‘.el cycle.
Consequently, & detalled description of reactor cperating .cmditions L3 recuired
ia order to ca'culate an APD represencactive of am irvadiaciivn paried. 220 s
utilized in :ide particie trassport codes 20T and ANISH as & fixed source (Iis-
sion densicy)! Laput which has bdeen norsellized to reacior pover level. Because
3f this dependence o0u resctor cperatiag couditions, A?D 4distridutica (ana chere=
fore [lux escaping the core) zan vary f{rom oce resctor to asother. dovever,
diffearences are axpected to Se small bdecauss 0f siallar operat.oual ondizi.ng.

Jor a given relative flux sp.rtrTum, sttenuation of flux Letveen the core and
e pressure vessel 1o Prizarily & fumccion of the somfiguratics of reactor

interaal components, thelir saterials 2f coastruction and tae co.ant dansiiv,

Babcock & Nilcox

»-




Siace teiative flux spectirim AC the JoTe «dge & Jeteralaea Jy Iae lore Jonme
figuration and fuel zype, all '77=7A resctors asve essentia.ly the 343e ipec~
ITam exit’ag che react:sr :ire. 3 additica, ai. L77-FA reactors aave Ine
same 3c3inal configuraticn of iaternal componests and aaterials and dperace
with searly t5e same coolant temperatures. Thus, flux attesuatics from coTe
edge 0 pressure vessel should be adout the same for all 177-FA plaats. Szall
differences aey result from the poesibilicy of cross atxing of fluxes i3 the
-1 place (plas view through the core). Thi. results froa 2D veriacticn 12
the szisuthal (9) direction (peripheralls around the core) as vell 4s ia the
radlal (R) and axtal (I) sirecticas.

JUviousiy, 48 SCTUPAtE caLsusation of nis attenuation i JLIfLIult ioasiler-
3% the approxisations requirad o s.aulate Tedl Zeomelry iln 4 Compuler Coce.
Howvever, if the attesuation zalcusation for a typiczal A?D discriduiion has

been Senchmarked and 1scleted from otzer effeccts, the problem of calculating
sressure vessel fluence woull be primarily that of calculacing fast rlux es-

caping {rom the re.ctor core.

2. tattial Cemec-ic Model Isprovement

A genaric design curve for fast fluesce 4t the reactor pressure vessel, pud-
Lished i 3aW-10.0CA*, vas dased oo izforzation acd 3ethods availaocie in

ear.y 975. Consideradble conservatism vas inteationally included i this
aodel d>ecausa of uncerzalaties Lo resctor operating coanditions ara the ahsence
of any comparative experisental daca. The calculatioval aciel counsisted of
coe~dizensicnal geomecry, walch war than corrected £o tha peax axial and azi~
sutaal flus locaction using separately calculated factors. The traasport code
ANISH®, which solves tae Boltrmans Traneport code usicg che sechod of discrete
ordinates, vas used to calculate a2 muictigroup radial flux distriducion f{rom the
core througn che pressure vessel. The model locluded a radial APD distriduciom
for ac estimatad equilibrium cycle, coolant wacer at 600F, and a 10T safecy
factor.

Specific items of concern vere the assumptions that ridial and azisucthal ef-
feacts vere Llodependesnt, the S5C0F coclant temperature vas too nhizn, and the
escimactions of APDe. The 7 alladilicy of dosisecry data from cyc.e . surveil-
Lance cavsules ‘ed o the use of a Teo~dinensional, -7 gecmet™ acdel using
WOCe TEALLITLZ co0lant temperatures and APDs. A detailed lesc-iption of :his
sodel i included ia secticn 1.3, This ipdated acdel perziiced a reduction
L3 he YSuilt-in conservacise.

u® Sabcock & Wilcox



Althougn not direct.y reiated t2 the geueric lesiga curve, anctler calculatiun
A8 requiraed 20 Jefize tae deltiine region. This regquiles a Tvo-didezsional
acdel in R+ geomarry. The (aitial aodel® zontalned 338t of the Icoservaliscs

and deficlencies that existed in the geaeric curve ca.zulatlon.
2.3. Calealatisnal Model

2.3.1. Coofiguration

A 3a'‘or effort in anaiytical codeling is the simulation of aciual three-disen~

sicnal {(3=D) shapes 5y using one~ (1-D) and two-dinensional (I-D) code gecte~
tries. Multi-~dizensional treat=snt and jecmerric Jetail are severely lizited
5y avallable computer storage. I3 addiciou, material properties 4n0uld de
represencative of average conditions during the i{rvadiation pericd. Although
inlet coolant temperature Jdoes lzcrease ar pover levels belov full jowver
(~2.5°F per 102 pover change), the total time at a frac..onal pcver level rels
ative to the lengeth of an irradiacion period is usual.y small, ance =his effec:
can de igrored. Thus, approximactions and trade-offs are rtequired and are s~
lected in such a vay as to ailnimize any effect on fine] results.

The ANISNY and DOT® particle tracsport codes were ised {0f L=0 ams J=U caltu=
lations. Both codes use the discrece oriiaates 3eciod 3¢ solution 2f the
Soltzaann transport ecuactica aad have mulii~group and asy=meiric scattariag
capability. The reference calculational model (s an -4 gecmecric reprgsan-
tacion of & plan view through the reactor core micdpiine and includes care,
core liner, coolant, core darrvel, thermal shie!d, ,nd pressure 7essei. “nue-
eighth core symmetry is used based cn structural configuration and APD data
(Figure I-1 and Taole 2-1). Coda param-cers vere .imisd %o P. order of scac-
tering, S¢ quadra-ure, 22 unargy groups ia order to ianclude resscnable zeo-
secric decatl. Flux geserstion Lo the core vas reosresested Sy 2°°7 figgton
discribution, vhich the code “urives from tne faput APD and 3 noraalizacion
factor to adjust flux level to the desired pover demsicy. Raflectec upper
and lover bdoundary conditions are used to represent core and struciural sym-
ascry. The right boundary (outside surface of pressure vessel) requires an
albedo doundary comaitfon to simulace flux lezkage across that Soundary «nd

0 adequately descride the perturdation caused by the zoncrete prizary shig.d.
faergy-dependent alsedos vers ca.culated from a ‘-0 20del usiag 2he ANTIN o ¢e
ia cylindrical geometry with 2s'cr axis dimensions ang AP0 2istridution, and

acludisg the pressure vessel cavity and jrimary coucTete sale.d regioos.

2-3 Babcock & Wilcox



Tor thcse refercace cal:ulacisas that 242 a0t require sccurata fluxes tear
tha ecge of zhe sressure vessel, the Tignt albedo coulld de replaced v & vas~

Jum scodizica that tended o sizplify zalsulaticnal eflforcs.

The ?; order of scatlering «ces 20t adequately describe the predominately for-
vard scattering 2f neutrsss ooserved ia leep jenetration of steei and valer
sedia. This necessizated calzulaticn 3f 4 Py/P; correctica factor usiing 4

P31, Sge 22-group, +=D cylindrical 3odel 2 AMISN wizh =afor axis dizsns.one
and AP0, lefereace model corveczicn factors vere determined Ly calcuLating
e ratio of fast 1 (2 a ) MaV) 2723 tne 1-D zo0del 25 the l-2 zodel. These
vaises Jere 23taired as a fusction 3f racial locaction alcng thie AL axis
(Tasle 2-2). Since these factors are prizarily depencent oo JecZelrT and =a-
cerials berveen the core and the cassule .ccation, the values snould e azplie
cable £ all i77-FA reaczors, and 20 sigaificant depencence on azizutial (2)

location is expected.

The S¢ symmetric quadrature nas generally produced accurate cesulis i dis-
crete srdizates -olutions for siatlar prociems. No significant change ia

luxes vas atzalsed with the use of 54 guadrature. No further veriflcation
of quadratrre accuracy 7as sade.

The l1legroup aeutron IACTISCOPLIC CITSS seclions represent the feuiran sorzion
cf a sateldiag-orierced, coupled, «O-group set, SLC-I1/CASK. T With :his ses
the fast seurron esergy range (£ > 1 MaV) is represented by the Iirsc il
groups plus a portica of group 12 (Tadle 2-]). Macroscopic cross sectlons,
required 1or tTanspor: analyses, vere tleaz obtained with the 3ixing cade
TAPMARIZ®., Sominal compositicns vere used for the structural mecals. Coolasc
compositions were detevaized {rom the average >oron concerntration over a fuel
sycle and the buls tesperature of the regica. The core regior was a nomcge~
neous a'xrure of fuel, fuel pins, structure, and coolanc.

2.3.2. Pelative P>wer Deasity Distributica

For a givea pover level the neutron flux escaping the reacior core doundar7 is
directly related to the APD 4iscribution ia the core, e.3, as R¥D valies are

{acreased 2ear the core peariphery, the flux iccreases proportionately. 22D
3

.

i3gTisuticons o three dizensions must e ccnsidered. Juriag a tuel :zycle,

)

s@. surmup and control Tod Tovement & 3 2 cause the ATD to vary: detveen

f.el :ycles the acvement of fuel assemdiies causes variaticns. Tor the

-

"
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SUTTI@ILLASCe 2CCEL LI L3 IInveniess 1o 35%4i3 4 SiZe-3veragea FFD 30 hat
average Iluz tan %e caliulated 33 redresest iz transient Senavior sver (1.1
iTradiation per.od. Thus, flieuce caa Se chiaized Iram -he praduce 2f zhe

average flux acd the tiz: iaterval over which = agplles.

Pin-hveoin APDs are geseratad io sriticalicy 4nd fuel =anagezent analvses
“Rich fave been demonstrited 0 de accurate prediccions of ictual IPTs ia
operating raactors Thes, APD values at L.ssec3 ingervala (pla pizzh) are
Sbtained for Mark 3 fuel assemslies. These data ave ucti.fzed (a1 e survelle
iaace program as {aput 9 CIAASPOTE codes iheré AP0 veiues AF® LiLE(TsisY
ccavertad to fission densities and, as such, resresent 2 flux sour-as in the
calcularicon sodel. Jecause tne -ean free path (afp) for fase neutrsns La ne
Core regicn L3 12 20 12 c3, oaly aeuEZons DO L 5 JULEr ue rovs of sssens
biles sizgnificansly cuntribute ta flux esesping “he core. Thus, parciiilal 2z-

tail !s required near zhe ccre periphery.

20 data are generaced az wzouc 3 a3 L2 Points i tise during & fuel cvecle so
SHAL the Iransient bLehavior can Se approxisated with scatic calculaticns. For
transport model Lnput, these 4ata are tise-averaged to sroduce a single RPD
that will represent the entire irradiacion period of iateiest. The averagiag
2athod assuzmes linear R?2 variation with tise except vheu coantrol rods are
30ved, a3d then & Step Chanye OCCUr3. An example of this zethod is presenced
in Appendix A. Conversiocs of %D data from the I7 spatlial nesh used 1 crit-
icality acalyses to thac used {3 che surveillance reference a0dal (R.) requires
the use of the subsidiary code S0RRZL?,

The analytizal procedure (or a reference zodel calculacion i3 %0 use the XY
(o¢ R8) RPD daca (tima-averaged) for a specific reactor irrvadiatior Jeriad
for which dosizetry data are avatlable arnd then adiust the results (sec:loa
2.3.5) ta equilitrium ~ycle ~ord'~!ons to cbtalin generic flience results.

APD dacta ia XY geomectry are available for all reacror fuel cycles for which
the cycle tize and enri:hmeat distriduticn have been prederermined. cause
2f the fuel shuffle jpattera generally folloved — one third of the fuel asse=-
3lles are renlaced by fresn fuel afzer each fuel cycle = the thizd and suc-
ceeding fuel cycles should de sizmilar and are referred o as equilibrius

crcles.
Since the reference =odel calculatisa produces fluxes 1a only the X and ¥

ii3eusions, an axial corvectiom factor F) is required 12 adiusz these

Babcock 4 Wilcox
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values =5 the axial location (2 Zimension) of iateresc. Jhe {¥ 3PD daca are
all evaiuated at an average axial iccatico (3/g)z = 1.0. The axial 32T dis-
cridution is primarily a funmctios »f contrel rod zovesent and is censicered
to be independent of the XY (cr 33) data. An average axial corraciicn Saczor
is evaluated for the axial locatics of interest that represeats the axial
shape of flux at the core edge ‘Arpendix 3). That shape is assuzed to appiy
throughnut the R9 calculation zodel, L.e., flux values ac eii 9 locations
use the same axial correctiom factor. lculated axial fac:ors fer each Te~

actor analyzed to date are listed ia Table 2-4,

whea !-D aodel calzulations (ANISN) are »erformed, the izput APD discriduilln
is obtained ‘rom rae corresponding XY or (R8) data by usizg the values alomg

FOB . = V... Pt &% .. ve - ~
a zajor axis oaly. Thus, ANISH-—<alsulated Iluzas shouls zarragrend o those

aloog a sajor ax's ia a DOT RO aodel.
2.3.3. 3elrtliine Region

Closely associated with the generic curve calculation is the defiaitica of the
beltline region in a reactor. For ti'is purpese a I-D RI calculaticnal aodel
is seedad £o obtain tYe required isofluence lines. Azi=muchal dependence (3
dizension) is elimisated by correcting calculated fluxes to the # location
with maximum flux. The zethodology for the calculational =cdel 3 essentially
the same as =ha: described ia section 2.3.l1 except for geometry. Radial bound-
aries, which represent cylindrical surfaces in RZ geometry, relare o dilean~
sions along a 3ajor axis. The cavity and che primary comncrete shield regions
external to the pressure vessel are iocluded to account for axial flux stTeam-
ing. Because of computer storage limitactioms, two caliulational amcdels are
necessary — upper half of the core plus related iaternal s:Tucture and lower
half of the core plus structure. Figure 2-I is a schemacic of am upper core
mocdel; a siailar model is used for the lower reactor regica. Iaput RPD dis-
eribution is formulated from the product of the 1-0 radial I?D (=major axis)
and an escimated eauilibrium cycle axial FPPD'?. 3och 32D iistriduticns ave
time-averaged over anm equilibrium fuel cycle.

Cr'culated flux along the midplace of the RZ sodel {s normalized to the 23
reference model after allowance for the reiztive axial cewer at that Lccation.
This flux distribution is then coaveited o fluence (mul:ziplicatica 57 zize)
snd plotted as lisziting isofluence values for various concentraticns 3£ ;hos-

snorys and copper.”
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... fCavsule Model

The presesce of a surveillance capsule in a reactor perzurds the flux 3easured
9y the desizeters. Therefore, ccmpariscn of experizental o czalculated e
requires that this eifec: be deterained. Siace the capsule was a0t iaciuded Lo
the 33 reference model beczuse of computer storage lizitations, {: vas zeces~
sary :o obtain a correcziom factor that could Se applied :o reference =ocdel
data. Thus, a capsule perturbactica factor, J(Z), vas calculated tc represeat

7

ne ralative flux chasge (as a funczlon of emergy) thar would eecuf if he dap
sule were includcd ‘o the reference xzodel.
A I-3 ca.culaticnal mogel (¥,33 Jlegroup) was foTmuiacted 13 3T aecmesTy 22
2xpiicizly represeat ilie surveillance capsuie (Figure a=)). Altaougn 4xdct
se~metry could 2ot e represented in Ihe XY czcori‘aate system, Soundaries vere
fnl.>wed rTeasonadlv well., and Jross sectional areas af capsule =aterials were
ecuated o real areas. a sour:ze was input into a l-ca-thick ore JarTel re-
§ion zhat reproduced tha sase relative flux enerzy specirum at the ouler edge
of the rherma. shield region that existed in a 33 referen:e accel calculacion.
This procedurs vas necessizated by code lizitaticns (a0 provision for angular
‘lux faput). Iaclusion of a separation distance frca the ther=al snield ourer
jurface 2o *he core Sarrel was reguired To Zenerate Ithe aporosriate ang:.ac

flux frem the {sotropic source inpuct. Several ilterations were required 2
sreaze the :orTecs SpecIrum; the curput spectrun from one calculation vas
used to adjust the source ioput to a sucteeding calculationm. The capsule
:ross sec:zicn in Figure 2-] (3 representative 2f :the Charpy specimen regicn
(Figure 2=«). Aay £l differences thac 231ght Se caused dy using a tessil
sreci3en region vere consilered small.

40 :alculations wece 2ade — one with the Figure I-) configuraction and one

vith water substituzed for the capsule zaterials. The racio of the average
flux in the specimen region from the two calculations vas defined as J(Z).
Ticzars werm calculated for enmergy ranges zonsistent wich dosizeter reacticns
and reporzed fluxes of iacerest (Table I-3). A factor greater than one indi-
s~gas that the capsule 3aterials do not remove (3¥ Jownscaitering and absory=-
tion) as sany neutrons as an equivalent wvater reglon. The svrmretric .ccaticnm
2f iosisaters at the outer edge of the specizea region led o the use oI sTecis

2en Tegion average Ilux as the tallulaction iTiteriin. S 7eriit nis se.ect.on,
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facisrs were alsc calculazid using the average Ilux ia tne AL Iiller regiom

ane results were assentially the same.

Cosparison of cosiseter zeasurements to calculated fluxes requires that a ref=-
erence lucation Se selected. The dosizeters were symmetrically located with
respect to the cester of the capsule (plan view). Thus, an average of the

four Zosiseter measuremencs should correspond to the average {lux {a the speci-
3ea regicn. Point (2r zesk interval) values are cre coaveniently obtaiced
frsa code calculations. Data from the capeuls =sadel cal-ulacicon .ndicated

that -he flux value located ot the center of thé capsule was the sazs as the
srecisea region average value. Therefore, all cospariscas of zeasurad o cal-
¢..ated data will be based oa valuas calsulatsd at the locatica of the c27sule

cexter.

2.3.5. fluence Extrapolation

The prediction of fluence for future fuel :ycles with kaown power distridutions
{fuel distributicns and Surnups) is of primary concern. Ia a L77-FA reactor
the transport of fast neutren flux from the core edge to the pressure vessel

{3 solely dependent om relative spectrum it the core edge, structural cospo-
aest zecmeery, and =scerials of comstruction. Since all 177-FA placts are
auite similar in these respects, the ratio of fast flux at the Dressure vessel
(:”} to fast flux that escapes the core (o“) should Se constant. Thus, tae
following procedure is proposed for predicting pressure vessel flux (aac Til.e=
fore fluence) prior to performing a complece analysis.

Spatially average: PDQ fast flux (E > 1.85 eV) {a the core liner is a juantily
readily available from criticality calculations, which are iacluded {n the fiel
management analyses required for all operacing plants. These 2aca are conside
ered to be proporzional to the fast flux which escapes the core and ultizacely
reaches the pressure vessel. Values from each tize step are veightec ila order
to obtain a time averaged flux that caa b used tc calculate fluence. These
7a.ues wvere observed to increase up to 202 from beginning- to end-cf-cycle
depending on control rod asaipulacion. Pressure 7essel tize-averaged Ilux aa
then Se predicted dy

o __(A)

ce
o”(A) - e ® x )"(3)

Babcock & Wilcox

L]
1}
S



where A and 3 represent flueace periods which are generally Jefizea for a

speciiic reactor and a specific :uel cyc.le.

Siace our interest is ia fluence (or flux) at the saxizus locatico, az:izutral
flux vartacions are isporzant. GHovever, implicit in this procedure (use of
spatially averaged flux) is the assumption that sigaificanc variacicas :a
azisuthal flux peaxisg do 20t occur >etwveen fuel cycles. To Jate, suiilcleat
experience has 20t beea obtained zo evaluate this assumsption alihougn indila-

tions are that it i{s corTect.

. aw -

Availadie flux data are listed in Tadble I-6 for L,7-fA reactor p.ants wnicn
are presently operating willoul surveillance capsuies. Cosvarisca 3f ;re-
dicted~to=nOiaaiiscs -alues from 4 survelllance capsule analysis (adicates
gocd agreement. However, capsule data are sparse and, ‘a Zeneral, represent
siailar conditions (cycle 1 conditicuns) A wre rigorous compariscn usiag
cvele I and ] resulls L3 cocnsideryd zecessary to verify zhis pracedure for
extra.~laling fluxes from ome reac:isr cvcle to ancther. However, the Proce-
dure fces have a good theoretical dasis and comparisons 0 reference =cdel

calculations for ANO-1, cycles ]} and 5§ shov good agreesent.

For ccomparative purpcses, pressure vessel zaxizus flux (cycle averaged) has
deen caliulated Ior all reactor cycles for which P2C analvses are availao.e
(Tabie 2-4). YNote the siatlarity detween reaciors for assumed equi.ibriua
cycles (cycle J and later). Fluxas for SMTD are somewnat higher pri=arily de-
cause of its higher powar level (2772 t). ANO-l (cycles 4, S, and 6) is a
ipecial case because Arkansas Pover 5 Ligzat has recently zade a decision =2
3¢ an l8~a30ath L3P fuel cycle. Othe: utilicies are zontesplacting such a

wove but acae Ls definite as yet.

2.4, Fiture Isprivements

Tl analysis procedure descrided herein was developed durirg the course of
analrzisg the fnitial group of surveillance capsules. Since analytical aodsl
development s a contiuuing process, a aumder of areas vhere techao.gues could
Se ‘mproved have deen aoted.

Of the iiems unier consideraticn, =a!or empnasis should %2 ziven o the use
of the code 20T I7, an ‘=proved versicm 3¢ 2CT. Imaroved data storage, e~
start capabilitles, :cuvergence, and variability of quadracture and iiseasions

dhould permli Py scattering decai. and explicit capsule Zecme:Tv D e
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incorporated into the refeurence aodel. This would elimizate the need for

those czorrection faciors ised i3 the present sethod.

Other improvesents, judzed to have lesser individual siznificance are:

1.

Use of component disezsions that exist at reactor operating cerditicns
48 opposed 0 "colu™ cimensions.

Calculation of axisl flux shape that exists at che capsule and pressure
vessel locations as cpposed to using the relative power distridutiom ia
pevipheral fuel assemblles.

Seterainacion of the flux distriducion WALNAG 4 cCApSULE CO DEtter :erine
specific dowimeter and/or specimen exposure.

Correcticn of dosizerer measurements for attenuation of f£lux zhraough dosi-
3ecter tudce and vire “older walil thicknesses.

Rafinemenr of spectral shape used for flux weighting of dosizeter capture
Cross cectinne.
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Table i-1.

ga_s!oaca:

Material

Core

Core liner

3vpass coslant

Core barrel

talet coolane'®’

Thermal shield
lalet coolca:(‘)

Pressure vooaol(b)

(a)
4]

Full power condicion.

Homogenized aixture of
T0z2 fuel, 226 cladding,
H;0 coolant, and Incconel
structure

$S 104
B:0 (530 ;pm B) ?
S3C°F and 2200 pet

H;0 (500 p7m B) 2
$SS°F and 1200 psi

§S 104

H,0 (500 ppm 8) ?
S55°F and 2200 psi

AS08 Class 2 sceel

=il

Referecce Calculation Yedel

Oucer radial
dizension along

zajor axis, &3

»e
o
‘e
.
-~
-

155.489)

’ss 304 vessel cladding (s included as an incegral par: of the
pressurs vessel, minizus thickness = 0,317 o=,

Babcock & Wilcox



Table 2-2. P,/P?; Order of Scattering CorTecilicn

o leference Model Cal:zulatic=s

Pressure
Enargy racge, Capsule vessel
MeV locaticn wals
»0.1 1.22 .29
»>0.5 1.23 -—
»1.0 1.23 .o
»2.3 .89 _
3.3 1,28 -

P Babcock & Wiicox

—



Strucsira of Croes Secsisn Ser

Cppur Zuergy ;vcru.c(‘)
caergy, width, Lachargy enerygy,

Group MeV MeV videh MeV

i 15 2.8 .20 3.5

P i o d .20 She

3 10 1.82 0.2 9.05

- 8.18 .52 0.2 7.19

5 5.6 1.40 .35 5.5

$ 4.9% Q.90 09.20 .5

? «.0%6 1.08 0.20 3.50

3 3.5 8.53 V.edl 4.73

9 1.6 0.1 0.05 2.462

10 2.33 0.52 0.25 2.08

194 1.8) 0.72 Q.30 .52

- .11 0.56 0.70 0.78

13 c.55 0.439 1.60 9.25

14 0.111 0.107 3.50 '2.93(=2)
18 3.30® men 1.78 L.61(=3)
18 5.33(-4) 4.32(=) .73 2.ab(=a)
17 1.0L(=4) 7.2(=5) 1.28 5.45(-5)
18 2.9(=5) 1.83(-5) 1.00 1.76(=5)
19 1.07(=%) T.64(=6) 3.29 5.74(-6)
p 1.06{~8) L.94(=5) 1.00 1.86(-6)
2l 1.12(=8) 7.06(-7) 1.00 5.83(=7)
a 6. 24(=7) 4. 34(=7) - -
“)lnaol on 1/E flux vartation over the emergy group.

) dead a8 3.25 « 1070,

Sabcock & Wilcox
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Table 2-4. Axial Correction Factor to Reference

Mpodel Calculation

Axial correction factos

Pressure
Capsule (a) vesac%
e rctor Cvclae leccarion ALl
Ocones 1 1 1.1 1.1
: 1149 1.1
Cconea 2 1 1.14 .47
Cconee ) 1 }.57 1.18
™MI-1 1 1.1 3.3
ANO=-1 1 .27 1.13
(.)Av.rt‘od over capsule langth for that portion
cf cycle vhile cagsule was {n reactor.
(s)ﬂaxxlu- value.
(¢)gysiaated. :
Table 2-5. Survetllance Capsule Flux
Perzurbation Taceo:s
Energy
range,
vey'd) Dosimeter reaction J(E)
>0.1 - 1.90 £33
0.5 23795(a,6) ¥7Cs 1.81 =L
>1.0 13%(a,£) ' 7Ca .70 /11!
»2.3 . S%re(n,p) %co 1.46 / w9
2.5 S*Fa(a,p) *un 1.s8 2.7
(a), __*
See Appendix C .or deter=inaction of
effecziva energy range for dosimeter
reactions.
deid uMLW'MI



Table -5,

Cata for Pressure Tessel Fluezce Predicticu
i3 177«FA leaczors

i @ surface
Spatial and time an - ’,::"‘,‘;','?'::t, .
. - v -
averagzed {lux

(2> .85 e7, ta Talie from

Normalized valie

Fuel <
Ieactor cyecle :“ ik ’:c ':0 uuo(‘ from cansule amalzsis
Ocoves 1 1 - - L.37019)

2 7.08013) @ 2.23019) 2.08(17)

s 5.31(13) L.580.9) -
Ccenee 2 b4 &.327.3) tanf. 1.3%¢L])

2 5.50(1) 161012 -

3 $.13(13} 1.77(20) -

a 6.13(13) 1.77(30) -
dcomae 3 1 s.3an'® .36(10) 1.390:0)

2 5.68(13) 1.54(10) -

] 6.21(13) 1.79(10) -
™I-1 1 4.82(13) 1.39(10) 1.4%(10)

2 5.48(13) 1.58¢19) -

3 5.60(13) 1.61(10) -

s 5.93(13) . 1.71010) -
ANO-1 3 6.20(13) 1.79(10) PR TE R

4 (L3P) 3.96(1)) 1.24(10) -

S (L3P) b.48(15 1.28(10) - .

& (L3P) 6.37013) 1.28¢20) 1.320:0) %’
a9 2 £.29(1) 1.59(10) -

3 6.56(13) 1.29(10) -
(a)

)
(e)

Usas Ocomea I, cycla 1, as reference valias.
Fartial cycle prior co removel of surveillance capsula.
Dire~t cal-ulation using reference acaly:ica’ .odel and :apsule =il -

izatiou facror from cycle ! zmalymes.
(@) gad as 7.08 = 1032,

it e Baococx & Wil ox
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J. DXPLRDENTAL BAsSIS

3.2, Das er

Dosimetry for long term fast fluence DEASUTEBRULS (EquU.its Lial e casget
sacerial have a signi Lcant capture crass section over the appropriate eneryy
range. Shis L3 secessary so that seffiiient :oac:zsﬁs 3C2UL Wil AeutTens o
the energy range o: incerest. Lo 430iiion, 4 TEACLA00 PrUCUGL Wila a4 icug
half-life is desirable, preferzbly on the order of the irradiaction pericd or
greater. Thic {osures zhat the dos.seter activity is a record of reactions
that have occurred over the entire ‘rradiation perisd. If shert-lived prog-
ucts wvere utilized, resctions that occur early in the irradiation period would
decay to the poiant that the measured activicy would represenc only the flux
that existed during the latter par: of the cine period. Cbviously, for a con-
stant flux irradiacéeoe, psoduct half-life would not affect the asaly~is; dut

that condition rarely exists La commercial Teavtor aperaction.

For pressure vessel surveillance, dosizeter reacrions cof interest are .lsted
in Table }-1. Hovever, ofly the fission reaczions i ~’"¥p and ' sacisfy
both energy and longeviiy requiresects. The *¥y4 and *“Fe dcsizetars are use-
ful for supporting data with appropriate ad‘ustaeat for energzy range acd Iize-
averaged flux. The *PCo dosimetery are used o estizace total and thermal flux.
The target macerials are "«0 a1l Jdiamater wires of 2igh puricy aacterials whizh
are contained iodividually in holder tubes of Al or Cd-Ag al.ioy. These holdler
Lubes are assembled and=to~ens 12 a4 dosizeter tuoe (F.gure J-l). JFour Ldeati~
cal dosimeter tubes are coutained 1o each surveillance capsule (sectiom 2.3.4).
Secause of their symmetrical location relative to the specinens, average daca
were considered representative of the interio:r region of rhe capsile. Also,
the elevation differences (two dosizeter tubes Lo the upper section and two (2
the lover section) wers considared lasiganifizant Secause of the relatively flat
axial Ilux shape at the capsule elevaticn. As part of the integrated surveil~
i/nce program, capsuies and dosidetery are deiag redesigned to provide acdi-

ticnal carget aaterials :or hetier speciral analyeis and redundancy.
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3.2, DJosiseter Activat:on

3.2.1. Measurezent Procedure

After a prescrided irradiation Period, :apsules were remcved Irom 4 reactor
and transported %o the Lynchburz Zesearch Cester (LAC) for disasseadly. DJo-
Sizeter wires wvere zanually resoved acd :t.en counted wiid i Je~Li Jectector
connected 0 4 z;witi-channel asalyzer. Tarze: zaterial velgnts were cbtaized
from wire weights and assoclated cheszizz. and isctopic zompositions. Mea-

sured activities were reported as .Ci, 3 2f targe: zaterial.

Because vire josiseters are flux accusulatory, no 2isfinction is made wiin
CRSPECt £O The esnergy 2f tha 1ury AT IR P S0 The TATEeNIATIrY? OY axnasure
Thus, & significant analytical effor:t is requiced td defiane spectral shape of
the flux anc its mdgnitude as a function of tise.

3.2.2. Analseical 2roceduse

To provide a basis for comparison of seasured-to-analytical data, calculaced
flux wvas converted to activity. This s accomplished wiih the following equa~

tion.
N4 - » ¢ 'i-‘gz N e
—— € It » .
de g TR 2 ¢ (£)3(E) 1: f:; - 'c
where

D = dosiseter activity, .CL'g of target zatertal a,

f = fission yleld of target aaterial a (= 1 for non-fission
aaterials),

N = Avagadro's asuaber,
M = atowi: weight of target aaterial n, grams,

2(E) = group averaged wicroscopic activation cross section for
sacerial a, bdamas/itom,

$(E) » R(E)o(2) = aeu'ron flux ottained from reference sodel
ca.cularion with appropriacte correction factors, a/ca~es,

K(E) = zcabined fi1.x correction factor o P,/P?. « 7‘ ¢ 15,
#(E) » neutron flux from reference model calculation, a,:a%-s,
F, = fraction of reaccoc full power during !°" sise lacervai,
A, ® Jecay comstanc ror Lisotope 4, 8-,

t, ® time iaterval for irvadia ‘cn period !, s,

Y=l “““. L Wilcox



e ® L300a SAaeB5AT t.38 I3 TeacisT ATV
capsula Temoval, s,

2 sséticwn Jov

e tize isterval ‘rom Teastor starsup o ead of (%D !rradiaticn
Jerioc, ».
for each reactor the flux iztegral, :‘ 3(E)9(2), vas calculated in the refer-

ence sodel a3 . 3(Z)-/%) and hea sultipiled By tha appropriate sorrection

-z
factors as follows:
R(E) T! S(EIN(E) » [ a(E)R(Z)*(Z) = T! ILI0(E).

- st -

The ac.ivation cross section z(E), were ‘ctaized >v flux weignzing INOFALV
Jata over a fission specirum IOC tie reguired STOUP STTuUCILTE (jee APDenalX J).
Although (nicial veignting vas dased on a fission spectrum ‘3 .ieu of kacwiedge
of the actual spectrua “seen” by the dosiseters, a iLater comparisen of caloue
lated spectra was zade (Tadle 3-2). The net effect on Josizeter activity of
ST3ss section over the various spectra, a.iiough not detersited quancitacively,
was considered small Sased oo a siatlar usreported compariscn. Of zaurse,
there (s no guarantee that tnhe calculated Specira are correct even though the
calculation techniques are considered theoretically carrect. EIxperimental
speciTum determinatiocn was not feasidle Secause of :the previcusly noted lack
af long~lived dosiseter reactions available.

[ - z’i A (3=1))
1:2-0 i. “ L3 a mseasure of lsotope decay
prior t3 reactor shutdewn. (Mo alzcv-aco was zade f{or subsequent decav he=

The pover lategral, :11

sduse deasured data were reported for zers tize after shutdown'. Fractional
POver traces, ootalded Irem n-lize Lvstrusentacicn, were Laput I an aux-
Lilary computer code for each isotope of iaterest. Thus, a Jover integral
was genarated for each Lsotope over each reactar histore. iaplicit ia chis
PTocedure is the assumption thAt reiative pover density does a0¢ vary with
pover level.

J.2.). Compariscn of Dat

in order o denchmark calculated f'uxes and o verify the analytizal procedure
used to deteraine flux listridution and svectra, seasured io0s.zeter setivisies
were compared 10 caliu.ated activities. laplicit i3 this srocecure Ls :he age
SUBDCLON TRAC BeAsUTec-tO=caLiuldted ACTiviTY TATLOS Are ecuLivaLent o flux

Tatios. This can e snown 1o de true LY ihe caliusated flux speciTus L9

3=3 Babcock 4 Wilcox




identical £ the actual specirum seen Sy the losizeter ‘see Appendix £). ia
this basis the surveillance zapsule dosisetry Zata wera :iorrelated. L These
data have previcusly been pudiished for eacn capsule azalvsis in raferances
11 chrough 18).

Secause of their effective enerzy range and long hali-life sroduct, ine

3 %p(a, ) 27Cs and 2100 (a, ) ¥7Cs reacticas vere comsicered o dest repre=
seat fast flux to the surveillance capsules averaged cver the irradiation
pariod. The cerrasponding normalizacicm fastove faprguwsdaranes’sularad “7 ix
racio) are listed in Table J=3 for each reactor. The Zaca fall within a nare
row Sand of 2.99 3o 1.17, which suggests that calzulated flux 3av de scmevnat
low. Hovever, it should Se soted that all are withia the uncertainty Sand
(see secticn &) although a bias does occur. Considering tae many variables
in the analytical procedure, the comparison is quite gocd and (s consilered
to be a verification of the analycical procedure for calculacting fluxes in
the capsule. By inference, calculated fluxes in the pressure vessel should
have about the same accuracy. For couservatisa, & sormalizacion factor of
1.1 vas selected to apply to all calculated fluxes.

Ancillary dosisetry data are listed ia Table J=4 which generally support the
obscrvaticas above. llovever, both the ‘*Fe(a.p)®*¥a and *¥Ni(a,p)?'Co re=
actions vere shown to have normalization factors consiscen.ly lass than 1.0
(overprediction of flux by calculacional procedura). Although no explanation
presently exists for this phenonenon, it L8 suspected cthat the calculated
flux spectrum is overpredicted ia the energy range greater than ““ Mev. 1
such & condi:icn does exist, any effect 2u ! Np(n,f) and “%0(a,f) reactions
would be much less, 22 and 72 respectively, Secause relatively more of those
reactions Occur at lower enargy. Any effect on integrated fasc flux (or flu-
ence) would bde similarly diminished because of the relatively small fraction
of flux with emergy greater thas 4 MeV. Consequently, the Laportance of
these data are discounted with respect to sormalizaticn of calculdted fasc
flux. Hovever, the above discussion does Lllustrace the danger of directly
applying dosisetry data to octher enargy racges. Should the specisen evalua~
tion procedure de altered ia the future to include an energy dependent damage
analysis, spectral shape of the flux will become sore Laportant and such sus-
pected discrevancies shou}i Se reconciled., Ia additicn, the importance of
Oconee | data wvas discounted bdecause of undefined »rodless that 2ccturves in
the seasurement of cycle | dosimeters.
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JUBE VEPLilcatien £OF Ihe PTESiiiice 3f Ii4k #i3i.4Ti1V leftween JTTeTA Teasilr
(seczisn 2.1) far similar irradiacion periods (fuel :IVC.es) L8 33Cal%eQ 3v lime
247133 4ctivity 3easurecents with the pover lategral fiviies Jut. THis removes
the effects of reacior operating histury and leagty of tne Lrradiaction eriid
from the activisy. Thus, a siguifizant varlation (o Seasured activiiv vas 7e=
Juced 10 an 4L30.t constant vaiue (Table Je¥) walch iaciiates Ital tie fast
flux vas essentialiy Che same L7 each Teactor. The VAriAftion La Jover lates
4rai valuss i3 indicacive 3f different operating histories and irraclacica
tizes. Calculated fast flux was ai30 essentidi.y *ONSCINt 3eCuwen Feaciors.
Analveical sodeis differed only L0 the Laput powe. JisTTidulilng waill vare
JLBlLar fOF CYCLe L L0 €ACH Leactiar.
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Targec Halt- Effective OMI'.',’

asecial’  Mescta  Zmaswer  _life®®  _cagge, vev
17y ot 1% 30,03y 2.3
210y at %,0 .03y i
sy (@) . tico 75,23 ¢ 3.3
Sepe (M "9 Sewn N4 4 2.9
Mgyt 3,y $3¢o 3,008 ¥ tatas
gyft) v b 3.384 ¥ +3.5 o¥

(811 sateriase except ““Fa sod one of the '’Co are concained ta Cie-ag
holder tuses o eliainate thersal neutren flux.

‘”!« rafarence 17,

“)5ea Appenaix €.

:‘)x.“ veight 5 ¥p, 100% tsctopic.

"u:m: aii fisetor products are produced, ‘''Cs 19 3¢ srimary
importance Secause of L1ts nigh yield and long half-itfe.

10,38 veigat S U, 99.27% Llsotopie.
#1600 wetgne 2 N1, 67,772 Lsetopic.
100 watgnt 2 e, 5.82% tectopiec.
)5, 36 weigac 3 Co, 1008 Lsocopic.

()



- . . - el . .“.i .ll

foectra Noraalized

2.8 0 1 Nev

Lover eneriy s 4:0 ac Capoule LISBNMES Yeines
Graup _beund, ¥e¥  Iissisn capsule iocatien genmcer Al Ils

4 12.2 7.3002 2. 3018 0,001  2.303» 0,393

P 19 2.201) 2. 5064 0.00%«  0.008& 2.30%)
) (T 2.3032 9.018 0.815  2.088  9.71
. 6% a.021 2.0%0 0.261 2,047 2,838
5 % 3834 3,992 0.07% 0.9 2.3
9 & M 3. usd L n.048) RAPLY ] 3. 39
y 3.0 3.199 0.418 0.098  0.09%  0.3%
' 1,48 0.132 9.122 0.139  0.106  9.392
’ 2,38 2.3% 0.239 0.93 203  2.931
P 1.83 0.18 9.152 0.182  0.133  2.135
1 L1 0.323 9.278 G336  0.320 0.)82
e 1.0 2. 064 0,046 0.060  0.086  2.399

"'uuux group.
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Tao.e J=). dormal.zatior Faciors for Valiuldtes

Flum ia forseiilance cacsuies

Los.aeter aciivity,

Dosiaater —_—-‘EII-L..— ‘.m‘.'.‘;”(

2eactor Cicie ._nnms._. Meassred Calculated | factor
Oconee L } Pupla.t it ) 3.49 .-
"‘cu.n‘-"-.. LA 0.06 -
Qconee 1 1,2 Wwpia, 00 TCs 9.22 1.9 L.
M8y (a, ) V¢ 1.9% $.73 ivdd
Jeones 1 v Mt A L 388 .
S0, ) % 3.3 1.2 0.9
Ocones ) i “iupl 1 hCe 5. 43 . 8 Lok
10 (a8 e 1.08 0.98 3.43
™I-L A W% 8,07 7.9 8,40 .40
10y(a, 07 162 .36 .38
ANO= L 1 %p(n,0)' 3728 5.20 PO T bea?
00(a, )V 7¢a 0.9? 0.9 1.0
(a)

Normalizstion factor * seasured activity/caliuliaeted actliviiy.

Asasured values vere laconsiscent with similar data and, the:afore,
veres coasidared to de larorrect.

(%)
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m ‘el sigtey L AT c . 3 . e

f

Salcusates

mmu"' (8 fias A9

et iraty, Pover R eFi, capsu.e,
fesctor Grele _.Si/a.  iatesral _.CM/g Slsaces.
Oconee 2 4 §.°0 3.3258 350 deediid)
Oconee ) i $o 08 2.021s oS53 .48
™.l i 1.2} 0.029) 147 2.93(.0)
ANO- L : 5.39 3.0204 253 2.0allid)

‘ - .
) verage of faue deuiseters fzr SiTNp(a, 0 la.
1

‘Bly o 71 o seasured activity jower Lategral,

FI = flux lategral = 2 8ie(E).

-t
(€) varage value for 1 > 1 WeV.
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6. ANALYSIS OF SATA DNCERTADTY

Flux values deteraized i{n the surveillance program are sub’ect to unzertaine
ties related to dosiaeter activation Seasuresents, caiculaced conversion of
dctivity to flux, and prediction zetzcds for extending daca to future reac:zor
Jperacion. A recant study as perforsed at 244 23 fefine dancerzaias»y li=mizs
fr~ measured and caliulated flux daza'? and those results are sucsarized ia

this sectior,

.l Surveillance Cassu Analysis

Ranges of data uncertainties for the various phases of this analysis are !.sc-
ed in Table 4=). Liait vilues for seasured activicies vere calculated in ref-
erence 13 and ilaclude components for dosizeter vire weighing, composision of
target =material i{a the wire, gamma countiag statisc.ics, instrumentacion cali-
bSration, and possible aisalignment of the capsule holder tube in a reactor.
Major contridutors to the overall uncerzaiaty limics vere calibrarisa ane po-
sitioning errors. Detecisr calidration was 277 and the capsule position was
4ssune’ to be within =0.25 {aches of ics desigrated locacion. Liaiz values
for the *17¥p(a,f) resction exceeded ocher reaction data due to greater uncer~
taiaty of the composiiion of 2?7Mp 1a she dosizecer wire.

Zvaluacion of uncertaiscy liamics relaced =2 calculated activities (acludes
consideration of s.ch componects a8 approxizations ia tha transp rt theo.y
aodel, alcrosccpic neulr:n cross sections, matarial cozpositions, turee-d . zen~
sional relsitive power discridutions, capsule model gecmetric approximacions,
fission yields, averaging of zeutrom cross sections cver energy groups for
dosimeter reactions, i{sotope decav SSGalants, and zeasuresmert of reactor Jower
Aistory. 2ecause of their {aterdependent and somerizes complex effccss on
dctivicy, limits for most of these components wvere Jecessarily estizmaced based
30 experience and engineering ‘udgment,

Conversion of seasured 2cIivity to flux requires the use of neuzrnn crass sec=

ticns for dosizeter reacsions, fisgion 7ilelds, and «noviedge of reacsar Jower

=l Babcock & Wilcor
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history durieg the irradiacicn period. Implicict in this analysis is Zhe as-
sumption that :alative power distributica is independent of jeower .a2vel. Ia-
clusior. of limits for these components :uzuses the uncerszaiaty .imiss of the
measured activities to increase (Table <~1). TFor scme reacticns ac extrapgo=-
lation {s required to extend mzeasured flux to the fast flux emergy range (>1
4eV). ?Pcssible errors in spectral share wera estizaced to have a =103 effec:
on cotal fasc flux. 1his additicnal uncertainty tends to decrease confidence
ta *“Fe(n,p) and *¥Ni(e,7) reaction measurements for fast flux calculacions

relati{ve to the two fission dosimetars. L
4.2, Generic Tlux Data

Since calculated activities for the initlal group of surveillance capsules
(Tables 3-3 ind 3-4) were essentially all withia uzmcerzainty lLizits for zea-
sured activities, it would seez reascnable to conclude that the analytizal
procedure has been verified. (A 1.1 factor was applied to calculaced fluxes
to account for an apparent negative bilas and to insure conservative results).
Consequently, uncertaincy limics asscclated with fluxes derived from zeasured
activities should be applicable to direczly calculated fluxes. A nominal
value of =253 vas selected from Tabl: 4~1 for determination of average flux

in surveillance capsules. Uncertaiaty limits associated 7ith spatial extra-
polation from capsule to =wximum locaticn ic the pressure vessel and 20 account
for variation of relative power distridution between ‘uel cycles cause the over-
a') uncertaianty limit to increase to =302 for predicted fluence over the pres-
sure vessel life (Table 4-2). Powver distribution effects are estimacted zo be
aredictable wichin =20% with a zethod dased on comparison of ctota. fast flux
escaping che reactor ccre (section 2.3.3). It should >e emphasized that zhis
2302 vaiue is dependent on the availability of a core criticalitv analysis for
an equilibrium fuel cycle and that this fuel cycle be utilized over most of
the vessel life. Also, the uacertaincy limits of a consideraole aumber of the
ccmponents included in the overall value have been estinmated due %o the ab=-
sence of specific data. The net effect is to diminish the credibility of zhe
overall uncertainty limits liscted in Table 4-2. However, an attempt was zade
to select zomservative values (zaximum expected variaticns) far each ideatifi-
able component.

3ecause operactiag drocedures, fuel enrichiments, etc., vary Setween L77-FA re-

actors, the power Jiscribution from a specifi: fuel cycle ioes not carressond

a3 Bzbcock & Wilcox



t3 that in a generic asalysis. Selecticon 2f average cvc.2 pcwer dlistiricuiions
will introduce an additional uncersainty. -3 general, Cwever, a Iyi.2 Tesre-
senting saxisus Sluence conditicns (maximum fast flux escaviag Ine reacIer
core) is used so that any extession of the uacertaingy li=it is om the nega-
tive side (and usually ignored).

Table i-1. Tncerzaistie- Relited o Dosimeter izalvses,

Jeaczion

317N (a, £) SMvia g fefefn,2) S
Measured iosizmeter
sctivicys? =21 si3 =13 =13
Calculaced dosizecer
accivicr () =34 29 b 229
Ceaversion of %)
activity %o flux 211(=231) sl 3 B 4 =13
flux (based cn ()
seasured accivity) g2¢ (230) 3% =17 217
Tast flux %)
(E > 1 MaV) 224(230) z37 3 226
(3)

An additiona. compcoent was idued to the refarence 13 uncertaiscv analvseis
0 account far resative power ilistTisution averagiag over the irradiacion
period.

‘5)7alu.- in pureathesis are bdased on the vield daca used in the initial sur-

veillance capsule analvses. Updatad yield Zaca will "rzdice lower rilues
(Table 2=2,. .

23 Babcock & Wilcox



Taole 4=2. Lrcertaiacy Liaiss Associatea Wity Jenmer:i:
Pressure Vessel Surveillance Flux Analvsis
for 17°-7A 2eactors

Cacertainty !(‘)
SSESISBRET .

Fast flux based ou capsule

dosizeter seasurezencs :.21'N
Maxizmum fasc flux ta Jressure

vessel region 23
Pressure vessel fluence Pre=- ()
diction over 1l-vear vessel life 3 ity
(a)

Values associated with fast flux are considered appli-
cable to fluence Yecause Teactor operating power zea-

Surements (and their duracion) Ieasurements are rela-

tively accurace.

Nominal value from all dosizmeter reaczicnms.
Based on a reference fuel cycle.

(b)
(c)
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eric Jesi FLuence

e | Gen

A generic dasiza curve was coustructed s that the zaxizus Ilyence Inas wida
sceur 13 The pressure vesses of anv 1TT-TA reactor tased :a sresent 34%W lesiiz
carasecers could de sredicted. Claliulated flux (DenchBariec IJ lapsu.e io=-
sizetry) at the pressure vessel ioside surface (“11® 2ff a zalor axis) Ior
Sconee 2, cvele L, was used as a reference valie and then ad usted 9 acioumt

fsr generic aodel coaditicns as fcollows:

1 . - = - - -
‘fglfu?a;::)fzrx ' Racis of  Racio of cycle-averaged
Ficasie ;i‘““. surfans it generic core escape flux over
tgezeric) © lpressure vessel ; -  POVeF £3' T  CNtTemS equilibrius
for Oconee 2. Occaee 21! ‘eycle to Oconee 2, oy~
‘cvele 1 poves cle 1

Prescure vessel
design aide
+in seconds

- - -

.'.'ppcr uacertaialy -
liai: of predicted!
equilibrium cycle |
(conditions

)

The teras of this equacion are Sased on the foilowing conditiocns. A se3eTic
pover ratiag of 2772 MWt represents tle IaAXIiTus Jow2r present.y considerec
far 38% 177-FA reactors. For a given reiazive power distriturioem, Ilux s-
caping the core should bde direcsly properticanal 22 pover level. Change la
relative pover distridutica is acsounted fcr Sy the raclo of fas:t Ilux es-
zaping the core. This direct proportionalizv to pressure vessel {luence is
sased on the preaise that all 1TT-FA reactors have the sase flux attenuatiion
zaaracteristics from core edge 2 pressure vessel  sectionm l.3.3). A Teview
2f available core calculations jerfcrses fovr fuel 22nagesent ana.vses _ngi-
catad chat ANO=-L, :z7cle ). stould Tepresent :tne equilidriua :vcle exjpeciec o2
~ave the Ireatast flux Jer i2i: Foves escading the :ore ‘anc tnereflre 3raate

est >ra=sure /essel iluence jer .alt jover). T2 <nsulfe That the Jenesil urve
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Tepresents the extTesze case, the upper uncertaiacy liaic of 10X assigned 2

precicted power discriSuticas is included. Thus,

.01 = 109

re
~
-~
=

d . . {2772} (6.20 = 1013}
Fluence = (1.39 x 10°%) (355 [«.sz s 10y (&

- 2.1 = 10?7 a/ea’.

Fluence as a function of operaticg tize is plocted {a Figure 5-1, with the
tnclusion of a =1CT uncercainty limit (Table 4=2). A fluence of 2.1 = 107

a/ca® 2302, vhich corresponds co 32 ZFPY of reactor operation, is predicted

to oczur at the maxizus locaticn on the pressure vessel and under the zost
adverse conditions anticipated for l77-FA reactor. Possidle chauges in fuel
2anagement procedures, such as the use of an 18-conth L3P fuel cvcle, under
consideration by several utilicies, could result in fluence reductions of up

co 25%2.

Additional comfidence {n these data was obtained from the analytical procedure
developed in sectiom 4.2. A direct calculation of pressure vessel fluence based
on ANO-1, cycle 3 power discributions and the calculacional normalization factor

from cycle 1 capsule data (sectiom 1.2.13) y'ic.ldd an end-of-life fluence of
2.1 = 1039 g/ex®.

S.2, Specific Reactor Fluence

Fluence data derived from dosimeters in specific reactors have been extrapo-
laced by use of a technique described ia sections 2.3.5 nd 4.2. The lasc
cycle for which core escape f{luxes were available was considered to bSe the
equilibrium cycle, vhic. was then assumed to be repeated to 32 EFPY (pressure
vessel design life). These data indicate that a somevhac lower fluence will
Ye reached at end-of-life than predicted by the generic curve (Table 5-1).
This difference is accounted for by the higher power level and extreme cycle
conditions utilized (n the generic analysis. A =30 uncertainty limic should
alsc apply to specific plant extrapolated data. Note that the ANO-1 fluence of
1.3 = 10'? n/ca’ is considerably lower tham all other systems, prizarily be-
cause of Arkansas Power & Light's decision to use the l8-month, L3P fuel cycle
starting with the fourth cycle. Fluence levels for each pressure vessel weld
considered to be in the beltline region can bde determined from data listed ia
Appendix F for Oconee 1, 2, and 3, Three Mile Island 1 and 2, Crystal River J.
Rancho Seco, and ANO-l.

S0 Babcock 2 Wilcox



AS surveillarce capsule dosinetry daca cecome availadle frem Zuture reac:or
cperiatica, it will be used if necessary o refine the generic curve. Long ters
irradiation daca will reduce the required extrapolaticm period (out ta 32 ZFPY)
acd provide a becter indicatiom of equilibrium cycle power discriduticms, waica
should tend to reduce the preseat umcerzaiacy limie. Also, as data frcm aul-
tiple fuel cycle ‘rradiacico periods are cbtained, a better definition of ex-
treme cycle conditions could perait an additional reduction ia generi:c f{luence.

S.3. lead Factors

A convenient =2ethod for zranslating fas:t flux values presented in zthis reper:
{inside suriace of pressure vessel) o other locations {s 5 .se 2f a2 lead
factor. Lead factor is cdefized as the racio of fast flux at a specifi: loca=-
tion o the maxizum fast flux i{n the pressure vessel. Ia this analvsis maxi-
sum flux occurs at the inside surface of the pressure vessel om a radial :zra-
verse located ~11° off a zajor axis (R9 geometric mocel). Values for percinent
locations are listed in Table 5-~2. These ratios were determined from a radial
flux distriducion cbtained from a one-dizensional radial ANISN calculacien.
Alchough the calculational model was based on major axis dizensiocns, the lead
£actors should be appitca¥le co any tadtal traverse (i3 chis case 11° off axis)
because flux distridbution near the pressure vessel is primarily a funczion of
attenuation ia the radial direction due o symmecry in planar geometry of near-
by regions (Figure 2-1).

Lead factors for different azimuchal locations (poiats not on the same radial
traverse) are somewhat semsitive to variations that occur in azisuthal lux
discribuction bectween ~eactors; as contrasted o the shape of radial flux dis-
tributicns which is relatively coasistent for 177-FA reactors in regions near
the pressure vessel. In general, howvever, maximum and minimum azimuthal values
were locacted ac about L1* and 26°, respectively. The corresponding azizuthal
displacement factor in Table 52 represencs the assumed equilidbriuam cvcle
(ANO=-1, cycle 13). Since cycle averaged flux and fluence are irectly propor-
tional, these lead factors are also applicable to fluence. Thus, any {lyence
value from Figure 2-5 or Table 5-1 can be convercted 2o a different location v
sulciplication with a lead factor. '

Babcock & Wilcox
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Table 5-1.
Bused on
Tower, capuule

Reactor MWe

Oconce | 25468
cunce 2 2568
Oconee 1} 2568

T™I-1 253
ANO- 1 2568
Genur le 21

Irradlat ion
i35 811802

8.9(+17)
$.3(+17)
4.2(¢10)
5.7(¢17)
4.1(010)

Extrapolation
to equilibrive

o Sysle
1.8(+18)
1.9(+18)
1.5(+18)
1.8(+18)
2.6(+18)

Yaui fluen

(a)

Maximus Pressure Vessel Fluence Poediction
_. dor L1I-FA Weactors

——————— "

€, hjim"

-

Extrapolation
Ao 32 bRV
1.7¢+19)
1.8(+19)
1.9(+19)
1.7(+19)
1.3(419)
2.1(419)

Uncertalnty
=it
1ot
1303
1302
tijng
1 0%
1ot

‘.)!qulubtlu cycle swwumed to be the lawt cycle (2 3) fur which fuel sanage-
st aualysis date (core vwcape fluxes) ore avallable.



tasle 3-)., Lead Factors for Fast Tlux ia a
-

L/ =fA eac:or

4 ‘ 1

0685108 (a) disp‘a‘::::na: dt:;?:::;:n: Lead

Radta) Azizuthal facser b 4] 4 facear
Capsule center - i.3 1.9 Yol
Vessel inside surface 13° 1.0 1.0 1.C
AL une 1/1.8 1.0 1/1.8
3 T/s 13° /7.5 1.0 7.9
Vessel cuter surfaces 3° 1/17.% 1.0 1/17.5
Capsules center 26° 1.8 ili.e I
Nev capsule ceater'S) u° 4.3 1.0 4.5
New capsule cctn(c) 28° 4.5 /1.6 3.2

(')Louuon of zaxisus (11°) and aintmm (26°) of azizuthal flux variztion
based oo ANO-1, cycle 3 pover discributiocsm.

T = thickness of pressure vessel.

Capsule locaticn iz the three host reac:srs — Thoee Mile Island 2, Crystal
River 3, and Davis-3esse 1.

(%)
(c)

$-3 Babcock & Wilcox



Fest fluence (B » 1 MeV), i0'? w/ca?

3.8

2.8

Ffigure 3-i.

Genari: -esiia Toceacse f3r LUT=Ta Reastits
3ased on Location of Maxizum Ixposure on
Iaside Suriace of Pressure Vessel

) ! ' 4 . 1 ' 1 ) 1 '

0 s 16 16 1 20 £ 3% B B N =B

£ffactive full Power Years (IFPY)
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Pover Jistritucions
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To provice 3 singie 3FC taal will represent ad enllire I1TTaclatisa erisd tae
following calculation setiod is used. It i3 based ca the assumptlon that the
values vary linearly wita durnup except when comtrol rod Tovement Jccurs, and
then a scep change occurs. For example, let q,, Ggyr Fyggr Fizze Yp3g0 30
Gaeys Tepresest the relacive pover at a specific location at 0, 50, 100, 150,
100 and 250 days during a .50-day fuel cyclae. At 120 daywTontrol rods are

soved. Thus,
1 . :
1 355 (25q, * 50q,; + 50q,,, * 754,45 * 2534555 = 23954;]

This averaging calculaticn is performed by the code SCRREL. Effectively,
this foraulation indicates that a, appiles frem O o I3 days, as; frem 25 20
75 days, 230 frem 75 to 125 days, q;¢y from 125 co 200 days, 3239 from 209
co 225 days, ana LT fros 225 to 250 days.
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Axiai Powver Discriducion
Correction Facteors
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For a given fuei assens.y, ead-vf-cycle durz=ups as 3 fumctica £ axial l2eca-
tion are sbtained from fuel =anagement analvses. 3Relative power distridution
is obtained >y dividing .scal Surmup Sy cthe average durnup for cthat fuel as-
sembly. From this distriduticn, peax (or correccion) factors are calculated
for the surveillance capsule elevaticn and for the =maxisum axial locationm.
(Although, i prisciple, faczars for any axial lccation could e calculated).
These faczors are then weighted to account for fuei assembly location. From
Figure 2-1 it cam be seen that values irom the d, X, and L rows should de
representative of the flux escaping the core that reaches the capsule located
at 11° off axis.

weighting faczors were calculated to account for expomentias attenuation of

fast seutrons dora 1o interior fuel asseaplics. Thus,

Attenuation
Column distance, cm weigheing fac:or
15 0.0 1.0
LT a(am i)
14 2.8 e o'y VP ilsieN o 0. 22
-7 {307V (36
13 3.6 X, SN

where :i = 0.07 c:°‘ is the macroscopic removal cross section calculated in
the core region for aseutrons and has bSeen averaged over the energy range

E > 1 MeV and weighted with a fission spectrum. All seutrons >ora in a fuel
assembly are assuwed to de locaced at the outer 2dge £o that tue attenuation
distance i{s a muitiple of a fuel assemdly picch. The rapid reductlon of chis
factor i:dicates that only tze outer two assemblies significantly contribucte
to flux escaping the core.

The axial power distriducican factor, ?z. can be calculated for each row as
follows:

- .
1 b 3 { 3 { '

?Zl - r% ;'.—q—-: - 2.22 (=i 40,08 =im
.- '.qu:s "!1‘3 :!-.,i,
- \ ! \ -

where (5/3

"

“.s) is the relacive pover density in assembly Hl°, e

8.2 Sabcock & Wilcox



Values 3f 3'3 shoull Se zear the jaze elevacisa I3r eacn asse=n.v. A ore
average value s s3taliaed Ty giviag egua. wWeight 0 cthe values 3f H, X, aze ..
Adaittedly this {3 an approxizat) pricecuse dut WD valies 20 not vary sigaiii-

»

cantly from pia 23 2ia as shown i3 the followiag exasple from Cconee J, :vele

« 2ata Tadble 3-1).

The use of axial facsors o correc: 32 flux calsslations at locaticns cusside
the core is predicated on the assuzption 2nat axial flux shape iu the 2ote i3
the saze as the axial pover shape azi tnat zhis shape remains inzact outside
the core. For these reac:ior pravlems, :Inis azrears :u Ye a reascnable assu=p~
i2n Tecsuse 3f ine Tegular seomesrr ¢ the attenvaticn Tegions (sIrucsural
components) at the elevaticn of isterest <core heignt). Ia practice, (Saslu-
lations in RZ geometry of siallar reactor models) the axial snape has deen
observed o Ilatten somewnat at iacreasizg distance frcm t. - core. This would

tend 0 aake flux preciciions with tnese axial faccors slighacly aigh.

Table 3-1. Deterainacion af a Typical .. al
Correcsicn Fiotor

r:
Average over Peax
Fuel Weighting surveillance axial
asse=ply faczor tassule _enge! 29¢cation

213 2.9 1.17 1.13
il -4 .16 Taks
a3 0.05 .18 -0 &4
1 Row -— 5.17 1.18
[ &%) 1.0 & 17 L.38
ks 0.2 .16 .47
[ &%) .08 1.28 .17
K Row - .37 .18
«13 3.9 $.o8 - 4
wlé 333 & a3 s+ 13
=3 3.8 e L
- Row - o a¥ ead
care average - AW P
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APPENDIX C

Eifective Znergzy Range
for Dosimerer eacticns
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i3 order o properly evaluate :he flux data derived ‘reom dosimeter reactions,
the energy range over wnich thcse reactions JCCur 2usSt Se «ncwn. This effece
tive ecerzy is defined as that energy above which %351 cf the rsactions occur
4ad {s a Zunctiom of the flux spectrum. Values vere calculated using fission
Spectrm-averaged TicroscHPic caprure cross sections and the relacive flux
Speciua at the dosimeter locaticn. Reaction rate data were calculated for
the flux spectrum that existed at the capsule location from the reference
aodel calculacion. These data, itemized ia Table C-1, izdicate eifective ea-
ergy rasges of >0.5 MeV for 237Np(a,£), >1.0 MeV for <380(a,f), 2.3 eV for )
*®N1(a,»), and >2.5 MeV for $*Te(a,p) reactions. These enerzies are socewnat
dependent oo tne 8FouUp structure used in the flux spec:rua calculations and,
therefore, should a0t be considered absolute values. However, they are :zon-
sistent with other neutron tracsport calculat‘ons performed fa the surveil-
iarce capsule analyses.
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xco(ip, 7 ¥20o0eg

Encrgy
Brove

1
2
)
4
5
b
7
8
9

10
1
12
13
14

Effective Energy Runge for Dowimeter Resctions

Teble €-1.

Luver en.rgy Normallzed
bound, MV flex
12.2 7.0(=4)

10 2.85(-))
8.18 8.19(-3)
6.3 2.24(-2)
4.96 &.11(-2)
4.06 1.50(-2)
j.ol 5.25(-2)
2.46 5.43(-2)
2.35 1.75(-2)
1.83 6. 78(-2)
1.11 1.24(-1)
5.5¢ 0@ 1.36(-1)
1.1(-1) 1.94(-1)
3. 35(-3) 2.44(-1)

(8) g ed au 5.5 = 107}

3 npln, )
1.74(-3)
8.87(-3)
3.09(-2)
8.19(-2)
1.50(-1)
2.07(-1)
3
B
.
b
7
9

Cumvlat fve Teaction rate

04(-1)

L02(-1)
L=
S1-1)
.68(-1)
LA45¢-1)

2%, f)
3.56(-3)
1.69(-2)
5.%(-2)
1.53(-1)
2.70{-1)
3.63(-1)
5.01(~1)
6.43(-1)
6.89(-1)
8.61(-1)
9.96(~1)

SOni(n,p)

€ e & 0 vwN N W

14(-3)

L4(-2)
.69(-2)
53(-1)
A1)
L15(-1)
Jo(-1)
L24(-1)
L42¢-1)

e BN VN e N
o R iy SR i R
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APPENDIX D

Weighted Capture Cross Sections
and Fission Yields

el 8abcock 4 Wilcox



Micresecpic zapture cross sections for the dosiseter reaczions of intervest,
and over the @erzy group structure used for transpor: calculaticns (Tadle
2-%), vere sbeatned bv weizhtiwg DOTF, 31V data over a fission specirua. Con-

sequently

4
[ smimer
g ’

/B

e —— -
e

j Y a2z

for each energy group. The resulcting data are listed ia Table D-l.

Fission yields used co comvert calzulated flux to activity are itemized in
Table >=2. Data from ref remce 17, uised i3 the capsu.e analyses, vere consid-
ered the dest compilaticn at that tise. However, updated values from reference
20 will be used in future analyses. Note that a significant iacrease vill oc~-
cur ia calculaced ‘?7Np fission praduct activicies. This would izprove experi-
sental data comparisocns presented i3 sectiom 3.3,

52 Babcock & Wilcox



Taole D=1. Fission Spectrum <eignhted Cazture Cross
Jeczioes fo¢ Cosimeter Matariics

Lover ecerzy

Group Sound, MeV 3V74o(a, 2y 38cia.0) E0ira, )  3erers.s)
1 1.2 2.321 1.373 03532 9.438
2 10 2.340 0.981 0.622 0.537
1 8.18 2.308 0.991 0.65% 3.583
. 5.6 2.09 0.9165 0.538 0.572
3 4,96 1.5 2.550 9.5 8.+73
6 2.36 1.533 2.562 833 9.328
? 3.01 1.616 .55 9.26s 0.206
3 2.46 1.691 0.530 2.139 9.3%6
3 2.1% 1.695 0.55) 0.289 0.282%

10 1.83 1.676 0.535 2.082 L322

i 1.1 1.593 0.229 9.012 9.0115

12 5.5(-1) ¥ 1.217 2.008 5. 8(=) -

13 L.1(=1) . 0.196 1.3(=6) - -

1e 3.35(=3) 0.0610 - > ol

(.) . .x

Read as 5.5 » 1074,
Table 2. Fission Y3
Yield, %
237 238,

2roduct Ref. 19 Ref. 20 Ref. 19 ef. 20

1374 LYY 687 6.28 5.196

sy » &5 5.8 5.30 5.324

iy &Iy 3.1 §.35% 5.116
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APPENDIX E

Equivalence of Activicy
and Flux Rucios
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"™
"
d

Activity of a dosizeter used IJ 3easure fluence can de cttaine
DeRgxFL xPl uCi/g of zargec =aterial

- L £(6.023 x 1923)
N(3.7 = 10%) °

flux  ntegral

[g 9(E)r (D),

Pl = power iategral

w

.
.

-h, g, =i (T-t))
ol Tll-a P8y ¥ 3,

-

- 1

(see seccion 3.2.2 for ters defiaitions).

5 * {s a comstant for a givea reaction

Dun o nm- K "ml
ucalc Ftcale . yyc.l‘

And, if the power integral has deea calculated correctly, ?I““ - ?:calc'
It should be noted that for lomg-lived isotopes, this cer= is relatively ia-
sensitive to errors ia pover aistory and is srimarilv depenceat 28 tcotas ir-
radiaction time vhich is Zenmerally easv to Jeter=ize. Taus,

R P T, a(@e(®

Dcllc ) 44 1 iz 8(2'2(%)
For a ziven spectral disctriducion
Lg S(E)O(E) = Jo

vhere -
3 = average cross sectiot over the euergy range ¢f iaterest,

# = flux integrated over the enmergy range.

1¢ the calculated flux speczrum is identical to the actual specims, thea zhe
averaged cross secticrs will De equal.

-2 2abcock & Wilcox
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and it follows that
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APPENDIX F

Desi:a Fluence for
Jeitline Region Jelds

2abcocex & Niicax



Seterminacion of Zluence Ior a speciiic lccation ia tie pressure vessel I a
reacsor cequires xzowledge of flux Zistribution ia thrae ilzemsicas, l.e.,

Soth 22 ana X2 =20del cal:sulatioms. Such an effort for equilibrium cycle com-
ditions for each reaczor would probably be both excessive and izpractical.

Not only would the azalyzical cffors require comsiderable zanhours asd computer
hours, but equilibrium cycle condizicns as presencly ionceived will prcbadly de
changed in the future. Therefore, specific reactor weld f.uences have been
Sased on the gesmeric desiga surve (Figure 5-1) which should exceed expectad
values in =ost reactors. Lf problems result, data for specific reactors caa

be recalculatad with specific reac:or power distribucicms.

Iz Table F-1, [4czors are presented :2 ccaver: the aaxima fluence preseated in
Figure 5-1 3 account for spatial location and power level for beltline region

velds {n each reactor. A specific fluence can be obtaized frcm

1
weld fluence = | frema | x F “F %P xF

?’ = ~rower factor

- specific reactor dower ia MW

2772 A

F, = azisuchal spacial factor

= flux 1t specific azi=uthal locatiocn
’

flux along il ofI axis raaius
F_ = axial spatial factor

A
- flux at specifiz axial location
Zlux a¢ aaxizum axta. .ocation '
r! = radial spacial factor (1 factor)

flux at specific radial locacion
flux ac .oside surface of pressure vessel

Relative factors for az<imuzhal and axial locations vere obtained from analyci-
cal aodels that utilized ecuilidrium cvcle pover distriductions. wWeld fluence
values calculacted from Tigure 5-1 and Table P-1 will have aa estimated uncer-
taiaty of =502, although the conservative procedures used snould bias the re-
sults on the aigh sidle.
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