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1 .0 IJITlODUCTIOI dD IUMMAI.T 

1 . 1  PurpoH aecl lcepe 

tble report ••• prepared to docu.eat criticality aafety reau1ta 

obtalaed fraa th ual7•u of •arloua ,.-.tl'lca1 coiafiauntiou of 
.,deratol', nflactor, ASIIt fuel. tbaea coDflauratlou repraeaat both 
cradlbla aad hJpothetical fuel arraaa ... ate wblcb could DOV eliat or 
could occur lD the leactor Coolaat IJitD (ICS) aa a readt of 
actlvltiae ra1atiDI to thru-baad icapactiou aDd reactor •eaae1 

cloaure head re.oval. 

luaplae of .a. of the propoaed actbltlee that c�ld produce 
fuel raarraaa ... au or otbervhe affect tha aubcriticalic, of the 
fuel 171tD are: 

• beertloa of the Axial Power SbaplDI &oda (APSia) 
• Coatro1 lod Drhe Kechaaba (CIDH) Oftcoupliq AttDptl 

• ID .. rt loa of be pact loa aD4 B•pliq lquipMat iato the 

laactor Vaeea1 tbrouah raaetratloae ia tha Baed 

• leaoval of tha leactor Veeeel Bead 

the purpoea of the aaa1ytical ueeee .. at ie to da.,netrata that 
durlq all of tbaee propoeed act lvitlu tba nu-2 reactor will be 
aaiatalald iD a ••f• ehutdova coaditioa at all tiaea. Tba epecific 

objective• of tbla report era: 
• To evaluate tbe raactldt7 of poatulated 1111-2 con 

coafiaurat lone . 
• To anluate tba nactlvlty of poteatial fuel accu.ulatione 

outeide the cora realoa 

• To .. aluate the poteatial reactivity affecta of varloua 
perturbatloaa reeultlDI fraa the propoaed actlvitiaa. 

1-1 labcodc & Wilcox 



• To •adf7 that a boroo coocaotratioo of 3500 pp11 will 

.. iotaio an adequate .. raio of aubcriticalitJ uodar all 

poatulated credible coaditiooa. 
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1.2 Iepore Oraaaiaatloa 

I.Ctloa 2.0 pro.idea a au .. erJ deacriptioa of the varloua 

c�puter cod.. that are uaed ia reactor aad auclear cdticalit:r 

aafet:r applicatiou. thea• are the cod .. that .. re uaed b7 '"' ia 
th� criticalit:r atudiea to aupport the propoaed activit.. (aae 

lectioa 1.1) aad ia the variou1 1tudle1 perforaed �dlatel:r 

follofriq the accldaat. lectioa 3.0 d .. cdb .. tbe aa&lJa.. that 

.. r• perforaed to .. •e•• �be poteatial ia-core reactivit7 e!fecta of 

tbe propo1ad activitiea. Sectioa 4.0 de1cribea the aiailar aaalJael 

that were perforaed to a1eaa the poteatial reactivit7 effecte of 

fuel 80Y ... at out of the core that aa7 re1ult fraa tha1e activitie1. 

Sectioa S.O preaeat• aa overall au .. arJ of the re1ulta aDd 

coaclu1ioa1 of tbia report aad ideatifiea the coaaervati... aad 

calculational uacertaiatie• iDhereat to the fuel .odela. 
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1.3 C.neral Jntroduetion 

lvaluationa of core aubeddcalitJ aad loou fuel cOilfiprationa 

with bilh Teactlvity potential .vera baaua eooo after the TMI-2 

leddaat. 'lhe purpoae of tho.. caleulationa waa to naluate the 

nactiritJ of the core co�aaiclariaa a wide rae• of core ..... 

fOUlbiU.tiaa, acl to prodcle a baah for aalactiaa a .. ,. ICS born 

CODCIDtra\: ioD • 

A aanaral, brief deacdptioa of the odaiaal cora b ., followa. 

the cora raaion without fuel h a approld .. ta CJliDder 5.4 feet in 

radiua ad 13.1 feat blab, filled with water. 'lhe water .. , coetain 

other eh.-icala aueh aa boric acid and lithiua hydroaida. The fuel waa 

in the for. of 177 fuel eu.-liae, diYidad iDto 3 batchaa of 61. 60 

and S6 aaaa8bliea. the aaaa.bllaa within aaeh batch .. ra .. aufacturad 

idanticallJ ucept for the dUferaaca in the U-235 anricbMnt. The 

aaa.-Uea are deaipad with a U bJ U arr., of cella oa a aquare 

pitch. Each aaa.-lJ contaiu 201 fuel rode with tba 17 other cella 

conahtina o
"
f one central iut�at tube aa4 16 pide tallaa. 'lhe 

pide tubu .., coetain either bunable pohoa rode, · coatrol rode, 

uial povar ahapina rode or water. the fuel rode cootaia atackad UOz 

pelleu with aircaloy cladclina and are aurrouedad bJ the water 

.oderator. The cella within the aaae.blJ are bald ia a aquara arr., bJ 

Jnconal arid a. 

rollovina cooldova of THI-2, plana were .. de for deeoat .. iaation of 

the contaia.ant buildiaa and eventual r..,val of the fuel &a. the 

d ... aed reactor. A prarequhite aup for fuel ra.oval b perforunce 

of ra.ota iaapeetioe of the interior of tba reactor waaaal. followed bJ 

r..,val of the reactor .. aael cloaura baed. linea tbeaa activitiaa .. , 

lavoha aoea perturbatioa of the fuel, tbe r .. ctiritJ affect of aueh 

activitiu ••t be naaiaad. The priury ufatJ ao•l ia to euura a 

claarea o� ubcriticalitJ which anauraa ahutdown .. rain botb in the cora 

or ia poatulatad fuel acc�iatioa. outalcle tba core. 



lioce the ehutdow of the reectol' iD 1979, andual chaqee have 

occurred ia the core aod the coolaat. Tbeae cheaae• iaclude a reduc

tion ia·the pri .. ry coolaat .ad fual preaeurea aad t .. peraturea, lad 
a cheap ia the con fiuioa product iaveatory d ua  to radioactbe 

•cay. Theil ch•aa•• .. r• apected to .bave little effect oo the 

loaa tar. raactiwity 1tatu1 of tbe cora. ••wertheleee, the reeulta 

of prewioue criticality aoely••• vera rewl ... d ·aad a l'aewaluation of 

th oea·aaalJ••• baa ... a iacluded ia thie report to fo� a baaie for 

further ia.eetiaatiooa of criticality aafaty. 

Other chaaa11 ia the col'e or full coafiau.ratiou ouuide the 

core could conceivably occur aa a reeult of the ectbitiea to be 
uadertakea oa the reactor h11d. 'lhe exteat of any auch chaaa•• h 

dictated by the condition of the c�a .. aed con c. .. riaure 1-1 for 

pouible naiou of d ... ae). If the core •••ae h aliaht, the 

activitiea propoaed throuah bead r .. oval activltiee ehould do little 

.,n thea dhtu.rb 10111 of the •••aed fuel l'odl Ol' fuel pdleu. 

Coaveraely, if the uhtiq daaqe to the fuel h ateulve, ey 

diaturbaace of col'e c�poneate aay initiate a araater deJree of fuel 

rearraaaeaent. Thie rearrana ... at could be the reault of fuel 

••••ably collapee due to the drivina force oa the AISle, �pact of a 

dropped fuel aaee.bly eod fhtina, or iapact fr� the relea11 of an 

unaupported leadacl'ev duriaa CIDH uacoupliaa operatiou. 

lepoaitioaiaa of the APSII could alto introduce direct reactivity 

chana ... 

Duriaa the iaeartioa of iaepectioa and a .. plina equip .. at 

tbrouah the r11ctor weaeel cloiUre bud peaetntiou, there h the 

pouibility of droppiaa equip .. nt or dhlodaina daaaaed .. terial. 

Either action could cauee •� a.ount of fuel to be repoeitioaed. 

Since the activitl11 nlatlna to cloeure head reaoval could 

conceivably caua� fuel to drop fr� the cora reaioo to the reactor 

v .... l lover plnua, additional analyeu were required to evaluate 

criticality eafety for fuel accu.ulatloaa ia that reaioo. A reviev 
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of fuel ac:cu.ulation areaa outaide the core rqion aboved that the 

reactor ••••el lover planU8 waa the .oat credible aad alao potentially 

the .01t reactive of the potential fuel collection area1. Section 4.0  
de1cribe1 the analJ•e• perfor.ed for the reactor ••••el lover plenu.. 
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1.4 Safety and Llcenelna Criteria 

A fhutdowo aaraiD of at 1eaet 11 Ap (leff  < . 99) baa ue
.
n u .. d 

in detendnlDa the ufety of the aaa1yaed fuel conflauratlona and 

boron concentrat ioa.. Tbia ia tbe criterion that vae applied duriaa 

the reactor cooldowo period aad ia defined in tba ltaadard Technical 

lpeclfication1 •• applicable to the ahutdowo �de of reactor 

operat ion. 

n11-2 VII officially placed in the ahutclOVD COOliDJ �de OD 

J'ebn�ary 13, 1980 by the current Technical lpedflcation2 for that 

plant. The technical apecificationa al1o define an additional 

ehutdovn mde cal led the recovery .,de lD vtaieh the reactor h 

1ubcdtical vith an .veraae coolant t•perature leu than 2800r. 

The techaieal epeeificat ion• al1o define the li.!tiaa coaditioa. for 

the .,derator boron concentration and .!nia� coolant t .. perature. 

Tbil aode applie1 duriaa the loaa tera coollaa of the core 

includiaa
.

facility cleanup and recovery operatione.l Therefore, the 

epecific criticality aafety require .. nta for the acti.!tiea propoaed 

throu&}l ructor veuel head removal puuuant to the technical 

lpecificatione, are •• follov1: 

Criticality Safety Require.entl 

Subcritical aultiplication, leff 
Coolant boron concentration 

Coolant Teaperature 

Requinaent 

Leu thaa . 99 

Creater than 3000 ppa 

Leu thaa 4500 ppll* 

Craater than 500 P 

Le11 than 2800 P 

*Lea• than 4500 ppa ia not a�cifically a criticality 

requireaent but �·· included in the technical apecifica

. tiona to prevent boron precipitation. 
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Ia order to pra.ida edditioaal .. raiD of eafaty, a coa.ervati•• 

of 21 �P ebutdow .. raia ••• ue..S ia tbil work. Calculatioaal 

,, .... tlhich r .. ultld ia iacrealll to the reactbity of tba ar•t• 

have MID iacluded ia all aDilytical reeultl reported ia lactioaa l 

aDil 4 aDd the effectba aeutroa aaltiplicatioa of tba aalyticel 

111t .. le laea thaD 0.98 la all caaaa. 
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1.5 le1ult1 and Coaclu•ion• 

ror· a clataUad clucription of tba variou• ualy1u perforMd 

for the �aport refer to lectio�• 3.0 and 4.0. 

tba aalyeu 1bov a Eeff of 0 .  943 for tba core vitb IlliZi

credible claaae (SO% cleaqad ad 50% wdaaaecl) at 3500 ppa boron 

concaatratlon. tba Eeff for a bJpotbatical cora .,del Ctotal fuel 

collap1ai i1 0.977 with 3500 ppa boron. 

The .,.t reactive credible coaliauration of fuel in tba bottoa 

of the reactor Yallal bat a Kaff of 0.979 with 3500 ppa boron. 

The precediq valuu of Eeff are ba11d upon etudard 

criticality procaduru vbich haYa a lara• clearea of conear•atin. 

Further aaalyeu of the .,ra probable Keff of tbe reactor vbich 

reflect tba realiatic aetiaata of the r .. ctor'a true Kaff ahe a 

••lue le•• than 0.902 for both the cora aDd out of cora reaiODI. 

the calculatioDI ahov that the required eubcriticality (leff of 

• 99) h •t by a .. rala of 1% 4t1 for both the cora aod the 1101t 

reactive fuel raaioa outdde tbe cora. Coa11quently, tba TKI-2 

reactor vill be .. iauiDecl aubcritlcal cluriq the propoeecl bead 

ra.oval actlvitiu coneiderin& any credible fuel confiauration 

in1ide or outeid� of the core realon and coDiiderlua tbe effecta of 

poetulatad fuel dhturbancu or chaDJu in phylical coadidoDI. 

Thla a1euranca vill be provided at .all ti .. • when the reactor 

coolant ia borated to a concentration of 3500 ppa or areater. 
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SECTION 1.0 I!PEIERC!B 

1 )  JroUC.;.o432, Three Mile le1aacl lw:1ear ltatloa Uait 2 'recbllica1 

lpeclflcatioaa, february a. 1978. 

2) IUI!C-o432, 'rbree Mile leland luc1ear Station Uait 2 'recbaica1 

Specification•, february 11, 1980. 

3) tn11!C-o647, Safety !valuation aad !aviroameatal Aa .. u .. at, 'rbree 

Mile l1laad Nuclear Station, Unit lo. 2, february 11, 1980. 
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2.1 lDtroduetion 

2.0 CllTlCALlT! M!TBODS ARD CODES 

2.1.1 Phyeie• Methode for Critieality Ca1eulatione 

The aoet euct ducdption ot th
.
e tiM dependant aautron 

behavior of a partieu1ar ay•t• b obtained fraa �e 110lution of 

the aautroa traaeport equation. If tba a11t• coataiaa fuel, auch 

a• 235u1 thea the aeutroa population will be a fuaetion of tiM aDd 
the ayat• vill either be 1uberitieal, eritical or auper-critieal. 

Cdtiealit7 ealculatioaa are oal7 coacaraad with the AJ•t• ia the 

aub-critical or critieal atata. Vbaa the IJit• ia critical, it ia 
. 

produciaa u uay aeutroaa u tho .. baiaa lo1t ad the behavior of 

the n eutron population ia iadapeadeat of ti... Vben the a,.t .. i• 

aubcritie al, the aeutroa population vill daeay vitb tiM ual••• it 

i1 1u1taiaad by a n eutron 1ouree. If it ie auataiaed bJ a aource, 

it vlll aehl.ve a at .. dJ atau population level tlhleh b lDCiepencS

eat of tt... The daaree of aubcrltleaUty h dateralaad by the 

ratio of production� to lo••••· 

Vbaa the n eutron population h iadapeadant of tiM the aoat 

uact .. thod of d�1cdbiaa the neutron babnior ia the ti.. iacSe• 

peqdeat aautron trauport equation. Thil equation cona Uera the 

neutroa behavior to be dcpeadeat on aiz ••riabl .. , three poaition 

(a,y,a) aad three •docit7 <v.,v,,v.>. In addition, the uutroa 

traaafer probabilit7 fuaetioa ia dapeadaat oa three •eloeity 
I I 1 

••riablaa <vx ,v1,va-..vx ,v7,v.>. 
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There la ao seneral aolution to the traaaport equation. There

fora, the ,pb)'aica •tboda •plo)'ed iD the caaputer codal uaed to 

calculate criticalit)' utiliae varyiaa clear••• of approai .. tioa. for 

the eolutioa of the tranaport equat ioa. Vbile there are eo.� coclea 

that can treat the neutron behnior to a liaitecl •an• iD al l aiz 

Yarl:eblll (a,,,a,Va,v1,v.>, the ataDclarcl techDiquea iD cdticalltJ 

;; alculat ioaa are to aeparate apace aDd ••lodtJ• 'lbe coclaa tlllicb 

.re ue4 to accuratelJ caapute the DeUtron welocitJ ••rieblll ere 
teraecl apectnaa codea. Tbeae coclea •ploy aore approai .. tioaa in. 

their treat .. Dt Of the apatf.al Yarieblea Cz1J1&) tba thiJ clo for 

the Yelocit)' •arieblll. The apectrua co.Su are uaed to funabh 

velocit)' weiahtecl croaa aect iona to the apatiel code�. 

The ataDdard practice iD the apectrua codea ia to traaa fora 

the velocit)' varhbl11 to • acalar fUIIctioa of eneqJ, or lethaq)' 

aDd • aolid qle. The apatlal cod11 •plo)' the11 .... •ariebl11 

iDcludiQ& U .. D)' II 100 eneqy lfOUpl or U few II 2 lfOUpl tO 

accurately pred ict the uutron behnior. Vben the apatial cocl11 

uplicidy treat the aoaular directioa of the neutrou, they are 

teraed tranapon theory cod11.  If the apatial cocl11 epprodaate 

the aoaular direct ion of tbe neutrooa u iaotropic , they ere teraed 

di ffuaion theory codea. The codea for calculat ioa criticality 

alvaya aake •� approaiaatioo of the aoaular neutroa behaYior, but 

never a11u .. a coapletely iaotropic behnior. 

Sect ion 2 . 2  dhcuue1 the codea aDd their approai .. tio� in 

aore detail. 

2 . 1 . 2  Select ion of Technique• for TH1•2 

Tvo c lauea of criticalit)' technique• have been u .. d in tbh 

atudy, reactor aDd nuclear. The reactor criticality technique• are 

. tboae u . . d for reactor delip. The nucl11r criticalit7 tecbDiquea 

are tho11 uae4 for out ·of core calculat!oraa of a pent fuel pooh, 

reproc•••ina plaota, etc. 
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ID a ltaDdarcl rva core the full .. udal h arraoaed io • 

raaular lattice ana, of fuel pioa a urroUDded bJ a water .octerator. 

tbe calculational tooh required to aaalJ&e auch arra,a h .. a beao 

hi&hlJ reflaacl bJ beacbMrkiq th• aaaioat ou.roua •uur.-ata 

raoaha fro. operatioa reactore to critical asperilaeau. ne fact 

that the reactor f uel h ia a vall .,deratecl reaular arra, •acaa 

that the calculatiocaal tecbaiqu11 do oot h .. • t o  be wraatile aa 

far aa. the a bilit7 to baadle videl7 diffaraat f uel arraaa ... ata or 

apactra ia cooceroect. lathat, theaa reactor criticalitJ tachcaiquaa 

••t be 'ftrJ eccurate iD their predictiou of reacthit7 aacl 

aautroa raactloa ratea. 111••• t echaiquea utiliaa the ca.puter 

cod.. lfULifl aocl p�2 for ataadarcl calculatio�a, aoct AlUSRl, DOT't 
aad l!Ro5 for apacial caaea. 

The r� uir ... ata t.poaecl oa the calculatiooal tecbaiquaa uaect 

ia auclear criticalit7 aoalJ•i• are diffaraat fro. thoae of reactor 

criticalit)' aoalJaia. Siace auclear criticalitJ aafet)' ia coa

cemecl with a vide ndat)' of fuel arraaa ... au aDd apactra the 

calculatlooal toola •at be YlrJ ••reatile. Precha bovladp of 

ructivit)' ia 11coadar, iD i•portance to the r�uir ... at that the 

171ta ia quutioa be aubcdtical b7 aa accapuhle liait. The 

acceptable Uait can be adjuated to allow for &aDcertaiatiea io 

calculated react ivit)' without i•poaioa an uodue peaalt)' oo the pro

c••••• iovolvact. The nuclear crit icalit)' tecbaiquea uae the 

computer cod .. l!R05, 1UTAVL6, XSDRNPM7 ,8 aad ARISR3. 

loth reactor aad auclur cdticalit)' techaiquea wre uaed for 

the analyaea of the d .. aaect THl-2 reactor. Tba core ct .. aae atucliea 

auaa .. t that part of th\t core h ia the oriaiaal lattice ..tlile 

other parte of the cora b .. a probably bean ct .. aaad to the astaot 

that the fuel .. tarial confiauratioa ia uakaova. rurthar.ora, fuel 

debrh .. ,. be out of the core reaioo. Tb• •• unuaual ccmcUtiou 

require the co.biaecl techaiquea of reactor and nuclear crit icality 

aoal71ia. The au .. roua caaaa to datal'8ina the .oat reacti•• 
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cooflauratioD for the ...._.4 fuel were priacipally beae4 oa 
reactor cddc:aUty c:alc:ulatioDa wile tbe aeoeetdcal •4ela wera 

priDc:ipally baaed oa ouc:lear critical ity celculatioDI . Tbe reaulta 

of both c:alc:ulatioDa were croaa•c:hec:ked uaiaa both teebaiquea. 
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2 .2 CO.puter Code Deecrlpt lon• 

lub .. ctlon 2 . 2 . 1  deecrlb.. the c•puter code1 u .. cl in the 
reactor criticality calculat loaa aacl lubeection 2 . 2 . 2  deecrlbee the 
code• ueecl in the auclear criticality calculatio01. 

2. 2.1 a.actor Criticality Code1 

2.2.1 . 1  � 

The JWLUl code aern• u the baaia for the nlocity wi&hted 
cro11 .. ct lou uaad iD MISlfl, zot4, p�2 aDd · I!No5. The 
production l ibrary for JULIF contain• 1 1 1  eneray ,roup cro11 
eect iona up to 1 0  Mev. Theee cro11 eect ioat vere developed froa a 
•elocity velahtecl aaeter library containina 207 eneray ,roup1 up to 
15 Mev. The aaeter library vae denlopad fr• •elocity wiahtiq 
of the poiat, or continuou• eneriJ !lfDP/1 crou eection1 -.t.icb 
extend to 20 Mev. 

The evaluation aad collection of belie nuclear croll aection 
data bee been ,reatly ai•pliflecl by the !waluated Wuclear Date Pro
ject at Brookhaven lfat ional Laboratory. 'Z'bi1 project ia eponeored 
by l:lOE vith technical direction prodded by the lfational Weutron 
Croll Section Center. The objectlwe ia to produce the !MDF/1 
nuclear data library tape• vhicb contain a col lection of docu.ented 
nuclear data naluatlone atorecl vith a apecifled foraat . Theee 
!NDF/1 tape• are the priaary aource1 of nuclear croea aection data 
for the I'V Malter Library. 

The Heeter Library contai01 207 aroup crol l aection elate for 
each aaterial and reeonance par ... tera for each reeonaace incluclina 
a-vave, p-vave, and uareeohecl data. ror atanclarcl core analyaia 
calculation•, euffident accuracy ia obtained with the leu 
detailed 1 1 1  aroup produ�tion library. In aclclitlon, for reeonance 
••teriala of low concentration, Doppler broaclenina aDd eelf-ehlelcl
lna effect• are nealialble� aDd their reeonance &beorptiou can be 

Babcock & Wilcox 



repnaeftted b7 ..,otb-aToup croea eectiou. Tbe p-wave reaoaaftce 
cODtributiou are uau.ll7 ... u aDd caa allo be npnantecl b)' 
a.ootb-aroup cro.. aectiou aa catS the UDreaolved Tuoaecu (or 
bi&h-eaeraJ port lou of tbe UDraaolvecl reaoaaacea )  of •ay 
hotopu. 

'l'be IIULU code coaputaa tbe aeutroa apecti'U8 aacl proviclu epec
t � -veiahted croaa aectiofta uaiD& the ProcluctioD Libra\')' aacl pbJai
cal aDd aeo.etrical claacl'iptiou of tbe fuel cluate\'1 fuel cell, or 
othel' •terial Taaloaa . the apectrua ia coaputed b7 aolviac tbe P1 
approxi .. t ioa to tbe rouriel' t\'aftafora of the apace clepe�Sdeftt aeu
troft tunaport equatioD. IAakaae effecu are approxi .. ted by i�Sput 
of a fuDd-fttal mde buckliq fOI' tbe reaioD. ldf-ahielclit�J 
effecta ceuaed b7 the beteroaenoua lattice coDfi&ul'ation alld the 
diffeTent coapoaitiona of uoit cella, are t aken iDto accoUDt iD the 
apectrue calculation. 

The aeutroa aource for the apectru• calculatioa h eltbu a 
noraaliaed fiaaion aource diatTibution, or eoee fixed aource with a 
fiaaion aource. Theoreticall7, the aloviac down treateent for bJ
droaen eode\'atol' ia exact; the Creuliac-Goe\'taet9 approxi .. t ion ia 
uaed for other .. tedala. for hotopea with aeut\'on \'Uonaacea in 
the epithermal Tanae, the effect ive reaoaance inteal'at for each re
aonance peak in each eicToaroup h coaputed by Dreaner•atO Mthod 
ueina Sauer•al l aodel to coapute the Dancoff factor f�r cloae-pack
ed fuel pin latticu. loth aelf-ahieldiD& aDd Doppler broadeDina 
are tlken iato account. In coaputlD& the epithereat apectrue, both 
lnelaatic acatterin& alld (a,2n) Teactiona are t aken into account b7 
the uae of dovnacatter •tricea. 

Below 1.85 eV, both upacatter and dovnacatter •&J occur; thla 
h duianatecl the thereat enern r&D&• . leceuee of the upacattar 
�{fact a, the nt · ��on epectrua iD thia ranae ia aolved b7 aD lDtera
t ive P\'OCedure. Since upacattel'iDI above 1.85 .v ia aealected, the 
aourcea for the thereat epecti'U8 calculatioD an tboae aeutroDa 
acattered fro. above 1.85 aV into each eicroaroup below 1.85 eV. 
lD the thereat reaioD1 tbe 1\'0UP atructure la aufficlentl)' fi�e to 
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�ck ap all the �eeonance• eapllcitl:r bJ sroup croe•·•ection 

•alue1. 

leteroaeaou• fuel cell local flu depreulon effect• are ob

t aio..S � tbe •tl�d of Mc»u:ral. lenoht .  aDd Borollita12. ID thu 
aallDU e flu depreuion factor• for each of the tberaal sroupl are 

applied to the croe• •ec
.
tioa of each cell nalon Mfore co.putation 

of the tberaal flux epectrua. ror water-.odarated latticee, the 

•cattedq .. trice• are iaterpoletecl fro. taperature depeadent 

ecatteriq l.v (Baywood Model) date. 

If the epece dependent fUDdeMatel �e buckliq u Jmovn for 

a reaioa, the JnJI.tF code will accuratelJ co.pute the �ff (�ff • r.., 2 2 13 
e·l H ) for the •:r•t... Thie i• di•cueeed further iu Section 2.3 

oa the beaeburkiq of tbe code• . 

2.2.1.2 .!e9. 

lu
.
icall:r, rDQ072 h a few-JI'oup, diffulioo-deplet ion proara 

u11cl to obtain the sroup depeadent aeutron flu aDd reaction rate 

dhtributiou (ia one-, tvo-, ·or three-di•uioae) tbrouabout a 

reactor core duriq it• operatiaa life. The input conei1t1 of the 

P1 •pectrua weiaht.S crou •ectiODI fro. ltJLtr aloaa vitb the 

phyeica1 ead aeo.tricel deecription of tbe reector core. leceuee 

of the lerae eDit diverl ifiecl uture of the co.puutione thet ar: 

rUD oa PDQ07, the dhcuuioaa of each particular calculet ioael 

Mthod are eapldnecl ia ,.,eral topicel report•.  'lbeee include 

IAW-10116 14 , on fuel .... ablJ calculet ioae IDd the uee of fitted 

nuc1eer date, IAW-101172 , a ueer'e .. DUll for 16V'• •erlion of 

PtiQ07 • eDit IAW-1011815 • OD technique• eel procedur.. for core 

calcu1atioae , IAW-10119 16 , OD power pelkiq uacertaiat:r, ad 
BAW-1012017 , _.,icb cc.par.. core pb:rlic• calculat ioaa to •••ure

•nte, IAW-10121 11 , tiaich ....:plaiDI tbe reactor protection eyeta 

Ualu IDd eetpoiate, w-1012219, aorael operatlaa coat roll, IDd 
IAW-1012320 , tbe iacore iDitru.eatatioa eyet... Iince tbe detail• 
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of epeciflc calculatioa. are di tcueeed in tbeee reporte, no other 
eddition•l aKplaaatiooe of tbe PDQ07 procedurae aad deeiaa 
cepabllit iee are &iYen here. 

2.2.1.3  � 

lubeectioo 2 . 2 . 2 .4 &Kplaioe the ARis"3 code. 

2 . 2 . 1 .4 .!!!! 

IJOT-IV4 h a tvo-diMtU ioall dhcrete ordinate code which 
cotaputee the neutron flux ia rectaaaular or cylindrical 
coordinate• .  It• other cbarecterietice are �he e-.e &I thole in 
ARISR. 

2 . 2 . 1 . 5 !!.!!2. 
. 

Sub1ection 2.2.2.1  explain� the JZRo5 code . 

2 .2.2 Nuclear Criticality Code• 

2 .2.2.1  � 

JZM045 i 1  a .ultiaroup Hoate Carlo criticality proar .. 
written for the lBK 360 co.puter but conv.rted to run oa the CDC 
7600. It b intended priaarily to calculate the .ultiplication 
factor of •y•t� of fie1ile aaterial by providin& a 1olution to 
the Boluaan neutron tran�port equation bated upon the trackiq 
of individuel neutroa1 in the IJit... Tbe1e neutroa. are 
introduced by batchel. Tbe neraae of tbe batch C.ff Yaluee b 
conlidered to be the effective aultiplicatloa of the .,.c ... 

The Monte Carlo technique allow• developtMnt of a eolution 
of the Bolt&aan equatiODI for leOMtrial which C&DnOt be handled 
by other techniquee. However, tha Monte Carlo technique al1o 
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iDtroduc:ea aath .. dc:al uec:ertaiatJ iDto the aolud01l .tlic:h h 

Dot pn11at ia other tec:balquea. Dlf04 produc.. u part of ita 

priDted reaulta the data Dacsaaar, to eYaluate thla .. th ... tical 

uecartalatJ. lt abon the ataadard deYiatioc of the .-..raae 

effactba a�ldplicatloa factor calculatacl. If oce rapnaeau 

the DROit raaultt b)' i aDd the real Yalue of aaltlpllcatbe 

factor bJ Ia thea there h a 67 parceat probabllltJ that i h 

witbic plua or ahua 011& at&Ddad 4adatioc of Ia aDd there ia a 

95 parcaat probabllitJ that i h wlthia plua or aiaua 

approd.ut&lJ two at&Ddard dniatioca of Ia· Tbh uecertaiDtJ h 

cocaidarad ia all uae of Dlf04 raaulta. Tbia UDC'ertaf.DtJ h ia 

aclditioa to uecertaiatiea coacaraed with croaa-aactloca aDd 

pbJaical aodaliaa. 

2.2.2.2 WlTAWL 

R1TAWL6 ia aa acroa,. for Rorclhe�'• iataaral treat.eat aDd 

vorkica librar, productioc. The fuectloa of thla code ia to read 

crou•aactioca writteo lD the uatar librar, forut, parfom a 

reaoa&Dce aelf ahieldiaa c alculatioa .tlea required, aad to 

arranaa the data la the fomat required bJ the code to be uaed ia 

the aeutroaica calculatioa. RlTAVL can produce croaa aactiona 

for the AI'ISR, lOT, IIJKS!1 ISDUPM or 1!1104 codaa. lftt.WL 
include• proviaiona for parforaina raaaoaance calculation• uaina 

the Rordheia'a iatearal treac.ent - the aoat riaoroua procedure. 

The aarrov raaoaaaca and iafiDita aa11 appro:daatioaa an 

.vailable •• altaraate .ethoda . 

RlTAWL h a ueit of the AMYJ..7 code packaae aad proceuea 

croaa aectioaa ill the AMPl foraat. Tbia allova aenarali&ad 

treat .. nt of the cro�� ;action• with the &bilitJ to develop 

apec:ific reaction croaa aactiona •• deaiTcd. Tap41rature 

depeadance of croea aectioaa UJ abo be iacludac! but f.a UDJ 
ca111 the tnpereture dependaat data available are liaited ia 

acopa. 
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2.2.2.3 UDU'PM 

UDUPWI h a diacrete ordiaatea code which caa prcwide 

apectrel aa4 apatial neraaiaa of croea .. ctiou. It prcwidea a 
oae-di•uioul trauport capability for calculatiq r .. cticna 

rataa, dpDYalu .. , critical cliMndcnaa , a� allo• apatial cr011 

aect ion wiahtiac to he perfomad. '!be co4e aay M aaed either to 
c alculate the aultlplicetion factor for daple poaetdu or to 

apatlall)' wiaht croea 11cticnaa to be a .. d ill the calculation of 

aultiplication factor• for .are ca.plez aituatiooa. 

2.2.2.4 .!!!.!.!! 

AJCtsN3 h .an cc:a.onl)' uu4 b)' .. \1 tbaa XSDUPH cd ia t oat 
diMuional 81 trauport code which aohea the loltaan equaticna iD 

plane, aphedcal, or C)'liadrical poaetr,. 1'be uae wu derba4 

froa �aotropic !! bacauae the incorporation of pneral aaiaotro

pic acaturiaa in AJCISN provided a aajor lapro.aMnt Oftr eahtlaa 

SR trana·port coda a .  

1'be SR {dhcnu ordinate) technique couhta o f  dbidiaa all 

poeeible direction• of .ationa of neutron• at a ai.en point iato a 

aanaaable ou.ber of diacrate uaita. the ou.ber of direction divi

a iona coui4erad can be varied 10 that the b4ividual aituatiou 

can be handled in the .aet 1�ple aanner poaaible. The aolution to 

the loltaua equation obtained in thla ,., h eneq)', aaale , and 

apatial dependent. .U the SR order la iacreaud (i.e. , u direc

t ion of aotion la divided into a lerae ou.ber of naller aaale• ) 

the aolution approach•• a riaoroua deecription of the t)'ltea 

involved. 
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2.3 

2 . 3 . 1  

hnchanklna of the Cod.. ancl Methode 

luctor Criticality lenchaarka 

The uachaarldq of the reactor cdtlcalitJ coclea iaYOlwa 

coapariaoaa of the calculated reaulta to the calculatloaa or data 

fr• ab other aourc: ... 

• Exact aaalytical aolutioaa of ai.plified •J•t .... 

• Mea1ured actiYatioa data, auch aa reaoDaDca
.
capturea ancl 

flux profilea. 

• laperi.eatal .. .. ur ... ata of c:riticalitJ aacl aoraaliaecl 

power cli1tributio�a. 

• Jaferaac:e c:alculationa that are aearlJ exact for ... 11 

.,.c .... 
• Teata aDd operational data fr• reactora. 

• Te•t• conducted oa fuel and aaterial extracted froa 

• operatiq reac:ton. 

The raaulta of beachaarka are ai•ea ia leferencea 17 and 2 1 .  
The criticality calculation• ahov n o•erall ataaclucl deviation 

of tO. 0017 A lt.eff vhb .... ured data. 

Ia Secdona 3.0 aad 4 . 0, it vill be ahovn that the .oat 

react i•e d ... a•cl fuel confiaurationa are uaifor. arra,a of 

atackad c:yliaclrical pelleta. Tbeae arraJ• are oae of the 

ai.plett of all coafiauratioaa to aaalJ&e. Tbe critical buckliq 

vill be tbe .... aa tba aeo.etrical buckliq alloviaa tbe 

aeaaetrical buckliaa to be uaed clirac:tlJ with WOLtr to cletar.iae 

criticality. When the aeo.etdcal confiauratioaa of the fuel 

array a are ai.ple ahapea, auc:h aa cyliaclara or h•hpheraa the 

buckUna can be anal,cicallJ c011puted. ror aora coaplex 1hapea, 

apatial c:oclaa like PDQ or I!RO ara uaecl to dater.iae tbe 

buckliaaa. Siace tba arra,a aaalJaed for tMI•2 criticalit7 

calculatioa of the d•aaacl fuel are UDlfor. ura,a of ai.ple 
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aea.atrice, tbe followiac diacueeio� ai••• • •rief ·�r, of the 

WDLir reeulte for uaifora critical eaper'-eata. 

2 . 3 . 1 .1 ODiforaly toeded Critical !zperi.ente 

lefereace 21 deecri�a 17 cold, cleaa uaifora lattice 

critical esper�ata coatainiac 002 fuel aDd B20 .oderator aod 14 
col�, cleaa uaifora lattice critical azperi.eata coataiDiac 

ru02-uo2 fuel aDd ii20 .oderator. All tbe11 collfipratioaa are 

approxi .. ced •r rilbt circular cylindera. 

The IWLIP-P�07 calculational reeulte for each of t'he11 31 

critical aueabliee an ainn in the referaace.21 The ••n 

eiaenvalue ca.puted for the 17 002 critical 111.-bliae vae 0. 9983 

vitb a etandard de•iation of 0.0047. ror the 14 Pu02-oo2 
critical aeee.bliee, the co.puted .. an ai11nvalua vae 1 .0001 with 

a atandard deviation of 0.0048. 

2 .3 . 1 .2 "onuniforaly Loaded Critical !xperi•ente 

The uad ... aed portion of the na-2 core h like a etaadard 

core with control rode inaerted. Vbile the •enchurlt of the 

reactor codu h ducribed in the ufety an.al7•h repon22, the 

reeultl of nonuniforw critical experi•ntl with control rode h 

briefly revi.ved below. 

Reference 21 liete the core identification of 44 noaunifora, 

cold, clean critical exper!.ente containiac 002 fuel piaa, water 

80derator, and •arioue t7pe1 and a.ounu of pohon uterlal. 

Theee lattice• were deeiaaed to particularly 80Ck up poieon rode 

in the pide tube• of fuel aeea.bliee of 16V reactor coree. 

The IWL1F-P�07 IJIC• VII u .. d to IDilJ&e theee critical 

conflauratloae un1 · of tlbicb nquired tbree-d'-enlional 

repraeentatioa. Tbe reeulte of tbe critical aiaeavalue 

calculation• are ahen in leferanca 21 .  The ••n eiaeaYalue 

ca.puted for tbe 44 noaunifora loaded lattice• vae 0.9967 with a 

etandard de•iation of 0.0021. 
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2.3.2  Wueleer Critieelity leDchaarka 

2 . 3.2.1 � 

lneral aeu of beDc:baadt calc:ulatiou b"• beaD am uaiac 
MUll with the BaD .. D-Ioaeb 16 ,roup crou aeetioD eat. 'l'Wo of 
th••• are quoted •• reprateDtatiYe. 

lffactiYe aultiplicatioD factor• for critical alaba of 3 

wiabt perceDt eDrlched U02 ad water are abowa in Table 2-1. 

The.. critical thiclaaauea "re t akaD &oa lefereeca 23. '!beta 
raeulta are quoted •• a fuactloe of the order of aeaular q�dra
ture. Rote that for thia caae lDcreaaad anaular quadrature doae 
Dot chana• the reault. 

riaure 2-1 ahova the reaulte of calculatlou of the iDfiDite 
aultlplicatioD factor bJ M1SR.24 '!be liDe labeled "rcn Df.TA" 
11 eaperi .. Dtal walue1 for the lefiDite aultipllcatioa factor for 
the alature iD quutioa. The daehed liDe ehove the iDfiDite 
aultiplicatioe waluea calculated bJ ARIIW. '!be reeulte abov aoocS 
aara .. Dt. 

2 .3.2.2  MITAWL - IEM04 

The RITAVL - I!N04 coabiaatloo baa b .. D beru:haarlted b)' 
coaperl aoo with critical eaperiaaate io 21 ca••• repreeeotina the 
.. paratioa of fuel auaablh• lD water. ID tbh writ criticial 
experlaeota wre perforaed with eiaulated fuel auabliee placed 
at warloue epacina•. Dlltaill of tbh wrk UJ be found iD 
RafereDce 25. The reeulte of the c�arleoD are tbOVD iD Tablet 
2-2 aocS 2-3. ID coree I tbrou&h Z oDlJ aoderator eeparated the 
elaulatecS fuel auellbliu. ID c1111 Zl tbrouah DI ebute of 
etalole11 eteel or borated aluaioua vera placed betveeo the uaite 
to reduce interactioD: 
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2.3.2.3 lflTAVL - ISDMPK - ln04 

ID tbh ccaltiDatioD of cod.. lfltAJIL h uaed to perfom 

raeODaDca aalf ableldiD& calculatiODa. JJDIJPK ia ueed to 

apatiallJ wiabt cro .. aactiOD8, aDd DROit h uaed to calculate 

tba •J•t .. .ultiplication factor. Tbia coablDatlOD ia uaad where 

tba pcaatr, h aucb that it wuld be difficult to ••cdbe each 

re&lOD of flulle .. udal eapllcltJ. Tbla coableadOD ba• beea 

benchund bJ applJlD& it  to a aariea of aperiMntal 

•aeur .. nu u d .. crlbad le lafanDce 26. Tbh work wae 

ai81llar to that daecribad le lactlOD 2.3.2.2.  

Bovever, the fuel bUDdlea ueed cODtaiDed fuel ploa arranaed OD a 

clo .. r epaciq tha wae tha c11e le lectlOD 2.3.2.2.  ID thh 

won the objective val to liaulate the ltorap of upoeed fuel 

pioa ..t\ich h.S beeo re.ovd frca fuel aualbliaa aDd repacked .  

The affecthe aultiplicetion c alculated for th .. e critical 

eyeteai are ebovn ln Table 2-4. 

Table 2-1. Multiplication factora fot; Critical Slab• 
of 3% (bJ Weiaht) Enriched U02 and Water 
Calculated by ANISH 

2350 
Ita 

deoaity, Thickneu, 
s4 •a su c ... al t in. 

1 5 1 . 90 7 . 17 1 . 004  1 .004 1 .004 

2 71 .85 6.64 0.998 0.998 0.998 

3 86.40 6.55 0.992 0. 992 0.992 
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tete 2-2. leud�k Core Ja.di!!l! Mi:!!ted to 145 ca lblentor BeiEt 

� 
I.e a 145 ca ID5uator he!i!!t 

...... lb. of lbllntor � Ca1cu !'l 1!21)4 
�. Jt.C 1lor'CID caac • lbllntor 

� _!£.  r. � !!:!! 2itche8 ...!!!!... I!! t!!!!21 c _!£. 
I 0 0 21 1.0002 0.0005 0.998 0.006 

11 0 . •  0 1037 11.5 1.001)1 0.0005 1.007 o.oor. 

w 1 0 76ft 11 1 .0000 0.,(1006 o.� 0.004 

IV 1 w. 0 17 0.9999 0.0006 1.00ft 0.007 

v 2 6ft 0 17.5 1.0000 0.0007 1.005 0.005 

V1 2 6ft 0 17.5 1.0097 0.0012 0.998 o.oor. 

vu 3 34 0 17.5 0.9998 0.0009 0.99ft o.oos 

Vlll 3 34 0 17.5 1.CICm 0.0012 1.003 0.005 

JX 4 0 0 17.5 1.cmo 0.0009 0.987 0.005 

Table 2-3. Jeud.-zk Core Loedinp Adi!!ted to 150 ca tblerat« leiEt 

Spec� 
r. c 145 ca m:lentor he!£!t 

betwen T,pe of tbllr.cor Mea.ured Ca1cu !'l mOft 
an.,., ilolatioa bcmm caac , tblerator r. r. Ccn* pin pitc:ha .Meta fill t!!pl c 1o --!2... - - -

X 3 lboe 143 :ar..5 1.ocxn 0.0009 0.988 0.004 

XI 1 s. lteel 514 26 1.0000 0.0006 1.015 0.004 

m 2 s. lteel 217 � 1.0000 0.0007 0.991 0.005 

XI1I 1 1.614% 1/Al lS 20 1.0000 0.0010 1.CD o.oos 

XIV 1 1.257l i/Al 92 11 1.0001 0.0010 1.003 0.004 

D 1 0.401% 1/Al 395 18 0.9998 0.0016 0.995 o.oos 

XVI 2 0.401% 1/Al 121 17.5 1.0001 0.0019 0.990 0.005 

XVII 1 0.242% 1/Al .S7 17.5 1.0000 0.0010 0.993 o.oos 

VIU 2 0.242% 1/Al 197 11 1.0002 0.0011 1.00S 0.005 

m 1 0.1oat 1/Al 63!t 17.5 1.0002 0.0010 0.991 0.004 

IX 2 O.loat 1/Al 320 17.5 1.0003 0.0011 0.997 0.005 

m 3 0.1oat 1/Al 7l 16.5 0.9997 0.0015 0.981 0.004 

esee le!erca 25 
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table 2-4. Calcalat.S I.e for An.,. of .,.alee 
Coataialaa ti�t lz P•c••• Pael Plae 

lloclule IDteftiOdular Calcalat.S I.e * 16 

£!!!. arrai ... Dt •e•ciaa 

1 s z s 1 . 771 z l . MS 1.002 * 0.007 

l1 5 z S  2.531 z 2. 709 0.984 * 0.007 

111 

L2 

5 z 5 3 . 107 z 3.976 0.979 * 0.006 

firure 2-1. Infinite MUl tiplication factor Va Moderation 
. 

H/U ATOMIC RATIO 

.1 .t .1 A .S.I .I  LO t 1 4 1 171 10.0 .10 10 40 
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3 . 0  CIITICALITY CALCUUTIOJIS P!UOIIH!D POl THE COlE IECIOR 

3 . 1  Introduction and lackaround 

Tba criticality calculation� parfo�d followi01 tbe THI-2 

accident bad the objacdw of cleterainiq tbe boroa concentration 

which would a�Yure that the mat reactba coDditloa of the ct.aaecl 

cora would be ahutdovo (vhere ahutdovn h defined by the ataadard 

technical apaci ficetionl a• leff < 
. 99)

. 

The IRC reviewed theae calculation•, alona .ith their ovn encl 

tboee of the Brookhaven Rational Laboratory, and coacladecl in their 

Safety Evaluation aDd !aviroa.ental Aaaaa ... nt2 that the cora wi l l  

b e  aubcr
.
itical i n  all pouible confiauratioaa at uout 3000 ,,. 

boron. Thia concluaion vaa further aupported by tbe RIC eYaluation 

of cora daaae ..tlere tbay detaraiaed that only about 40% of the 

aircaloy claddina reacted with vater.l 

To enaure adequate ahutdovn .. raiaa ia the core reaioa durin& 

the propoaed recovery operat ion• (axial power ehapiD& rod (APSR) 

innrtion, control rod clrive •dlani• (CillO uacoupiiq, throup 

bud inapacdon of the reactor iaternah , aDd reactor Yuael bead 

ra110v.l ) the criticality analyaea parfon�ecl i_.cliataly folloviaa 

the accident were reevaluated. The reevaluetioa of the criticality 

analyaea con a iderecl the entire ran&• of cl ... aed cora coadit ion a 

that could credibly fora a hi&bly raact i•e confiauratioa. 

The diacuaaiona in Subaectiona 3.2  and 3.3 &i•e the backrrouncl 

of the anaiytical .ethod� and procedural uaecl for deteraiaiaa the 
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aoat raect i•• cooditioa of the ..... ed TMI-2 cora. �aectloo 3 . 2  

prnldaa a •JKPlaaat loa o f  the par-tara that affect the cdti

calltJ · aalJ•.. of the cora. !haaa par-un are arouped bto 

four cetaaorlaa U . a . .  fuel c-,oeitlou). Dhcu .. iooe of the 

•thode ad procedure• for aaalJal .. eecb cateaor, era cootl•ad la 

lubaectloo 3.3. 

· iub .. ct iou 3.3 aad 3.4 are lacl .. ad la thb aactloo aa a 
recap of the •thode aDd procedu.rea uaed la the cdtlcaUtJ 

aaalJaea for nn-2 dud• the cooldon period. n.a, are prl..arllJ 

lataaded to ahow bow thoae aelJ••• .. r• utillaad la work reported 

la lubaectioa 3.5. lt ia aot aeceaaary to raid lubeectlcae 3.3 aad 

3.4 to uadarataad the reaulta of the curreat aaalJaea. 

!he object in of the crltlcaUtJ calculatlou h to deteraiDe 

the .oat reectlwe conditloD (hipeat la"l of aeutroa aaltipllca

tioa) and ahov that lt l• aubcritlcal " a aafe .. rala. Thua. the 

•thode aa� procedure• uaed to detar.iae the .a.t reacti•e 

coaditio�a ia.ol" .. .., a .. _,tiou ad · approdutlou. !heae 

a .. u.ptlou ncl approai•tiou are lateDded to coepeuate for the 

uncutaiatiea auochted vith the ectul phJdcal coaditiou (auch 

aa .. nufacturiaa toleraacea or core d ... &• ia the caae of TMI-2) bJ 

alva1• beiaa applled coaae"atbelJ ad heaca produciaa a Maher 

reactivltJ thea would be realiatic i f  tbeJ were aot uaed. 

The auu.ptiou and approaiutiou oftea tead to dapllfJ the 

aaalJaea. lihUe the daplificatioaa aad coaaa"atil• · nault i a  

phJa ical aodela that are aot realiatic. theae aodela are aot 

coapletelJ iacredibla. Thua. the aodeliaa of the core (Subaectioa 

3.4) caatera oa credible vorat eaae aaau.ptloaa aad approaiutioaa. 

The •thode aDd procedure• for the aaalJale luol" a e,.c ... tlc 

aurch throuah the cateaorlea of par-ure for the vorat caae 

coabinatioa of par-tara 1111lch proclucea the aoat raactba c-

poaltioa and collfiauratloa. The aodale of the d ... aed cora that 

produced the .oat ructl" coadltioaa are dhcuned aDd ech ... t

lcallJ llluatrated in lubaectloa 3.4. Ia lubaectioa 3.5 the 
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re1ult1 of the ..ai.u. credible c� ... ,. coofiauretioo are 
prueeced.4,5 tbh coofiauutloe h part of the ct .. ip bade for 
the curre�t 11f1t� eYaluatloD2 aDd for tbe re&IIII ... Dt of lbutdOWD 
.. ralo iD thh report. !be ruulu •how thee tbh collfiauratioo 
bu • 11ft of 0.943. lub11ctioo 3.5  abo coouiu tbe ruulu for 
tbe core i.u (0.977) with all the fuel claaaed. 1ibile thh h a 

hJpothetlcal collfiauracloo, it h worthwhile to couider wbeo 
••••••loa t�• eafet1 of the TMI-2 ebutdowe .. ralu. 

3-l 
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3 . 2  Par ... ter• Affectina the Crlticality Analy1e1 

Criticality can ba defined aa a aelf 1u1tain�na neutron chain 
reaction. the object i•• of criticality aafety i1 to deter.iae the 
nec11aary coaditioaa thet will preYeat a chain reaction froa 
occudq, niD when the 11•t• b 1a the mit react i•• coadition 
pouible. 

the criticality analy••• for ntt-2 beaen by identifyiac the 
par ... tera in the core that could affect criticality and prod�• a 
hiahly raacti•• confiauration. Since neutroaa will react with all 
i1otopea, all the .. terial1 which coapri11 the core of the reactor 
affect the production aad ab1orption of neutrou . 'l'henfore to 
ident ify the .. teriall in the reactor, the apedfication• for the 
nu-2 core .. re rnieved.6 the core naion without fuel b an 
approxi .. te cylinder 5.4 feet in radiua and 13.8 feet hiah, filled 
with water. the water .. y contain other ch•icab •�h aa boric 
acid and lithiua hydroxide. the fual wa1 1a the fora of 177 fuel 
auablie•, db idee! into 3 batchea of 6 1 ,  60 nd 56 auabliea. 
'l'be auemlie• within each batch .. re .. aufactured identically 
except for the difference in the U-235 enrich .. at. The aaae.bli•• 
are duianed with a 15 by 15 array of ealla on a aquare pitch. 
!ach auably coataiaa 208 fuel rod• with the 17 other calli 
con•i•tina of one central in1t�nt tube and 16 auide tube•. the 
1uide tube• .. Y contain either burnable poiaon roda, control rod1, 
axial power ahapiaa rod• or vater. the fuel roda contaiaa atacked 
U02 pellet• vith aircalo7 claddiaa aad are 1urrounded b7 the water 
.,derator. the cella within the .. aellblJ are held in a aquan 
array bJ laconel arida6 . 

In developiq a liat of par .. ter• which affect cdticalitJ, 
one lo1icai approach b to deflae cateaoriu of paraeter1 which 
have liailar effecu. 'l'he folloviDI four cateaoriu are defined 
fro. the principal co.ponentl of the neutron tran1port equation. 
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fuel C:O.poaitioD 
Moderator Co.p�ltioa 
Fuel-Moderator Coabiaatioae 
Fuel-Moderator aad lalactor CoaliauratloDe 

the prCMtuctloa of aeuuoce orlalDatu lo the fuel with tba eloori.D& 
dOWD of the fluloD oeutrou occurrl.. ia the ., .. ntor. Tba 
arra .. .:..ot of the fuel aDil _.arator affect• the cwerall uucroa 
abeorptloo rata while the ehape of the fuel-. .. ntor coofiauratloa 
ead the eurrouodiq reflector affect• the laakaaa rata. 

Ia�� of the followiaa aubeactione diecu•••• the effacte . that 
the varioue par ... tere have on criticality. Tba diecueeione are 
etaply to d..oDttrata that a co01ciaotioue aod eyet .. atic .. thod 
vat uead to aaeura that etandard criticality practice• are 
appplicabla to the daaaaed tMI-2 reactor aDd that all par ... tare 

have baaa conaarvativaly exe•fnecl. 

3.2.1  �•1 eo.poeltioa 

The ,.r ... tere affactia& criticality ia the fuel co.poeitioo 
cataaory are: 

• Ch .. ical co.poeition 
• Fuel eorich.eot 
• lurnup, or ieotopic ca.poeitloo 
• Ph71ical reconfiauratioo vith .oderator aad etructural .. carial 
• r .. perature 

The fuel vae aanufactund io the fom of 002 cer•lc pellau vltb 
each pellet etaclt haviq the .... vaipt aad cliMnaiou (vithio aaou
factud .. tolaraocae). The botopic cootaDt of the uraniu• vu the 
ooly cliffaraoca batvaan �llate of the three fuel batch•• ( 1 .98 vt . l  
o-23), 2.64 vt . l  o-235 aad 2.97 vt . l  u-235). 
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The reactor operated at power for appro.i .. taly 94 equivalent 

full power daya. Aa a nault of tbia operatioa, each fuel pellet 

achieved .Yar.,lq daanea of llunup in proportloa to the anrqa pover 

it proclucect dudq tbat periocl. Couequeatly, .. cb pellet coataiu 

plutoaia ad otber tnuUl'aaic iaotopea u wll u flaaioa proclucu . 

Dudq the accidaat, the odda fuel wu apoaect to u eavi�oDMDt 

wh ich could have altered ita ch•lcal c•poaltioa. Tberefore, tbe 

•adoua fuel par-tara couidered u part of the crit icality 

aaaeaa .. ata iacludad uraaiu•, plutoaiu• ad trauuraalc content, 

fluioa product iawatory, ch•ical c•podtloa, earidl .. at, aDd 

.odantor ad atructuul .. udal that .. , have ccabiaed with tba 

fuel or eunouacled it. 

The blah t•peratuna duriq the acciclnt could heve �•aulted ia 

o&iclat loa of the 002, Pu02. ate. to other oaicla foma eucb u U30a. 
Bovavar , oaly the dioxide for. of the fuel aaada to be couicleracl ia 

the criticality uaalyau aiDCe it baa ; (1)  tba lowat _,wt of 

oxyaen, the lovaat potential ecatta�iq, aDd lovaat �••onaace 

iDtaaral;t• &Dd (2) the JT&atalt dauity Of Ul'&niu• aad ie, therefore, 

tba .o.t react ive oxide for.. Vbila pun •tallic . ureaiUII la .on 

reactive than uo2 , the condition• aeceuary to coavert uo2 to u 

h we not been ehovn to have occur red clurit-a the accident . 4 • 5 

Conaequently, the oxiclu, 002 • Pu02• ate. are the .oat react ive 

for. to conaicler for criticality calculatioaa. 

Since aoae of tbe &ircaloy clacldiaa failed dudq the accidaat , 

the fuel vaa upoaecl to a blah t•perature eta• aDd water aaviron

•nt. Ia thie aaviro.eot , tbe fuel aolubility wu couidered aloq 

vith cbaical eeparati.oa of the plutoaiUII aad fluioa producu. 

Bovever. uraniu• dioxide aDd the other traaauranic oxidee are aeither 

aolubla nor .. parable in the .odarator anviroa.aat .. lidl axietecl 

duri111 the accident or baa ahtacS fol loviq the accident. to 

uparata the conatitueau of tbe fuel in a raproceuiaa plaat re

quire• concentrated nitric aDd aulphuric acide uaed iD a c•plax 

ch .. ical proceee to dieaolva the fuel with fu�tber dl•lcal traat .. at 

to cb .. ically eaparate the coutitueate. 7 The conclit lODa aecaaaar., 
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for thil to bwe occurred at 'Dfl-2 "�'� aot preeeat. 1'bue, the 

cbaical ca.poddon of the fuel b the clio:dde fora with uruf.ua, 

fieeioo product•, &Dd traDiuranicl witblD cer .. ic particl••· 

Tbe 11110uat of Ul'aDiua, traneUI'aic el .. ntl aad fluioa producu 

iD the fual b a fullction of the iaitial earicbMnt ad the ltunup 

that .. ell part of the fuel upedenc.S. lefore the accident, the " 

thne-iliMDiioaal core power clhtdbution .U coati•oully •aitor.S 

and ca.pared to predictioae. Tbe clepletioa of raacti•itJ ( indicated 

bJ the chaqiaa eoluble boroa conceatratloa) wu allo beiaa 

predicted. Tberafora, the criticality calculatioa for the ehutdovo 

aarain of the core ha• l•ped the react i•itJ effect• of bunup 

(uraniua, plutoniua, fi11ion product cootent of the fuel , etc . )  into 

the acainal fue 1 endch•nt for each batch wu u1ed to detenaine 

the power and hence the buraup of the fuel aloaa with the reectiYity 

effectl of buraup. A• incHcated abo¥1, thil aine ·a accurate 
. 

reectivitJ predictioa. Bovever, to eDture coneenatbe criticality 

predictioDI, the reactiYity of the fual wu calculated uauaiaa that 

the aaaufectured concentratioDI of U•23S .. re all tvo etandard 

deviat ion• areater than the ooainal •aluee, 1 .99 wt .Z, 2.66 wt.Z aod 
2.98 vt . Z, reapectbely for batchu 1 ,  2 aad 3. lo the reactbity 

effect• of fuel enridlMnt wre con .. rvatiYely predictecl to provide 

hiaher reactivitiea than would ba realhtic. Conver11ly, the total 

uraniua aau va1 the noainal Yalue for each batch. 'lbb coabiaat loa 

of uraniua aa•• and enricb .. nte provide• • con�ervati•• predictloa of 

lhutdovo aarain. 

A• a reault of the accident , it could have been poaeible for the 

d�•a•d fuel to be reconfiaured into a fuaed aa11 with either etructu

ral aaterial coabiaed with the fual or eurroundiq it , or aoderator 

entrapped within the fue�. WbUe th11e pareMtere will affect the 

reactidty of the fuel ,  calculatioDI perforaed for thh analJih 1bov 

that aoderat iaa aateriele will iacreaee the potential ecatterina 

within the reaonancea aod thu1 dacreue reactivitJ1 aod abeorblna 
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ltructural uteriah (..,aD &ircaloJ) will decr .. ae r .. ctivitJ . 
therefore, aeitber .oderatora aor atructural uteriala b&l beea 
couiderecl ia fuel particlu that are leu thea tbe abe of pellau. 7 

lul» .. ctioa 3.2.3, Fuel Moderator Coel»iaatiou diacuuea the affectl 
of aircaloy oa aala ... t.S fuel particl .. that ..,. be laraer thu a 
pellet. (lfo fuel partict.. of t102 laraer thu a pellet wre 
coaaiclerecl dace the t•peratuna ..aceuar, to •lt t101 bave DOt beea 
abowa tcr b.rve oc:currect .4,5) 

The laat par .. ter affecti111 the r .. ctivitJ of the fuel b 
t•perature. the t•perature of the fuel b deter-iaecl b7 the 
t•perature of the aurrouadiaa eocleretor &DIS the beat paeratioa 
withia the fuel. lecauae tbe reaoaaace al»aorptioa of U-238 iacrea••• 
vith iacreuiaa t•perature, the loveat fuel t•perature b tbe .oat 
nactive. therefore, aiace h .. t paeratioa will elevate tbe fuel 
t•perature above the .oderator t•perature, it ia coaaervative (.ore 
nactive) to couider the fuel t•perature to be at the lover 
t•perature of the .odarator. CouequeatlJ, the fuel t•perature 
will be the .... •• the .oderator aad the co.l»iaed effect ie 
diacuaaed ia Sul»aectioa 3.2.3. 

la au ... rJ, the par ... tera ia thia cateaor7 that vill be directl7 
tr .. tecl ia the criticality calculetioaa are earich•at, l»unup aacl 
fue 1 t•perature. 

3.2.2  Moderator Co.poaition 

Ua.oderated uraniua il Dot capable of .:hi..,iaa criticalit7 at 
enrich .. nta 1••• thaa 5.0 vtl U-235. 

Therefore, a .oderator il aeceuar, to produce criticalit7 ia aa 
array of lov enriched fuel a�ilar to that ia tbe tHl-2 core. liace 
the fuel will aot diaaolve la the .oderator, hoaoaeaeoua .!xturee of 
the .oderator and fuel are DOt CODiiderecl. further.ore, calculat{ODI 
perfoned for tbh atud7 ehov that for lov eadched fuel the eoclera
tor ia •uch .ore effective aurrouacliaa the fuel. Therefore, the 
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mdarator will be couldancl u the ..ctiua that 1unOUDcle the fuel 

pudclae. 

Tba u•bullt mclarator reaioo cou i1ted of haliua a•• aurrouodiQI 

the fuel with airc&lo, cleddiQI ncap•ulatiQI the fuel aDd laeliua to 

for. f•l 1rocl1. Tbe fuel rode an laelcl ia a U la7 U ana7 with 

lDcooal 1l'icl1. Vatu 1 with other cb•icala, 1\II'�OUDdl the 201 fuel 

l'oeil all fill• thl lp&C&I aot occupied laJ ialtn.aat tube•, p.icle 

tubal aad other caapooeatl, 

The par ... ter• that affect criticalit7 ia the .oderator are: 

• Tbe cleuit7 of the vat11r ( pre11ure aacl t•perature ) .  

• The laoroo coaceatracioa i a  the v•ter. 

• Tbe other cb .. icale io the water u1ed to coatrol the pB 

of the water. 

• Structural aaterial • (Incoael . lt&el &Del aircalo7) aDd 
pou ible caapouDde of th&le aatedala. 

• fuel fiau . 

The deuit7 of the water b priadpallJ a fuDctioa of ita t•pera• 

ture and praeeura. folloviaa the acciclaat the •ret .. pre1aure vu ap

prodaatelJ 1 ,000 pile aad t•peraturu vera 1600r or abOYe. Oace 

oatunl cbculat ioa vae achieved, tba t•peratura• &lloved b7 the 

techaical tpacificat ion vere bctveea 2aoor aDd 'oor. At t .. paraturae 

belov 1600r, leu than a .3% error will r&�ult ia tha water clauit7 

if the prauure b auaacl to be ataoepberic. Therefore , ..tleo 

t e•panturee are abcrwe 1600r, preuura1 of 1000 plia were u .. cl to 

ccapuu the water clauity, aDd tlheo t•paraturu are belov l600r, 
at.oepberic preuuu vae ueed to caapuu water cleult7 • .  Vblle the 

aoderator coataloe bode Kid, 10dlua b7clrodcle, llthiua bJdrodcle 

and pou lbly, the hydroddu of tbe 1tructur&l aatedal (aircooiua 

hydroxide, etc . ) ,  thu• caapouode are ia euch dilute 110lutioc with 

the water that tba dauity of water accuratel7 reflectl tbe clauit7 

of the aodarator. 
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Tbe t .. perature of the .oderator can affect criticality by, 
1 )  chanaiac the denaity of the water, 2) cbanaiac the Yelocity of 
the ther.al aeutroDI, and 3) cbanaiac the ato. denlity of the 
boroa. Dlpeadiac oa the .. &aitude of thea• affecta, the 
reactirity a., either iDcrea�e or deer•••• with a iacrea�e ia 
.oclerator t .. perature. Iince the .oclarator t .. perature effecu 
will allo be co.biaed with the fuel c..,.rature effectl (both 
teaperatur .. will be the a ... ) ,  the co.biaed effecta will be 
cliacuaaed ia lubaectioa 3.2.3 where the fuel-.oderator 
caabiaationa are cliacuaaed. 

The boron concentration ia tha .oclarator ia dafiaacl aa the 
weiabt percent boron ia water. Tba control of the boron coaceD
tration provldea the .. ana of coatrolliac criticality and anaur
iaa an adequate ahutdowo .. rain. 

hcauae the boron in tbe .oclarator r .. ultl ia a wakly 
acidic eolutioa, atrona hrdroxiclaa (lithiu. or aodiua) ia dilute 
concentration• are added to the .odarator to control the p'R 
factor. Tbaaa hrdroxid.. are all aeutron absorbera and ,  
therefore, decreaaa reactivity. Bovaver, aiace the coacantration 
of the hrdroxidaa ia vary dilute, their aaaative reactivity 
affect ia i&aored. 

Reither the atructural .. tariala, aor oaidea or bJdroaidaa 
of the atructural .. tarial will incraaae reactivity. thaaa 
.. uriah provide inaufficient aeutroa .ocleration to offaet tba 
neaative raactivitJ effecta of their aeutroa abaorptioa.7 

Calculation• perfomed for thh atudr h an ahowa that only the 
aircalOJ claddi.aa baa a lov enouah aaaatbe reactivitr to be a 
factor ia increaaiac the core raactirity bJ ehanaiac the relative 
..ouat of .odarator in the .!xture of fuel and .oderator. Tbia 
phenowenoa waa obaarved ia the und .. aecl raaioa of the cora where 
the 500r t•peraturea· aDCI 3500 ,,. boron coacantrationa have 
produced a very poalt lve .oderator dea.altr reactivity coefficaat. 
When tha fuel ia tha uod .. aaed cora raaioa waa 
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auu.ed to hne DO claddiq and to be coaplately water loapd, 

the Teacti•ity decreaaad. tbie effect will be further azplainad 

when ·atructvral aatariala in the .odarator are coaaidered in the 

fual-.odarator coa�inationa, aubaaction 3.2.3. 

tba one coapoUDd of the atructural aatadal that could 

affect raacti.tty ia aircODiU. hydride. sec.uaa Of the acattar

iq propartiaa of hJclrotaD ad the "TJ low abaorption of 

nautroaa by aircODlu., thb ca.powcl h a pod .oderatoT. It h 

pra .. nt in "Tf -..11 •uantitiaa in UJ reactor with ainaloy 

cl..S fuel. biac the accidaot, the hyddcliq of the ainaloy 

uy bna been accdaratad by the blab t•peraturea ad free 

hydroaen that occurTed a• a Taault of the alrcaloy TaactiDI with 

water. Bovevar, ........ au of fuel claeaaa have concluded that 

the aircaloy waa pradoainantly oaidiaad.4,5 therefore, the 

traat .. at of the aircaloy will be li.itad to a atructural 

.atarial of pure .. tal. 

tlie la1t mdarator par .. car that could hne an affect OD 

criticality b the preaenca of fuel fia .. abed ia with the 

.oderator. Aa a re1ult of core d .. aaa cluriaa tba accident, it la 

poaaibla for fuel particle• to be in the .oderator raaioa. They 

.ay be in •ariou• parte of the reactor coolant ayat• iocludiq 

around area• of undaaaed fuel. The .. particle• aay be in a 

ranae of aiaea . Vhile tbia affect aay aaea to conflict with the 

concept of havina aeparata cateaoriaa of fuel and .oderator 

ca.po1itiona , it will be eaplainecl further in aubaactioa 3.2.3. 

In au.ury, the par-tara ia tbb cataaory that will be 

directly treated iD the criticality calculation• are .oderator 

den1ity, ltructural aaterial, an� borOD concentration. 
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3.2.3  Fuel-Moderator CoabiaatiODI 

tbe clhc:u81iou thue far hne eaplaiaed chat low earicbed 

fuel ie aot a criticality coacera by itaelf. It ia oaly throuJb 

the effecta of aeutroa 80deratioa (alowiaa clowa the bi&b ••locity 

fiaaioa aeutrou) that a euataiaecl aeutroa cbaia react ioa caa be 

acbi�Yed. tberefore, the fuel aad 80clerator .uat act ia 

c�iaatioa to lacreaae the reacti•ity of the fuel. IDw�Yer, the 

co.biaatioa that pw:oducea the bi&beat reacthity will be .,..ry 

clepaacleat oa the boroa coaceatratioa ia the 80derator. 

tbia aub11ctioa coaaiden the par-un that affect the 

criticality of the fuel...,derator c•blaatioa. tbue par .. tara 

are: 

• 'l'be ai&e aDd ahape of the fuel .  

• 'rbe abe aad abapa of the 80derator eurrouacliq the - fuel . 

• The atruccural .. tarial that .. Y be ia the 80derator or 

aurioundiaa the fuel. 

When dilcu81iDI the fuel aDd 80derator c•podtiou, it waa 

explained that if a ecatteriaa .. urial ia ia the fuel, it will 

iacreaae reaoaance abeorptioa aad heace lover reecti•ity; it will 

allo 80derate the faat aeutroae, iacreadaa the pw:obabUit)' of 

ther.al aeutroa fi81ioa 11bich will iacreue reactiYit)'. 'rbeee 

oppol iaa affectl caa be eUaiaatecl if the 80derator b placed 

around the fuel .  Thea the reactiYity of the fuel ia iacreaaed by 

aeutroae beiaa 80deraud without iacurriaa the reactinty 

decrean uuaed by eahaaciq abaorptioa ia the fue l .  tbua, 

luapiaa the fuel iato part icle• eahaacea reactintJ. ClearlJ, i f  

the fuel vera dhidecl iato part icle• ao nal l that the fuel aDd 

80derator could be treatecl a1 if theJ wn h080&eaeoullJ aiaed , 

thia would aot be effecti-;oe. So a fiaite part icle ai&e that 

aivea the larae.c reactbitJ auet be detendaecS. The Halt of 
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thh particle liae h a pellet, aa loq aa the fuel cootaiu ao 

atructuril aaterial tlbich could c-at pelleta toptbu. If 

atructural aateriala are preaeat ia the fuel, aa .., be t�e caae 

with the d ... aad TKI-2 fue l ,  thea the aaala. particle aha h 

eaaaathlly wsliaitect. therefore, fuaed fuel particle• with a 

llial- of atructural aatedal altda to be aaaeaaect. 

It will be apt.iaed iD the Methode ad Procedure• lectioa 

(3.3) that the aha of the particle tlblcb aina the biaheat 

r�tct i·dtJ tlbea ccabiaad with the _,uat of •derator that ahu 
the hiJhaat r11cti'ri.ty .uat be deten.laed . ODce tbh abe baa 

bua cfetemiaed , all fuel particl11 iD the ct ... ad part of the 

cora vill be aaau.ed to have thia alae. 

The ahape of the fuel particle• ia the •darator &lao baa aa 
affect on reactivity. Tbe pellata all atarted out aa riaht 

circular cyliDdera. Power oparatioa reaulted ia pellet crackiaa, 

aDd tb� effecta of the accident probably fractured the. with ao.e 

fuel poaaibly bacaaina fuaed. 

Thall irreaularl7 ahapad puticlea •11 be treated aa 

reaularl7 ahaped particle• with .-otb aurfacea if the .olu.e of 

fuel ia praaerved and the ratio of aurface area to wolu.e, or the 

averaa• chord leaatb throuah the particle ia preaerwed. While i� 

realit7 it ia not alvaya poaaible to preaerve the ratio of 

aurface to volu.e , it h pouible to create a parallelepiped, 

CJliadar, or aphare that ia equiwalaat to the irreaular particle 

auch that a reaularly ahaped particle raaulta ia a .aealiaibla 

raactivit7 differeaca. Tbua, the particle• haY� baea treated aa 

reaularl7 ahaped aolida. 
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la 811ditioa to the particle '• ab.,., tbe ahepe tbat a 

collection of particle• foru ia the 8Ddarator vlll abo bne aa 

affect oa criticality. If ooe aectioo of the core ia coa.idarad 

to be uod ... aed, ... 1 1  fuel particle• .a, collect ia the 8Ddara

tor arouod tbia uodaqd aectioo to af
.
fecc Oftrall naccbity. 

Putbe�re, ia the d .. aaed aectioa of the core it ia poaaible for 

lara• and ..all particle• to .. ala.erate toaetber. 

While a agl-.ratioo of fuel with 8Ddaracor filliq &DJ 

apacea betweeo particle• .. , be a realietic picture of the 

.... ,.. core, the crltlcallty .adellq eeparatea thie .. alo.era

t ioa lato reaular &Dd .,...eric lhapaa. Tbe 8Dder&tor il 8Ddeled 

to eurrouad the fuel with a �1- that will be deteraioad to 

provide the 8Dit raacciYe fual�darator c•lliudoa. Tbe 

fuel�derator coabiaatloa vlll bne a rectlliaaar ebape tbat ie 

defined aa a cell. ln eubaectloa 3.2 .41  it ie eaplaiaad bow tha 

cella are for.ad iato ae-.crical coafiauratioa by coabiDiq th .. 

ia reaular uoifo� arraya. 

The uod .. aaed portioa of the core ie coa.idered co eaiet ia 

cell array• with each cell cooeiatiq of a cyliadrical fuel 

particle eurrouadad a aquare 8Dderator r .. ioa. Tbeaa celia are 

arraaaed ia atacka that for. fuel rode. The a.ouoc of 8Ddarator 

in tbh cell aay not be the optun111 -.ouac to provide the hiahaac 

reactivity. lf ebb h the ca ... the etructural aaterlal will 

either be the aa-lluilt -.ouat or e .. lected, .ttichner h 8Dre 

conaervative. 

lt ia poaaible that fuel fiaea fr• the upper d ... aed reaioa 

of the core are vitbia the lowr uod ... aed reaioa c... riaure 

1-1) .  Calculatioaa perfor.ad for thh etudy aDd by othara hne 

ehovn that if fuel particle• of leaa than optiaal ei&e are added 

to part icle• of opt�l ei&e (with the fuel�dcrator ca.llioatioa 

that produce• the hisneat reactivity for each ei&e particle) the 

reeultiq reactivity will be leae than that of the fuel�derator 
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3. 2.4 

ca.blutloo with opt faal ly daed pardcl••· 7 ,I thu1 fuel fioe1 

io the mderator are aot eaplicitly coolldered iD the 

calculatlou, rather all fuel will be au ... d to b.,• the ... 

elae ae diecueetd io lubeectioo 3.2.2.  

Th e  t•peratun• o f  the fuel aDII mclerator are couldered to 

be -the . .... Wbeo the a.GUDt of mderator wl- b beiq 

de uraiotd • the optla. t•perature of the caabludoo b a 

par ... ter that uede to be ewaluatecl coocurreotly. 

lo eu...ry. the par .. tere that affect criticality for 

co.bioatiooe of fuel aDd mdarator are, the 1iaa aocl 1hape of a 

reaular fuel particle (parallelepiped, cylioclar. or lphare) .  the 

a.oUDt of mdaretor eurrouodlq the fuel ia a raaular ractilioaar 

1h1p1, the etructural .. terial ia the mderator if the a.ouot of 

mdarator i1 cooetraioecl by the cell 1iaa (•ucb ae {a the 

uodeaaaad core ) ,  aDII the cell t•perature. 

Pual Moderator aod laflector Coofiauratiooe 

The fual-.odarator coabloatiooe CID be aoalyaed to dataraioe 

the call that 11 the m1t r••cti••· Bov•••r• a •iacl• call i1 10 

•••11 (on the order of a few cubic caoti .. tare) thet the leakaae 

of aautroa1 fraa thi1 cell would preclude criticality. To attain 

the aoet react iYa coDfiauratioo, thou1eade of call• are a11eablad 

toaather. The par ... tara affactiac the criticality of thle 

coofiauratioo are: 

• The eiae of the coofiauratioa 

• The ahape of the coofiauratioo 

• The other .. terlal coapoaltioo1 that .. , be withia the 

confiauratioo 

• The reflector .. tarl'l •urrouadiac th• cooflauratioa. 
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!be Dllllller of cella to be couiAined i1l aDJ coafiauratioa 

an the �r poulble fr• the total avallable .... of fuel. 

The ahepe of the coaflauratloa ia oDe �oae ratio of aurface to 

.aluee h a alai-. The lowr the aurfat'e area, the lower the 

l&�keae of aeutrou nd the hiaher the reac:tiYlty. !be ahepe 

howe .. r ,  �t be at le&at credible withla tbe coaflaea tbe !Ml-2 
reactor. ror the portioa of tba core with ..... ,_. fuel, the 

ahape h the exhtlaa CJllDctdcal ahape; oa the top of tbe 

uactauad portioD •J be a ._.,_. portloa &lao rouahlJ 

raae.bllaa a c:JllDder. 

!he DOD-fuel .. tarlala that .. J be ctlaperaect vltbla tbe 

fuel cell arr&J iDc:lucte tha lDatru..Dt tubea, tbe iac:ore detector 

a11eablie1, the CODtrol rod ,Ulde tubea, (vbich .. , CODt&lD 

.,dentor, luapecl bunable pohoD rode or coDtrol rode) ,  &Dd 

other atruc:tural .. terial. !be preaeDc:e of theae .. terlala wblcb 

abaorb Deutroa• deena .. • the reac:thlty of reaiou were tbe 

fuel .,derator ca.biDatioD hal beeD optialaecl to ac:blwe tbe 

hipeat nac:tbitJ. Therefore, ia tbe cl..aaecl portloa of the 

con, it ia couenative to aealect tbeee •tedala. 1D the 

unct ... aed pordoa of the cora, tbe atructural .. udall U)' 
dieplace .,cterator, thua the lu.ped buraable poiaoD rode, 

inlti'U8Int aunbliea, etc. .uat be cona lcterect vltb napect to 

.aderator diaplac: ... nt . Bovaver, 

criticality vill be Dl&lected. 

their abaorbiaa effec:ta oa 

Oaly the abeorptioa of the 

control rode h au\181cl to uht la the uadaaaect part of the 

core. 

The reflector .. teriala aarve the purpoae of returDia& 

aeutrona leatiaa fro. the fuel-.oderator confiauratioa bac:lt to 

the fue l .  ly provicliaa a fuel-.oderator coafiauratloa with a 

reflector that co.pletely aurrouada it with opti .. l aeutron 

reflec:t loa, the raactiritJ of tbe coafi&uratioa wil l  be 

il'lc:reaaect. KanJ uuriala an aooct nflectora, ao tbe criti

calitJ calculatlou .uet aaae11 wat .. teriala la tbe core 
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are the beat reflectora, aDd whether th., are diatrlbuted ia 

a aeo.etricallJ credible ..aaer. 

Ie •�rJ, the par ... tera affectiaa criticality vithie the 

fu.l-.oderator aDd reflector coafiauratloD are the total 

uu of •nibble fuel, tbe ahape of tbe cODfiauratloa, 

.. teriala witbia the coafiauratioa that affect tbe �darator 

wolu.e, coatrol rode, aDd reflector .. terlala. 
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ltctloa 3.2 pro.ldta aa ••••• ... at of the par ... tere affectia, 

cddcalltJ la eacb of the four cattaorle• that are ideatiUtd u 
the pdaclpal c•poaeau of the uutroa 1talaoce equatioa for 

crhicalhJ: 
·• ruel C.,Odtioa 

• Moderator Co.poeitloa 

• Fuel-Moderator Coablaatlooa 

• ruel-Mo4trator aad leflector Coaflauratloo• 

Tba •a•lc par ... tere ehovD to be iaportant la the crlticalitJ 

ewatuatio11 an: 

- The earich .. nt of the fuel .  

- luraup of the fuel at a whole. 

- Moderator deaeitJ and tha boroa coaceatratioa. 
- T£e ei&e aad ehape of the fuel partlclee. 

- The .,deutor wlu. aarrouadia, the fuel. 

- The etructural .. terlal that could chana• the 

.,darator .olUM. 

- 'nle tnperature of the fuel-.,derator ai�rture. 

- the ehape of the fuel-.oderator coaflauratloo. 

- Structural .. terlale vithla the uad ... aed fuel• 

.,derator coaflauratloa. 

- The pretence of control roda la the uad .. aaed coaflauratloa. 

- The reflector .. urhh around the fuel .,derator coafiaura-

tloa. 

The affect• that the•• par ... tere , •• well u othere , hne oa 

crltlcalltJ v.re ••••••" '' coaelderlna each par ... ter eeparatet,.. 

llowner, eoae of the par ... ure caa actuallJ lie autued ladtpea

cleatlJ wtlea clettralnitli that par-ter'• affect oa critlcalhJ. 

lach par ... ur bu aa affect oa ner,. otber par ... ur. !but, tbe 

.. thode end procedure• u1., for the crltlcalltJ ealtulttloa. .uet 
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pro.ide • eyat ... tlc opt�aetloa aeereb of the· par ... tere to 

produce the .oet r .. cthe co.bla., affect of all tha par ... tere. 

laperleoce la crltlcalltJ ... 11••• h&l ahowD that coaaerwetl•• 

tre•t•at of the pu ... un aot lhud aboft allon th• to h 
l .. epeadeatlJ &laeaaed without affectlac the opt�laetloa •••reb. 

Tbh .. ctloo ducrlb.. the proceclur.. for uaf.ac the celcula• 

tloul •thocla dhcuued ia lectloa 2.0 to deteraiae the .oet 

reectlft ca.blaetloa of all the per ... tera. Tb••• •thode aQd 

procedui'U an the .... ooaa u .. d to euun the 'nl1•2 r .. ctol' ••• 

ufel7 ehutdowa (leff < .99) t-dlaUlJ follwlac the accldeat. 

TbeJ ha•• coathuecl to be u .. cl lD thh atuciJ fol' the racowry 

opeudou . 

the follwlac dhcuadoaa redw the reaulta of tlteae 

•J•t ... tic procedure• ahowiaa how the �t reectlft co.blaatlou of 

the abo.e par ... tua .. n produced to auure that the reactor ... 

aubcl'itial. The reaulta of thla aaal7ala al'a .. uell7 applicable to 

the ufet7 naluetlou fol' the propo .. cl actbltha (Ani iuertloa, 

Clllt UDcoupllaa, thl'oulf\ beAII leapectloa aacl heAII .. ..,..,, of the 

l'eco.ei'J opel'atioea. 

the celculadoaa of the 'nii•2 con co.erecl a bro-s apectnaa of 

fuel conflauratlona raaaiaa fro. the lotact con to ho.oatneoua 

•iaturea of .oclerator aDd fuel .  

Calculatlona .. ,. perforwcl oa •• uecl ... aecl con fO't .ttlcb the 

enricb .. nt of tbe fuel ••• the aa.laal .. aufactul'ecl ••lue for the 3 

batchea of fuel. The 1tunup aDd necthlt7 of the fuel vu pre

cl .. lJ bowa aa a reault of calcuhtloaa beacb .. rttecl to •••urad 

data. the .ocleratol' t•peratun ••• • ••dable naalac between 

uoor and 2100r. The fuel ••• atenclud ,.u.u vlthla the ataDclad 

U '' U •n•J· The clAIIcllaa ••• auu.cl to •• c1 .. aec1 aecl water 

could h�e fil led the i•P betwaeo the cladcllac and fuel pellau. 

1'1\a ll'lcla, hovevu, ..... letact. The lonru.at t.abea aocl au-

bUaa wra intact but •••a• to the l•pecl burnable pohoaa ••• 
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........ .  tbe t.oroo cooceotraclno ••• deteraiaed t o  procluee a 1 .01 � 
ehutdowa .. rala. 

IUDilarcl 

crldcalltJ 

dl ffueloD 

calculatloD16 were perfor.acl 

theor, ... lao aDcl 
udq 11ULU•PIIQ079 to 

.. uniae the Mroe cooeeatratloe .... uired to keep tbe con 11 

eut.�dtlcal Cfeu • o.tt) . the calculatloDI ebowe4 thet 1100 ppa � 

MrOD vu 1'1Clulre4. couenet l•dJ auaec tlaat, ( 1 )  all coetrol 

l'oeil vera out of the core, &Dil (2) there vel'e u pohoalq effecu 

fr• either the 1_,.. knable poleoo l'ode, aooa or •-d•. 

(Lover •••ntol' t..,.utura• vera fouod to be leu l'l&etbe dace 

the uacl ... &t4 core bae a poelP'"' t..,.rature coeffieleot ) .  

Th e  poeltl•• •clerator t .. perature coefflcleot ' la the ua cl  ... aecl 

cora bcllcatll that the ,..,,ed core could be aach •r• relicti.,. 

than the uad .. aecl core. lloweYer, tlae anua-•t of the fuel io 

the •--••• cora h uftluaOVD. tbenfore, tbe caleulatloe of tlae 

opt� caabiaation of the par ... tere affeetlec critlcalitJ .. ,.adecl 

oa •••uriaa that the core arraaa ... at voulcl .,. coaeei"'Patl••ly 

treatecl. 

Tbe par ... tere affeetlac crltlcalltJ la the .... ,., core caa .. 

cll•idecl lDto 3 c laulficatloae: thou that coulcl llle fb .. , tho .. 

that dicl oot ••" to be a priaar, ••dable �Jut Wlho11 affect codd .. 

applied u • raaetbitJ coefficleat. aad thoee that vue a pri .. r, 

•ariable. 

The fbd par ... tue vera nrlcb•at _. the reflector 

.. urhla wb ile t .. perature affect• vera a&lJacl at 16001 &ad 
2800r. The pu ... tne that could .,. calcuhucl •• coefflcieate an 

buraup, the etructural .. ceriale la the •derator ao4 ...... , .. cora 

.. etioa, aDil the worth of the coatrol l'oeil. The prlaary ••rl•tee 

lDclucl" t.orOil coecntratloe, the ehe &o4 ehape of the fuel, the 

•cluator wot ... aDII the ahape of the fuel-.clerator coeflauratloe. 
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lefore ditc�••laa the .. thode aQ4 procedure• ueed to calculate 

the ••rlable par ... tare, the proced�•• for deter.ialaa coate�ati•• 

•alu.e �f the flaed par ... tera will be .. plalaed •• wil l  tbe .. thode 

aDd procedul'el u .. d to deter.iae the reacddty coefficleau. 

fte fuel la the emd .. atd col'e b arra•ecl with tbe 1 .91 wt. � 

batch 1 aeee.bll•• aad the 2.64 wt .  I batch 2 .. ee.blle• .. jaceat to 

.. ch other lea a checker board anq b tlae cecatral l'llin. lunoulld
laa the batch 1 aDd 2 aeee.bllee oa the pel'lphei'J of the core are 

the 2.97 we .  I batch 3 •••...,11•• · fte caeutroalc laportaDCe of 8fr1 
batch l• aot •i&Dlficaat •lace the •••.-bly arraaa ... at ••• •elected 

to produce 

therefore, 

endchMatl 

a relatbely flat power dhtributloa acroa• the COI'e. 

a •olu.etrlc wellhtlaa of the batch, 1, 2 aad 3 

vat judaed to be a reliable .. aat of .. eraalaa tbe 

earichMate. Tbie .. araae earichMat wee lacreaeed by .OS wt .  I to 

be conunativ•, .... uttiaa ia 2.60 wt .  I a1 tbe _.erqe eadd!Mat 

of tbt fuel. I!RO calculatloal with all fuel ia the uad ... aed core 

havica an ndcbMat of 2 .60 wt . l  were ill aood qre ... nt with 

equivaleat PDQ •••ian calculation• ••pllclty repre1eatlaa each 

dlecrete •••.ably't earicb .. at. 

ln the d ... &ed portion of the core, one avena• earichMnt 

(2.60 wt . I) fol' al l the fuel vat aho judpd to be coatenadn 
Iince tbh vould npr .. ent a raadoa ab of the fuel. A tcenario 

with the d ... &•d batch 3 fuel collectlaa la the ceater of tbe batch 

1 and 2 fuel aad, thereby, iacr•••lca the · effective aver•&• 

enl'ichMnt it conaldeted lacredlble. Coneequeatly, all ct .. •&•d core 

aodeh Clnc ludica one• with a partially uad ... &ed con) ueed a 

•lnale couenetbe averqe earichMnt of 2.60 wt .  I. 

The c .. pel'ature• of the aodel'atOI'I under •table coaditloa• were 

ltaova froa •a•UI'ed data. The hiabt•t •alue vat 2100r ..tsUe the 

loveat waa 1600r. Therefore, both t .. perature• were aaalyaed at tha 
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801t nactbe reapect iYe coDdidou eDd a t•perature coefficint 

waa calculate4 to •eunlioe the reacthitJ effecu of the 

t•peratun cbaau. 

fte effecu of reflector .. tariall .... well bon throup 

e-..daace. 11lea critical an.,. are aurrOUDdad bJ reflecton that 

are eaaaatial lJ iafiaite, the reflector ,.,, ... of the .. teriala ia 

tuon to M the aqura root of their aiaratioa area. fte reflector 

·�lac• for Ill)' .. tedal or aroup of .. tariab la the reactor b 
alw•r• 1111 thea 20 caati•tare. Therefore, the leak.aae for ear 

reaularly abeped aea.etrical coaflauratloa ia .. t.�ae4 bJ the 

aeo.trical buckliq with a 20 caatl.tar reflacto�: 11naa•• la 

ca111 where the reflector .. tarial ••• obYioualJ kDOWD, auch a1 the 

top aa4 botto. of the core where the 80derator la the reflector, aDd 

for the aldaa of the ued ... aed cora Where .oderator aad ateel la the 

reflector, the aiaratioa laaath ••• aeed for the reflector aaYiaa• ·  

th e  r .. ctiYity effactl of the kne4 core bad Mea accurately 

calculated bJ the dulp -.,dell •• eYideace4 bJ the .. achaaru to 

• uure4 elate. towner, the IIRO .odd with •bune4 fuel ••• uae4 

to deterw.iae tha aoet react l,. fuel coafia�aatloa. Coauqueatly, 

the affecu of buraup oa the reactiYltr wra aot part of the 

aaalyeea to produce the eoet reacthe coaditioa. The reactiYity 

affect of buraup vea eubtracte4 froa the 801t react iYe coafiauratioa 

once the reault• had beea detaraiae4. 

Calc:ulatlou perfon���d for thh atudJ ehow thlt the etructuul 

.. cerlale that would be ia the aoderator, eucb ae the clad4iac, will 

deer•••• the reactiYitJ of aa opt� fue l-.oderator alature 'f .Sl 
� • t'berefore, etructural .. cerlall ia the .... , .. portloa of the 

core were aqlact e4 .  Ia the ...... ,., portloa, the effect of 

etrucuaral uurlal h the .oderator n4 vithia the fael-.oclerator 

calla ••• ueeeaect with PDQ-JULtr calculatl�. The neult laa 

affect• oa raactiYitJ · wn applle4 to the ��Get r .. cthe 1!10 
conflprat l� . 
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tbe reaet lYitJ worth of the colltrol rode had Mall calculat .. ltJ 

the PDQ d .. lp •del. qalll. ollce the 80tt nactbe ... , .. core 

cOftflauratlon had beea ,.tenllae4 with DJO. the worth of the coa• 

trol rode ••• eubtracted froa the crltlcalitJ pradictloa. 

tbe optlabatloa aaalJ•e• to deten�illa the d_.aed fuel coo

flauratloa that ••• .oat reacti••• but coataiead aaouah boroa to .. 

1 . 01· Ap eubcritical haaa bJ detenllalaa the .oat reactl•• ., .. rator 

•oluae. tbe •derator deuitJ ••• detenllae4 at a t_,.nture of 

2100r aad a boroa coaceatratloa of 2100 ppa. tbe fuel waa ua.ed 

to be auckecl pellau. 'l'be fuel--darator coaflauratloa waa aot 

apeclfl... but the lelkaae vaa low eaouah DOt affect the aeutroa 

apectun1. Tbe ulcuhtlou •plOJM ltoth tbe reactor &Del auclear 

critical! tJ Mthoda (1n1Lif • UllUPH• l!l'o-4). 

Uhile the •derator woluae ••• tbe par ... ter of latereet. the 

r .. utu were apeclfiecl ill teraa of tbe fuel wluae fractloll. 'l'bh 

la the ratio of the fuel •oluae to the total wluae of the 

fuel-.oderator cel l.  Tbua. the laraer the fuel wlu.e fractioa the 

euller the •derator woluae. tbe fuel woluae fractioa ia a etaad• 

ard fuel an•blJ h .31. lbace th1 uad ... aed core calculat ion• 

ehoved that the fuel vaa ovan10darated. the fuel .aluae fractioa ••• 

locreued. laitiallJ• the fractlou wre aoMvbat arbi trary ucept 

that other critlcalitJ evaluation• ehoved that the Mit probable 

fuel woluae fraction for pellau rando.lJ falUQ& lato a collact ioa 

h .63; the woluae fractloo for pelleu toUchiaa ia a aquere &rr8J 

i• .79 and lo a haxaaooal arr8J la .91 . The raeulta of the analJ••• 

iodicated aa optl.ua ••lue of .S2. 

ruel-.oderator confiauratiou were analJaed with IZJO. The con• 

fiauntlou laltiallJ •••UMCI all fuel to be daaaad. tbe radial 

di .. ndoftl were auu.cl to be anallt la11J lnfllllta with fuel d ... ae 

occurrina asiallJ, baalaDlaa at the top of the core. Tbla .odellaa 

la di acuaeed ia .. tall ia lectloa 3.4. The reeulta indicated that 
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laakaa• waa .ia�l (laea than 2.0Z4o) aDd that a total elu.p of al l 

fuel bto • oae .... would be eoet raactba. fte 'liNt credible 

confiauratloa withio the cora bouaclai'J ie the ri&bt circular 

c,Uoctar. loweYar, the lelkaaa of both the C:Jliacter act a ephau 

wera au1Jaa4 . The reepectba laaaau, 1 .6% 4o ncJ J .U a, ,  were 

... 1'11 the .... 

lacaaaa of the low leaaa• of thea• opd .. l fuel-. .. rator coa

fiavratlou aDd the hlp nactldtJ of the t .. l with a 901_. 

fraction of .52 at 2100 ppa boroo, the boroa coaceotratiou ..... 

iacna•.. to 3000, 4000 uct 5000 ,,.. Tbe •4erator 901- waa 

aaala calculated to 4eteraioe the •It nac:tbe c.-bludoo with 

et acked fuel pelleu. The reeulta ahove4 that � ( 1 )  with 3000 ,,. 
boron a fuel 'IOlUM fract loo of .SS wa1 eolt reaccba, (2) whh 4000 
ppa horoa a fuel '101... fractlcm of .60 wu ••t raactba, (3) with 

5000 ppa boroa a fuel 'IOlUM ftactioa of .63 wa1 •et reactba. 

fiaura 3-1 Jl'aphicallJ i l luetratal tha11 raeulte. 

Tba •optiaal ... rator 'IOlnel at 3000, 4000, eDt 5000 pp. boroa 

were thea uead to aDilJ•• the affecu of pallet l iu oe raactbitJ 

and to naluate other fuel ehapel that alpt be •re ra.ctbe, euch 

a1 eperical partict... the auckd palleu wra ebowa to be the 

eoet reac:tba p«*ati'J. 

Tbe ra111lt1 abow that 16«1»1 b eon reactl,. thn 21«1»r, but 

otherviaa the optiaal par ... terl r..ala .. tba ..... Thu1, the .a.t 

nactiYa condltiou aDd coatiaut'at ioat for the ,..., •• cora reaioo 

had beea dataroiaed. 
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3.4 O..a1ed Core Modftll for Criticality &aalyaia 

Core •--ae etucllee of the 'ftft-2 accldnt lallcat.. that the 

upper naioa of the core val aot covered bJ cooliq water for ao 
appreciable period of t lM .4, 5  �i• thh tiM o.edleatlDI could 

lane ntult .. lD eubatuthl 1-.ae to tha •co"r" ,ortioa. 1bb 
•--a• la project" to tawe beea ••t ateu i.a uu the apper 

ceoter of the core where the O"Hdleatlq vae ••d•te4 to be the 

JTiatllt .  

I a  dneloploa tha core •deb for crhlcalltJ aalJ•h 

t..ediatelJ follovioa the accide3t, it vae a11u..d that ...... beaaa 

at the top of the core aDd .tarat .. dovavard . to a�plifJ the •del 

it vaa auUMd that whatever ..... occurred at • ah•a hd&ht 

occurred ewer the aotlra horiaootal plaaa of tha cora. to order to 

cover all of the credible potlibllltiat, a au.ber of .... ae 

1huationa vera po1tulat... 1'hue dtuat iooa couhted of u•uaioa 
varioua aouau vf the core had lott ttructural daldltJ au the 

fuel h .. ' collap1ed ODtO thl tpacer arldl. 

lD al l ealeulatlona oolJ fnlh U02 f111 l aal borated water wre 

aatu.ed aa eaplahed ill lubaectloa 3 . 2 .  Jeutroa abtorptloo by 
etructural or pohoa .. tedal aDd radial leuaae of aeutrona were 

ftlllected ln all Cllel, Cotuervathe IUUIIPtiODI about the DOunt 

of fuel preaeat were .. de euch that the caleulat loaa coatalned •r• 

fuel than that actuallJ .. nufactured. 

The calculational .odell .. re a• fol lova : 

3.4.1 fuel Collapted on Crld Model 

Calculatlona of the fuel collapte •del an ebOWD in l'laure 

l-2, C••• I .  1'hi1 aeo.et�7 vaa baaed oo the hypothetical aatu.ptloa 

that ell Of the fuel bttVIeD the &ridl .. , b ... lott itl ltructural 

latearity and falleD tO the D.St lower arid. 
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fte fuel wlu.e frecdoa ia tt.eae alua ... ••rl .. f�• tlae 

aor.al con elt .. doa, .11 to • 7t, aM tlae Mroa coueatutioa ia 

the •4erato� VII Yad.. f�- 1500 tl! 2)00 .... fth HpUIHtM 

tlae raa,. of fuel .... ,. fr• •••••t iallJ ......... fael to c�lete 

callapae oato the art••· 

1 .4.2  Collaraed Crl• Mo4al 

It Wll thn IUUMd tbat tbe tri•a falle41 .... tbe fael 

co11ap .. 4 b• tbe top trld to aucceubel7 lowr �"'''· fte fuel 

fhat collapa., oaco tbe top ari4 _. thea thla ad4 coUapa.. to 

the ... , oae, etc .  fte reaultiq poeetdea are ehOWD b rlaun 

l-2, Caau 1 1 1  Ill, a4 IV. Ia thll eerhe of ulcuhtioaa the 

t•ptracur• ••• ue.ed to M at 16c:JI'r _. the pt'IUUI'e at tOO ptla. 

The ��oa coaceat�atioa ia the •4erator ••• ••ri .. fr• 2100 ,. to 

4000 ppa, with a fael YOl- fractioa of 0.63. 

l.4.l Part lallJ Collapaed Core Model 

Tile poeetr, ahOWD la rlavr• l-l repreaeau a partiall7 ...... 

core. Ia thle caaa the fi�at tbree arld leYela are aea..e4 to h .. a 

collapea4 with • fuel wol- fracdoa of 0.55. fte core ltelw the 

fourth arl4 h au.ecl to M und .... ed. The ., .. rator Mroe 

conceatratlon vu 3000 ppa, aacl the teaptrature eacl preuure wre 

2100r and 1000 pal• reepect i•el,. 

Due to Uaitatloaa h DJIO, the calC11latiou coat• .ot 

npllclt17 •clel ltotb the upper _. lowr ebtuaa ef fad ia • 
aiaala c alculatioa. Therefore, twe IIJO calc.latloe. wre ptrfO� 

to �ad the .,,.1 coaflpratloe. Tile flrn c .. • ue..e4 • ac ....... 

cell pitch of 1 .44 w, ht .... • larpr ,.net 4l ... cer la the 

•-eatcl realoa to pro4uce a fael wl- frectloe of .n. ne aec ... 

ceee •••uaed the eteada�d ptllet cll ... ter la the ..... ., realoa with 

• cell pitch of 1 . 1 2  e. end • correepo.,lea11 ... tier ,.tlat 



41 ... ter la the lower r .. loa of latect fuel r.... Theee two c•••• 
•ouad the neulu for the ,.rthllJ ...... core. fte flnt ca .. 

an• a 
·
leff .004 hiper til• tile eecODd c••• ftll •••• therefore, 

.... la tile eafetJ eYaluatloa. 
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3 . 5  lu.aarz of •••ultl 

!be .... ,e .odel vlth the hiahe•t reactiwlt:r va• the total core 
con., .. 80411 (riaure ,..2, C••• tv). riaura l-2 aiw•• • ech ... tlc 
of tile cora .o .. u .. .,,..,, for IEJI0-4 calc.alatiou. � tile DC 
hu ao&M h lafereace l of tbdr lafat:r l .. luatloo •• lrriroe
MDUl &.•a•-at2al, at 3000 ,. tile MV calaalatl� ebeN that 
1001 bel ••aae vUl aot M critical •• tb• fuel b la lt1 .,., 
re�tlwe coelit loa ... tile effect• of bur.up ... etr.ctural .. terial 
are accOUDtM for ia the aaat,.... lafernce 1 of the aafet:r 
a11e1 .. at further etatee that oaly •.u.o.t 41K of tile Zbcalor 
c l.Sdiq nect .. vltb water. !bh realott .of e .... re oaldatloa .. , 
locallaed abo .. the 4 to 6 ft.  elwutloa ..,. .. , aot b.., l•cl-Mid 
,.ripheral hadl..... A later lllC etud:r bouadi�a� Ule eetielt .. of 
,_.,e coaclucled that for the eui- ._.,e eceudo, "t.bdttle
Mat of cl.SdiDJ bJ o:dclatioa occun" to • ,.,th of Mtwea 6 au 7 
faet fr• the top of the core h the cHter .. ... 1,, 4owa to Dout 
5 feet to 6 feet ia �•t of the •••.-bli••• •-' '" aot occur oa the 

. 
lowe1t ,;,.. .. coraer •• le.blh1 oa the PHiphuy."' 

1'berefon. the aul- ....... core .odd h tbt upper three 
rricl• felllaa aDd Sal of the fuel collap•l .. oa tile foarth ariel (eet 
rtaun 3•3). lefore clheu.lllq the reeaalJih of thh ..._,_ 
credible ct .. aaecl core .oclel the priYioue calculat loaal r••ultl h.,• 
._eo 1-.-erla... It vae au-.cl thet; U )  the fuel klw tbe fourth 
arll ... ttaadlq la it• orialaal coetlauntloa; (2) the '"''' ... 
hflalte la the •·1 •&rectioa• ; U) the .... ,., fMl peltau Ia the 
upper raaio� vere packecl la •• optU.U. fuel/water ratio with a fuel 
"1-. fnctioa of 0.55, n4 ;  (4 ) the ataadha fMl pelletl la the 
lower l't&ioa had a fuel wol..a fractloa of 0.)11 which l1 tJPlcal of 
a aonal cora. 
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ne ntu,lu vltb aaburucl 2.6 vd U.Su aDCI tbe •dente»r at 
2800r with 3000 ,,. boroo (oo pohoaa or etructwal Mterlal) are 
tabulated below. 

Calculatioaal leaulta for 

Mad- Credible Core �&• Ma .. l 

CoDCiltlo01 : three rricte fail, 5� c ladcllD& failure 
.s.s fuel wolu., 2100r, 3000 ,,. 

Cell Pitcb 

1 .44 
1 . 12 

DIIO llab left 

1 . 000 
.996 

Core left 

. 934 

The cora laff include• the affect• of rldlal lelkaae , fuel 
ctepletloo, aftd the worth of the coetrol roda la the uDdaaaed 

portion -of the core. tbh ••• the cODien•tlve eetiaate of con 
criticality whee the reactor veot into eatural clrculatloe. 

Tbeae reault a  clearly lDCiicate that While the hypothetical 

.,del of 100% ctaaaed fuel uy be juat aubcritical, tba ua!.. 
credible ct ... ,., core h aafdy abutciOWD (leff < .99) by a lara• 

.. rain. 

levlaed calculation• of the ..xi� credible •-•a•cl -••1 were 

perforwect to ruuua the taoat ructln coadltioet for tba ufety 

evaluat ion of the propo .. cl actiddea (APSl l�t�ertloa, CllM 
wscouplhta, tbt'ou&h bald loapectlOD aDCI be.S r..,nl ) .  tbue 

calculatlou uaed the ... Mtbocl1 aDd procedure• •• ducdbad la 

lect ioa 3.3,  but differnt •aluea for the par-tara " daecdb� 

IHtl ow. 
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I )  llllto • d•l• •U•• nrltiiMec �Mtolf Ufl'eHM• tM 
.u .... fla .. .... �- i.efHta.• •ltlldt� ., De ,_, 
Ntdllu, �· .... lal 1•* ... la tk •••••• nti" tJf tM 
�ore tnll .. .... p'UtU t� b tM ...... ntl... fto 
... ... nai .. .... a WI'J 1• 1e .... 4ttenial ... -.t�f.· 
caUJ fl'• • aifon .,u.,rlul •"''*-.U• •ll• me 

........ l''ll• .... e .... I.e .... .. �...... ,..._ PJ!l 
celcwbtU.. ef tM ewe. 

2) fte _..f.UWUe HC .... t f ... tM ftt•J f•l .._,. n.t .... . 
fteee .,.cede .,.._. t.._ ••••• wn ...-ldltllnt (t • 

ilea!Nl ••1 M plu 2 ot_,a� trif.at�) ... J . SU wtl. 
tltua tit• CMe ... � ... urlCIIIiltillt w. 4U•rill.., t• M t.su 
.-tl rattler O• 2.60 .-tl eae-.4 fM 0.. ..... , COH 
•• t,_... ..... - ''"· 811 CW:I'W:M ..... , ••• 
crhlulltr .. t,.•• etill•l• • .... n .. ftri will 

••• 2.sss .s. 

)) n. .,tlai .. tln of ue ,..,., ...... la U. &.1-..rt�tor 
cell ,..,.. soor Cue l ... r elt.t.la U.ald • , .. -.t 
reattbe c0114.lti... "nt.t, Ge f•l--•eretn nMltlOM 

vere •••d Ott tu .,.rnor tit SOOI. 

4) n.e llorn eneutruloe ie .c ltut �500 ,. U.-.e1ti114!•a 
ecertabdea) whit ••••.. ••lMt MC h•• c. J100. 
Therefore lSOO .,.. ..., Ia t� tel c•latl ... . 

S) Vlt" the ds .. u la U.. ..n • •  t..,.rcwo _. ._.. .. 

coeHtttruioa, w f•l wl fun l• JltdKl .. the ... t 
ruc:tiwe f•l.,..,.rotor c_.betin lw"eHf fr• ·" to 
·"· 

titrhl ta t 
••natn, ... ._ttlllft u.. .tle of f•l -., u.w •• 

.. tend...-. with SCPP t ,..retn .. _, UOO ,.. ....... u 

).JO 



IHifon, the atnctUI'al •tedal lD the •derator of the 

opdoaal fuel....,clerator alatun wu a nactblty ,.aalty 

aDd, therefore, aealected. Ia the aad ... led cora the 

effect wu foUDd to iacne.. reactbity u uplalaed ia 

lectloa l.l 

7) The nactblty worth of tbe core fter .. e '"'nup ••• nalu

.cecl to .. tenliae the •certalatJ la the decaJlq fhdoa 

product l11'1eatOI'J• 1'bb i11'1aatOI'J baa Mea cbaqlas ner 

dace the fhdoa PI'OC.II wae teralaaud. lzperf.Matal 

data aloaa with calculadoae bne iadlcatad the r .. ctblty 

worth of the fhaloa producu h �Teater l ,ean after 

ahutdovn than at the tU.. of core ehutdova. lO,ll  lowever, 

the uacertalnty la thla worth l• unkAova. Therefore, to be 

couenatlva , the fhaioa product pohoalas effecu at the 

ti• of ahutdova are co11tlDued to IHI ueed la the calcula

tiou. 

I) .The worth of the coatrol rode VII reduced to reflect 500F 

.oderator t .. peraturee. 

9) The detenaloatloa of the dae aDd ehape of the .oet rue

the particle couldered vbole pelleu •• vall ae larpr 

cylinder• of fueed pertlclee. The fueed particle• had leee 

reactivity than the vbole pellete. Therefore, the optiaila

tioa of the other variable• couldered oaly whole pelleta. 

Table 3-1 euaaarlaee the reactivity effecu of th .. e para

•t•re. The wolu. and flux. or aeutroa iaportaace wiahtlq of 

theee coefficient• ••• baeed oa the I!KO calculatloa of d ... aad and 

undaaaad core n1iou, and the t�tal core. Vith 5CIZ of the core 

•••••• aad 50% uad•aaed, the I!KO calculatiou iadlcated the 

reactivity effect• of the •-•a•d reaioa vera 4 tl.ee •r• iaportaat 

than tho•• in the und...,ed reaioa. Thue the d ... aed core reaioa 
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hac! aa 10% wlabtiq factor for reactidtr cbaqea while the un
d ... aed naioa hac! oalr e 20% weiJhtiq factor. The aet effect of 

the core reactlvlt)' cbaqu ia to reduce the URO leff br 6.0% 6/1 ,  
reaultiq la a coa.ervative eat�ted core leff of .943. 

- Thle reenal)'•l •  ehov. that the aaxL.ua credible d ... ae eceoarlo 

for thl core h ufel)' ehutuOWD Cleff < .99) bJ' • 5 . 0% 6p  •raiD. 

Iince the propoeed recovery operatioa. will aot iateotioaall)' 

dieturb tha fuel, thie acenario contlau•• to .be the deaiaa baela for 

criticalit)' eafetJ' evaluatione. 

There b oae other eceaado that fUI'ther de.oaatratea the 

deane of cridcalit)' ufet)' for the propoaed activit iea tbrouah 

heacl raaoval . Tbia acenario treata the perturbatioa of fuel finea 

liftiq fro. the daaaaec! core reaion to the uucS ... aed naiaD •• a 

hypothetical total core collapae (100% cl ... aed fuel ) .  An 

opti•iaation a ....... nt of tbil total core collapae .odel ahov. the 

hiaheat laff ia 1••• than .977 •• iadicated io the folloviq table. 

Total Core Collapae (B)'potbetical) Hodel 

Coaditioaa: 2 . 55 vt .l ,  .63 VF, 500F, 3500 ppa; I. • 1 . 018 

Reactivity Chansea 

telkaae 

(Sphere) 

lurnup 

Core leff • .977 

-1 . 3  

-2.1 
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tb••• retulte. tbe 8&Xiaua credible d ... a• .odel aDd tbe bJpo

thetical total core collapta .odel• coaaenatbel7 ebow tbe M•2 

reactor. will coatiDue to be ufel7 thutdown for tbe reecwer, 

operatiou tbrouah bead lift. la Appeadix A tbe criticalit7 

aaalJ••• perfor.ed b7 other• b .. e beea r .. iewed for cO.parieoa. All 

retultl 1bow tbe l'eactor b 1butdowa aad 16V' 1 opdaiaadoa eearch 

baa obcaiud tbe m1t raactin coaditiou . 
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tAIL! 3 . 1  

CORE ClltiCALin ASS!SSM!ln' lOll MAXIMUK CREDilLE IWIAGE 

(U"O CALCULATI01f I 2800F, 3000 pp., vra • .55, Eeff • 1 .000) 

•••cti•itz Ch�eah
1 1 

Daaad 1hld ... &ecl 
Da1cri2tion Core Chana•• ... ioo ••a ion 

1 ldf.al Leab&e - .6 -3. 5  

2 !arich•ot 
1 . 6  vt% .. 2.555 vtl - .4 - .5 

3 Tnperature 
2800F .. 500F +1 .5 - .7 

4 lor on 
3000 .. 3500 ppaa -2.5 -s . o 

5 Opdaal Fuel Vl 
.55 .. . 63 + .2 

6 Water loaaed fuel 
6 1tructural aaterial o.o +6.1 

7 luraup -2.8 -1 .3 

8 Control rod• -7.2 

9 ru .. d fuel 
3.4 Pellet Vol�• 
vith 1 0%  aircaloy 0.0 

Total -4.6 -12 . 1  

!1tiaated Core Eeff • .943 

&vr, Vol� fract ion of fuel 

baeacti•ity chana•• are calculated vith deairn .odela, WOLIF-PDQ 

Ceo.biaed 80% d .. aaed vith 10% Vnd .. aaed (vol� and neutroa 
i•portaoce vei&htiaa; rounded to tvo di&ita) 

. 

All 
Total 
Coree 

-1 .2 

- .4 

+1 . 1  

-3 .0  

• •  2 

+1 .1 

-2.5 

-1 .4 

� 

-6.0 
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4 . 0  .ADDITIOIW. CALCULATIORS roa JIOT!RTIAL 
ru!L - ACCVKULATIONS OOTSIIE TilE COR! 

4 . 1  Introduction and lackaTound 

leetion l.O rniwa the cdticalitJ ualJaea perfomed for the 

core folloviq the accident. theae analJ .. • ,  which fora part of the 

baaaa for the currant Technical Specificatioual aad SafatJ !valuation 

aDd !nviro�a�ntal Aaau .. nt, 2,3 wre updated to euura the propoaad 

ucovery operatioaa (APSl iDaertion, caDI uocoupliq, tbrouah bead 

iupaction and bead removal) contained eufficieat ahudovu .. rain. Rot 

oalJ vaa the aaxiaua credible claaae eceaario raauea .. cl ,  but the 

h7pothatical parturbatioa of total core collapaa vae alao raaaaeaaad. 

Thia aactioa (4.0) ia aiailar to Sectioa l.O, but tha eapbaai• ia to 

r.vi.v and update the criticalit7 aaal71ia for fuel particle• that are 

outaide of tbe core reaioa. The previoua criticalitJ calculatioaa for 

fuel accuaulatiou outaide the cora, ahoved the reactor 'ftaaal hlld 

&reater potential to be a �riticalitJ CODCerD thaD the fuel within the 

core . Therefore the objective of thia eaction ia to develop the aaxi

aum credible damaae aodel for fuel outaicle the core and cleteraiae the 

concHtiona that enaure it will be .. fel7 ahutdovn for theaa recovery 

operationa. 

The folloviaa dilcuuiona pTovide an &18el8aant of the cdtical

itJ calculat ion• perforMcl for fuel particl.. ia the lover veual. 

Thia ••••••-nt include• both the particle• that .. , b.we been trana

portad throuahO<Jt tha •J•te• and collected in the nuel bottoa ODCe 

pump operation vae ter.inated and tbe particle• that aaJ eift dovn to 

the vend bottoa durin& tbaae recovery operatione. The foraat for 

the diacuaaion ia the .... that vaa uaed ia Section 3.0. In 

Subeection 4.2 the par ... tara affectia& cdtlcalitJ ... :-e reviewed baaed 

oa tbe diacueaiou in Subaectlon 3.2. The .. tboda aDd procedural uaed 

for the; analJah are explained ia Sub .. ction 4.3 and tha raaulta 

au.mariaed ia Subeection 4.4. 
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4.2 Par ... tere Affectin1 Criticality Analyeee 

tD lectioo 3.2 four cauaoriu wra clefiaed which coauio tba 
par .. terl that affect criticality. The .. par .. un fall lato two 
broad rroupl, ( 1 )  tho•• directly treated la the optiaiaatioo aaalylll 
to clateraioa th1 .a1t reacti•• coaditloaa, aDd (2) tboea DOt directly 
treated, but Who•• •aluee wra 1pacifiad to �oduce the �•t raacti•e 
coaditioaa. The folloviaa dhcuuioaa rniw the par .. ten clinctly 
treated la the optiaiaatioa aaaly1e1 for tba core aod axplaia why 10.. 
of theee paraaetere do aot need to be directly treated in the aaaly1e1 
for fuel out of the core reaioa. 

4.2.1  Fuel Co.poeition 

Tbe par ... tere ia Subeectioa 3.2.1  directlj treated ia the criti
cality calculation• are: 

• !arichMnt, 
luraup, aod 
T .. perature. 

luraup vill not be directly treated for the fuel out of the core re
aion bec&ule the buraup of thil fuel h uaknovn. The bunwp of the 
fuel vari11 fr011 aumblJ to aunblJ and over the lenath of uch 
auellbly. Therefore, the buraup of the fuel out of the core reaioa h 
depeodeat oa which fuel wa1 traneported out of the cora. Siaca it i• 
difficult to aeti .. te which fuel thi• ie, buraup for all fuel will be 
nealected. Thh h a coau"atbe auu.ption beca.u .. an1 -.ouat of 
burnup deplete• 235o filter than 239ru aDd 24lpu are built up, and the 
fieeioa product• iacre11e the abeorptioo of aeutroa1. Thue, fraeh �'2 
hae a biaher aeutroa production rate aad lowr ab10rptioo rate th&"\ 
burned fuel ,  which •eo• that fr11h fuel h .are ructi•e thaa burned 
fuel.4,5 
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4.2.2 Moderator CO!pOiition 

the par ... tar• in lub1actioa 3 . 2 . 2  directly treated in the 

criticality calculation� are: 

Moderator dana ity, 

Joron concentration, and 

T•perature. 

tbaaa three par ... tara will alao be directly included in the 

criticality calcul ation• for the fuel out of the cora raaion. 

4.2.3 Fuel-Moderator C�biaation• 

The par ... tera in lub•ection 3.2.3 directlJ treated in the 

criticality calculation� are: 

The aiae &Dd ahape of fuel particle•, 

the _,unt of 80darator eurrouDdiD& the fuel ,  

the ehape of the fual-.odarator call,  

Structural a •erial, and 

tnperatura. 

The atructural .. terial vithia an opt iaal fuel-mdarator c•biaation 

vill alvaye dacra11e reactivitJ. In fact, juet 1 0%  aircaloJ in an 

opt iaal fuel calf wi l l  dacraua the r .. cti•' 'Y by l .0% 4p .  therefore 

etructural aateriall vill not ba colllidarad in the fuel....,darator 

call• that have an optiaal fuel to 80derator ratio. 

4.2.4 Fuel-Moderator and Reflector Confiauratione 

The per ... tere in Subeaction 3 . 2 .4 directly treated in the 

criticality calculation� are: 

the total .... of .. ailabla fue l ,  

tba ebapa o f  the confiauratioll, 

Structural aatariale, 

Control lode, and 
Reflector Ma!ariale. 
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ror the ... reuoa deecrlbecl ab001e iD lu!l .. cdoa 4 . 2 .3, the ltnac

tural .. tedll vf.tbia the fuel-.derator coDfiauratiOD will be 

aealect ecl . .  Coatrol rocl• outdde the core reaioo will aleo Dot be 

coaelclered. 

4 . 3  Methocle aad Procedural 

lanioa 4 . 2  rni•• the per .. ure affactiaa criticality that 

wre clhcu11ed iD detail ia lectioa 3 . 2  aad aaplaiae why a fw of 

theee par .. tera are Dot applicable to the reaioa outeicle of the cora. 

1be par-tan that are laportut for the optlalaatloa 11arcb ia the 

criticality calculatioaa outelde the cora are: 

- The earich8aot of the fuel 

- The .oderator daneity aDd boroa coaceatratioa 

- The alae aDd ehapa of the fuel particlu 

- The ..,uat of .,derator eurrouacliaa the fuel 

- tbe ehapa of the fual-.derator call 

- The teaparaturee of the fuel-.odarator aDd reflector 

- tbe total .. ,, of nailable fuel 

- The ehape of the fuel-.oderator coDfiauratioa 

- The reflector .. tariale. 

!ach of thell par ... ure cot oaly diractl)' affecu criticality but 

aleo affect• the .,.,. every other par-ter affect• criticality. Tbue, 

the procedure• ueed iD the calculat loae .uet provide a ayet•atic 

opti•iaation eaarch to lauarata the raactlYlty affacu of all the 

par ... tere to produce tha .,,t react ive coabiaecl affect. 

Thie eect ioo deecribee the procedure• for ueiQI the calculatioaal 

.. thode diecueeed ia Sect ion 2 . 0  to det�r.iaa the .oat reactiYe caabia-

atioa of all the par ... ter• affectiaa criticality. tbeee .. thode aod 

procedure• are the ... oaee uead to aneura that fuel locatioae 

throuahout the reactor coolut l)'lt .. aad reactor veeeel .. ra at leaet 

l . Ol  All eubcrltical <r.u < .99) i-dlately followiQI the accf.deat . 

n.,. b•ve continued to be "'" iD thh atudy for the recovery opera

done (APil ineerdoa, ClliC uacoupliq, throuah bead iupact loa aDd 

bud rnoval ) .  
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The optiaiutioa procecluna caa be beat uaclentoocl bJ aplaiaiq 

the raactivitJ treacle that produced the .oat react ive coaclitioaa. 

Therefore, · the aaalJ .. I tlbich produced the valu&l of the varioua 

par-un will be diacuuecl below. the •thode for the calculatioa 

relied oa the RULtr code aDd the c�ltical!tJ equatioa, 

leff • '· .-•2tf2 

tO dete�ae the 801t reacP f.8 Yaluel for the Varioul par ... terlo the 

buckliq "" either caJ eulated aul,cicallJ or claumiaed fr011 DMO 

calculatioaa of the .o1t reactiYe coafiauratioa. 

The udcbMat of the fuel out of the core rqioa followiq the 

accident ••• conaidered to be the a12d.,. avera .. value, 2.60 wt z .  
Vhile no fuel vill be intentionallJ dilturbed cludq the propo . .  d 

ncovery operatiou, it h hypotheticallJ pouible that ao. fuel 

would be preferentially dilturbed. Therefore, not only ••• the aver

•&• fuel enrich.ent reanalyaacl, but alao the enricb.eat of the hilheat 

earichecl batch 3 fuel vaa analyaed. (For both value•, two at&Ddard 

deviation• on the uncertainty of the .. nufacturecl data vue .added to 

the a• built enrich .. ntl ) .  

The boron concentration deterained to prOYicle an adequate �rain 

of 1ubcriticality in the core reaion folloviq the accident ••• 3000 

ppm •• diacu•••d in Sectioa 3 . 5 .  Tbia aame coaceatratioa waa found to 

provide • 1 . 0%  6� ahutclovn .. rsin (leff < .99) for fuel out of the core 

reaion aa vill be uplained in Section 4.4. Rovevu, the current 

boron concentration ia areater then 3700 ppa. The .!aiau. coacentre

tion, vith en uacertainty of at leeat tvo atandard deviatioaa h 
aaaeaaecl to be 3500 ppm. Therefore 3500 ppa boron ••• ua1cl in the1e 

analyau. 

Variou1 fuel part icle ahepea have been previoullJ evaluated in 

Section 3. 2.3.  Rovever, thi• previoua evaluation bed concentrated on 

a collection of fuel particle• aettled into a ..... tn that ca1e, the 

1101t react iYe particle ehape il a daht circular CJliDcler vitb the 

cylinden atacked end on end euch that the atack beiabt h aeutroai

cally iafitiite .  
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p-----------------------------------------------

the pouibllity of fuel particl.. hllha fra the core naion 

durina the propo .. d acthltl.. (aurrounded by .oderator rather than 

atacked) rah.. the queation of ""•ther the cylindrical particle b 
ltill the 801t reactive. Therefore, ARISN calculation• .. re perfo�d 

on particle• eurrounded by 80derator. In thia condition the apherical 

particle vaa found to be the 801t reactiYe. tbia ia becauae apberical 

aea.etry .ioiaiaea the aurface to rol� ratio end therefore .iniaiaea 

neutron leakaae. 

Ff.JUU 4-1 lhovl the affecta Of particle abe On lteff for the 

.oat reactive fuel-.oderator conditione in the .oat reactiYe aeo.etri

cal coofiaurationa. For either the cylinder or the ephen, a fuel 

particle vith the radiua of a etandard pellet ia the .oat reactiYe. 

The optial.llll fuel-.odarator mzture (with 3500 pp. borOD) VII 

found to be iodependeot of fuel particle liae, the fuel-.oderator 

t•perature or aea.etrical confiauratlon. A fuel -wol� fraction of 

0.55 or a hydroaen to uraniua ratio of 2.36 ahe• the .oat reactin 

•ixture of fuel and .oderator. 

The met reactive fuel-.oderator and reflector t•peraturea are 

dependent on the fuel volu• fraction, or hydrcpn to uranha ratio, 

and the aount of boron in the .oderator. Bovever, the intearation of 

theae variable• to produce the ••xi•1.1111 reactivity ahoved the loveat 

al lowable t�perature, 50•r, il the IIOit reactive. 

Conaiderina heahpherical coofiaurationl with a mai- leakaae 

aDd optU.al fuel'"'IIOderator cc.abinationa , calculation• of the aaxill\llll 

credible daaaae 110del6 ahoved that 100% of the daaaaed fuel CSO% of 

the core) vaa leaa reactiYe than all the d ... aed batch 3 fuel. Thua, 

the de•ian baaea for the calculation• of fuel out of the core vaa the 

aaxiiiUII credible d .. aae of batch 3. 
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Tvo .. 011etrical confiauratiou of batch l fuel were fouad to 

produce the .azi� reactivitJ, aa iafiaite c,liader of falliaa part

iclu, aDII aphedcal .. a-au of etackd part icle•. A ech .. tlc of 

theee CODfiauratiODa ia ahOWD iD fiaure 4-2. 

Vhile there ie ao 4 bJ 4 arr., of batch l fuel aee.-bliee ia the 

core, a coafiauut1on of .ore thaa 16 batch l aunbliu ••• auu.ed 

to fo� aa iafiaite CJliader of falliaa epherical fuel particlee. The 

opti� reflector for the CJliader waa dete�aed to be the mderator • 
• 

Tbia reflector vaa dete�iDecS bJ aaalJaiDI varioua c011biaatiou of 

etaialeu at11l aDd borated water to clete�ae which oae aava the 

laraeat reflector a .. iDI• • 

Once the particle• had fallea, tbaJ were auu.d to collect ia 

epherical ee,..ate oa the bott� of the veeaal. The ei&e of the epher

ical confiauratioa va1 dete�iaed bJ aaau.iaa that i t  coataiaa all the 

d .. aaed6 betch 3 fuel, vitb aa opt�wa a.ouat of .oderator. OD top of 

the ae ... nta the borated water va• the belt reflector; OD the bott�, 

the preuul'e veuel vaa uaed a• the eupport for the fue 1. Rovever, 

1ince the naael baa a thickDeu that h Dot effecthel7 iDfiaite to 

neutrou , the vuael vaa mdeled •• if it were placed ia unborated 

water to produce the laraeet reflector eavint• • 

4.4 Summary of Reault1 

Tbb aect ion 1uauri&u the re1ulta of four confiauratione for 

fuel outaide the core reaion. The firat ia the .oet reactive confia

uratioa pnvioully analynd folloviaa the accldeat ; it .. rvea •• part 

of the duian buh for the curreot 1'echaical Specificationa. l The 

aecond confiauration d.-on•tratea the coaeervati .. in the deaiJD baaia 

for the criticality .. fety of the propoaed recoverJ operatiou (AJISR 

inaertion, CIDK uncouplina, throulh bead iaapection and head ra.oval) 

cc:apued to the firat confiauratioa. The third C()nfiauratioa h the 

.01t reactive dyn .. ic caae "which de.onatratea that ao falllaa fuel caD 

increaae reactivity beyoad the ahutdOVD criteria. ADd the fourth con

fiauration baa the hilheat reactivity attaiaable for the aazi� cred

ible daaaae .odel.6,7 The fourth coafiauratioa conaequently aervea •• 
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--- -----------------------------------------------------------------------

part of the daaira baala for aafety -.aluatiooa of the propoaed 
racovary operatiooa. Tablu 4 . 1 ,  4.2 ed 4.3 a.-ariu the .,deb, 
•thodoloay aDd r .. ulu that wra obtained for t'beu coDfiauratiou. 

4.4 . 1  Deallft la1l1 for Tech lpecal 

Followiuc the accident, fuel particle• could h.,• been lifted out 
of the top portion of the cora aad traaeported tbrouahvut the pri .. ry 
coolant ayat .. , lacludiuc the reactor ,.••el, by the operatloa of the 
pu.p1. Coauqueatly, the previoua criticality calculatioaa iaeluded 
aaaly••• of all potentially hiahly reactive out of core reaioaa. 

tba botto. of the reactor ••uel vaa ldeatified aa the reaioa 
that could acco.odate the .,,t reactive coafiauratioa becau .. of iu 
dae. Since the preYiOUI calculatioae for the iwd ... credible core 
daaaae aceaado (50% d••&ed aDd 50% uad-.aed),6 bed abovli the core 
to be aubcritical at 3000 PPII (Sectioa 3 .5),  calculatioae to aueu 
the abutdova .. rata of the fuel ia the bottoa of the reactor Yeaeel 
wre perfoded under aiailar coaditioaa. At a t .. perature of 21o•r, 

with a boroa coacaatratioa of 3000 PPIIe a fuel wolu.e fraetioa of .55, 

and aucked pdleu, the 1101t reactive fuel bad a 1,. of 1 . 038 (for e 
co.plete ducdptioa aae Section. 3 . 2  and 4.2).  The two coDfiaura
tioaa that have the loveet leak•&•• are the aphere aad (the .ore cred
ible in the veaeel bottoa) h .. laphere. The reeult1 of theae calcula
tion• are a1 follove. 

Criticality Aaeea ... at for Fuel Outaide the Core 

Condition•:  2 .6 vt % U-235, .55 fuel wolu.e fraction, 28o•r, 3000 PPII• x. • 1 . 038 

Sphere 
Rnhphare 

n.aaaed fuel (I) 

20 

40 

lacliua, ca 
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92 

123 

Xeff 

0.989 

0.989 

S.bcock & Wilcox 



Approxiaately 20% of the -.xi.ua credible ..aunt of cr ... aed fuel 

vould b1 necessary to b.ve leff of 0.989 in a spherical coufiauration 

aDd .,re tile 40% of the cl•aaed fuel ia neceuary to h.ve a leff of 

0.989 in a ba.isphere in the yesael botto.. 

� iadicatad by the WIC staff in leference 1 of tbe Safety !Yalua

t ion aa4 ID.Yiro .. ntal Aasea-nt,2,3 "Jfearly ·au of the broken aad 

ozidiled fuel debrh should r ... in trapped iD the upper core re:ion 

because the upper ead fittinaa b.ve a P'illaae that would act aa a 

screen." Therefore, it ia coaaidered bi&hly i�obable to have .ore 

the 20% of tbe cr ... aed fuel out of the core reaion aDd nearly incred

ible to have .ore than 40% out of the core reaion. Tbua, 3000 ppa 

boron in the coolant vaa judaed to provide aufficient .. rain for fuel 

located outside the core to ... t ahutdovn criteria. 

Vhile theae reaults clearly ahov that the reactor ia aafely ahut

dovo with 3000 ppa boron, they also ahov that tbe lover •essel reaion 

ia potentially .ora reactive the the core reaion where leff of 0.934 

vaa calculated under aiailer conditione. Therefore, when aaaeuina 

the poaaibla perturbatioaa that could raault fro. the recovery opera

dona (APSR inaertion, CIIM uncouplina, throuah bead inspection and 

held removal) i t  vaa conaiderecl conservative to aaau.e that either the 

entire d .. aaed cora could collapae into the lover veuel or that the 

entire a.ount of d .. aaed batch 3 fuel could be preferentially 

disturbed and collapse into the lover vasael reaion. 

4.4.2 1 00% Damaaed Fuel tn Veaael Botto. 

The optiaiaation procedural dhcuued iD Section 4.3 defined the 

.,st reactive condition• for the fuel-.oderator co.binationa. 'l'heae 

condition• were uaed When analyaina 100% of the aaxi� credible d..

•a•d fuel collapaed in tbe venal botto. vith ·the uception of par

ticle eiu. Since the P'ids and fuel rod cladclina are uad ... aed in 

tbe lover reaion of the core, fuel particles falllna fro. the upper 

daaaaad raaion vould have to fall between the &!'ids end claddiq. 

4-9 
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Oal7 particlea leu tbao ooe-quartu the dae of a pellet (otsrbalf 

the pellet · ndiua) could fit throu&h the larae�t openiq betweo the 

uad ... aed P'ida aDd claddiq. (ActuallJ, a particle with a di .. ur 

ao P'eater than .393 �. will fit betwaa tha P'id aad fuel rod 

claddiq, wbicb h about four•tutha of the pellet di .. ter of .940 

�. ) c;oDaequeatlJ, the particle aba vu ;. quarter pellet. A 
b•hpbere of cbh fuel (88.5 aue.blill) VOl b..,e a rediua of 159 

e.. With the reflector aavioaa iacluded for •� optiaal reflector, tha 

leff of thia coafiauratioo ia .976 •• ahova ia Table 4-2 . 

4 .4.3 latch 3 Fallin1 Out of the Cora 

The prefereatial diaturbaace of a batch 3 fuel aaae.bl7 vaa coa

aidered to ba poaaible aa a reault of the recovery operatiooa. There

fore, the pouibility of batch 3 full particle• falliq out of the 

core reaioo vaa aaalJ&ed. The .aat reactiwe fue l ,  (diacuaaed ia Sec

tion 4.3) in a ani-infinite cylindrical coofi1uratioo of 16 ua..

bliee vith the .aderator aervina •• the reflector, (Fi1ure 4-2) baa a 

laff of .976. 

4.4 .4  Dee ian Baeie for lecoverz Operation• 

The prefereathl dilturbance of all batch l fuel aue111blie1 auch 

�hat the �ai•u• credible ..aunt of d .. a,ed batch 3 fuel6 collect• ia 

the botta. of the reactor weuel h the aoat reactiYe confi1uration. 

Therefore, thil confiauration, wbich h e:r-tric ephedcal 11.-nta, 

ia the deeian baeia for de.anetratiaa a aafa ahutdovn aarain for tbeae 

recovery oparatioru� (APSI iru�ertioa, Cllll uncoupliaa, throu&h head 

inepect ioo end head r..oval).  AI ahova io Table 4-2 , the leff for 

thh confiauration, with opti•ind fuel-.acSerator aDd reflector 

condit ione iD .979. 
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'tAIL! .... 1 

IASIS ' IZSCIIPTIOM OF HOD!LS ANALYZED 
rot our or cou DCIOM � 

liZ! 
(1f 

HODEL nLLET CEOK!TRY !NKICliK!ln' IAS!S 

Deaian Baah for 
Tech Speca Whole Beaiapbere 2.6 401 o f  Da.aaed Core 

( 35.5  fuel a•••�liea) 
• 

Haxi•u• Credible 1/4 Spherical 2.98 1001 O...aed latch 3 
Deaiau Baaia for S. ... at fuel ( 19 a••e�liea) 
Recovery Opera-
t ioaa* 

Haxi•um Credible 1/4 Seai-iafiaita 2.98 4x4 array of fallina 
Fuel in •otion Cylinder latch 3 fuel 

U6 auellbH .. > 
Whole Core 1/4 Rniapbere 2.56 100% of o .. aaed Core 
Perturbation• (88.5 fuel &lle�liea) 

-*APSR inaertion, CRDH uncoupliua, throuah head iaapect ion, bead re.aval. 
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( a) PA'RA'«T!It 

Keu 

Ee 

a2 

"2 

tAIU 4-2 

aUHKAKY or I!SVl.TI roa OUT or COlE I!ClOR 

a-i-lDfiDite 
CyUDder 

latch 3 lli  ,. 'ft& 
.976 

1 .031 

.001543 

36.28 

lpberlcal I .... Dt 
Dealp l .. h 

0 i a.ecovary JPit'lt ona 

.979 

1 .045 

.001798 

36.28 

B•iepbere 
DeaiiD laala leaiapbera 

Tech lpe�c• 

.919 

1 .038 

.001173 

41 . 34 

tocn 4 ru 1 o ..... e 

.976 -

1 .001 

.0006935 

36.52 

(a)See Table 4-3 for Methodoloay Uaed to Calculate the Par .. eter 
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PAIAMET!I 

Lt 

leff 

12 

"2 

1t!TBODOLOCY USED to CA1.CULAlZ PAIAH!t!U 
101 ti>D!.LS SlUDIED 101 out ar C:OU UGIOW 

help •••h help ••• ta 
latch 3 ratlioa lecowery Operatloaa Tech lpece 

. 
IIULlf IULir IIULir 

AIW.TrlCAL DRO AIW.TrlCAL 

AIW.TrlCAL DRO AIW.TrlCAL 

JCULIF lftJLtr lftJLir 

1001 
D ... aed Fuel 

IULIF 

AIW.TrlCAL 

AIW.TrlCAL 

JM.U 
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Figure 4·1 

Keff As A Function Of Fuel Pellet Size 

0.97 

0.96 

0.95 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .0 

Fraction Of Whole Pellet 
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Figure 4-2 
Schematic of Fuel Configurations 

Dllnaged Fuel 

t----- Batch 1 & 2 Fuel ...;.·----i 

Batch 3 Fuel - to--

r---......... ..--�1 
�!18.4 . .... � 

221 �ndrlcal -I.- : 
Configuration ( Fall ing "\ I 

Spherical Segment 
Configuration 
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F1pure 4�3 

As A Function Of Vol� Fraction (YF) 

0.88 

0.3 0.4 0.5 0.6 0.7 0.8 YF 

------�------------�------_.___ �u 
4.32 2.36 1.69 0.79 

Volume Fraction (VF) 

�rogen To Uranium Ratio H/U 
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0.978 

0.976 

0. 974 

0. 972 

Figure 4-4 

Keff As A Function Of Ttmperature 
And Moderator Void Density 

60 80 100 120 140 160 T(°F) 

--�--------._----------�-------------- H/U 
2.36 2.35 2.33 2.30 

�drogen To Uranium Ratio (H/U) 
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5.0  SRUTDOWR KARCIR !VALOATlORS 

Ia lectiooa 3 . 0  aad 4.0  the .aai.ua credible d ... l• acenarios 

vue
. 

"owaluated for tbe core · reaioa aad tha out of core raaion 

r .. pectinly. ror both raaiona it v.. abovD that the ahutdovn 

criterion (leff < .99) h aatbfied by a urain of at laalt 1 . 014p 

(len < . 91) . In thaae aactioaa, aplanadoDa were abo prodded 

deacribina hov the .oat raacti.. conditione vare obtaiaad throulh an 

optiaiudon of all par .. tere that affect criticality. Bovevar, 

there are tvo i•portant edditional conlideratioaa to be reYieved 

when ••••••ina the ahutdova uraia of the reactor: 

1 )  the dear•• of conaervati .. in the .oat reactive aodel C08pared 

to a .ore realiatic aodel; 

2) The uncertaint)' in the calculationa. 

The .oat react ive aodel v.. eatablilhed by deteminina the 

hiaheat reactivit)' for the .. zi.ua credible caae. Thia aodel 

eneurea a lara• urain of aafet)' if it ia .uch .ore reactive than a 

.ore realiatic .odel and it .. eta the ahutdovn criteria. Therefore, 

in Subaectioaa 5 . 1 .2 and 5.2.2 the ahutdova .. raiaa of .ore 

realiatic .odala vUl ba aneued for the core reaioa and out of 

core reaion reapectivel)' to deter.ina the .. rain of coaaervati ... 

The unceruint)' in the calculatioaa h cloealy related to the 

daarae of coaearvati•• in the .oat reactive .odal. lf the critical

it)' prediction• of the .oat reactive .odd do aot aipificantly 

differ fro. the raaliatic aodal, than uneartaintiaa detan�inad fro. 
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bencburt. of tbe calculational •thod• to •a•urecS data (that are 

dailar to tbe nalhtic .,del) abould be applied to tbe calcula

tiou. · !be uacertalnt:r iD the auaerical ad Monte Carlo aolut iou 

abo abould be applied to tbe calculational naulta. lul»•ectlou 

5.1.3 aDd 5.2.3 di•cu•• tbe calculatloaal uacartalntiaa for tba core 

r•aion aDd out of core raaioD raapectl••l:r. 
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5 . 1  lhutdovn Marain lo the Core leaion 

5 . 1 . 1  Maal.u. Calculated Critical ity 

.. ctloa 3.0 deacdbed bow tbe ... �a. cr .. ible core d .. ae 

_,.el waa aaalya .. to okaiD the .oat reectl'M fuel cODdltiODI. Ia 

lubaactloa 3.5 lt ••• ahowD tbat tbe abutclowo .. r&la of tbla .oclel 

waa 5.01 <leu • .943). lD l�aectloo 3 .5 ,  tbe hypothetical per
turbatloo of the total core collapaed iato the .oet reactl" coadl

tloa aad coafiauratloa waa alao dlacuaaacl. The ahutdovn .. rala for 

total cora collapaa h 1 .31 � (leff • • 977). liaca tl.a lhutdowo 

.. raiD for the total core collapae .oclal h aach leu thu for tbe 

... i- credible tlaaa• .odd, tba toul core collapaa .odel wil l 

aerve 11 tbe baaia for aetabliahiea the .ora probable cora ahutdovn 

.. raia baaed oa a .ore r11lhtlc u•••-•t of fual-.oderator aDd 
reflector condltioaa and coaflauratioae. 

5 . 1 .2 Probabl� Shutdown Marain 

The dhcuaaioaa iD lub11ctloaa 3.2,  3.3 nd 3.4 daacrlbed bov 

the •aluea for the par ... tara affectlea criticality ware eatabliahad 

to produce the .oat react ive coabiaation of par ... car• and confiaura

tlona. lf the .oat r11ctln .odd h aullcrltcal by a alpificant 

••raia, thea the recOYary operation• (APil iaeertion, CRDM uncoupl

ioa, throuah h11d laapactloa and heed ra.o•al ) can prouecl wltb a 

confidence of �&fety. To U luetrate tbe coaaanat ln iD tba .oat 

raecti•• conditioaa, which ia tba hypothetical col lapaa of tba total 

cora, the reactlYity affactl of W>fl r�&lhtlc au�tlooa were 

coaelclerad. the folloviq eb it... eaplaio. bov the paraMten 
liated 1• Tabla 5-1 vera uaed to create a .ora realietlc .oclal fr� 

the �otal cora .... ,. .odal cooclitloo. T8ble 5-l •�rlaea the 

react ivity effectl aad ahova that the W>fl probable •alua of l1ff 
. 

for the cora ia 1••• tb•n .902. 
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the coefiauratioo au.-.d iD the 80dd of total core collapee 

wu a aphere aurrouaded bJ a water reflector. '!he mre rea

aoo&ble coaliauratioo for the total collapee ia the cyliDclrical 

ahape tlbicb fo� the odaia.l core. Io the apbedcal coo

fiauratloo it waa aho ua ... d that all fuel waa uo1for.l7 

abed. If the c� ... a•d naioo coll-,eed iDto tbe mut...,ed 

reaioo, the nalhtlc clhtdbutioo of fuel would be clo .. r to 

the odaioal fuel loadiq, rather thao a uoifor. aix. 
Therefore, the c:rllodrical coaliauratioo waa alao coo. ldered to 

have a fuel dletributioo with the hilh••t eoriched fuel OD the 

perlpher,. Tbe total effect ie to iocrea•• leakaae aDd 

clecrea .. reactbit7 bJ 1 .1% 6p . 

2) Dietribution of Particle Si&e• 

It h oot realhtic to auuae that the fuel part icle• iD the 
. 

cora are eolicl pellet• aioce duriaa power operatioo tbe pellet• 

crack. A 80re reaeooable •••u.,tioo ia that the particle• b .. e 

a raado. clietribution of ai&ee. thl1 diatributioo will h_.• an 

avena• ructbit:r affect that cao be deteraioed froa Piaure 

4•1 . The ructivit:r deer .... will be mre than .nap . 

3) Part icle Arranae.ent 

The collect ioo of fuel particle• caooot po1eibl7 be atacked end 

on eod auch •• CJllodrical pellet• io fuel rod1. A reaeooable 

auuaptioo h that tbe particle• will collect iD • r&Ddoa 

arrana ... ot . luch a raodoa clietrlbutioo will allow end• of the 

cylioclrical particle• to be eapoeed to the mderator decreaeiaa 

their ructivit:r by approaiMUlJ 1 . 5% 6p . 
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The etructural .. terial vat eot included ie the calculatioea to 

deter.ine the .oet reactive couditiona becauae it · alvaya 

reaulted iD reduciq reactiYity. laaliatical171 tbe alrcaloy 

cla.fdiaa, iacoael srida, and other atructural c_,oaeata will 

ba ia tbe con raaioa ia approti .. uly the ... pnportloa to 

the fuel •• before the accident. lacludiq tb� c laddlq aad 

arid• ia with tbe fuel aDd mderator deere•••• ruct iYity by 

.8% Ap• 

5) 50% Dauae 

The aaxi•ua credible d ... ae mdd baa 50% of tbe fuel dallaaed 

and 50% uad ... aed. Ia raalit71 the eapectad fuel .... ,. h 4 0%  

c lad hilure. Auuaina 5 0%  dnaae t o  be credible rather than 

the bJpothetical a11uaptioa of a total core col lapae nducu 

the core reactivitJ' by 2.5% Ap .  

6 )  Actual Joron Concentration 

Heaeured d�ta iadicatee that at leaat 3700 ppa boron ia ia the 

reactor coolant IJ'It... Therefore, the aaau.ed boron conceatr ... 

t ion of 3500 ppat uaed 1ft the 1101t ructhe mdel could be 

realhtically iacreaaed by 200 ppa. tbb additional boron h 

worth 1 . 2%6p in reactivity. 

The total reactlvitJ' worth of the11 eis chaq11 to mre prob

able condi.tioaa it a 8.5% 6p decru11 ia reacthh7. Coa11quentlJ'1 

while the hypothetical tota\ cora collap .. mdel 1iY11 a 11ff of 

• 977, and the ... i•1111 credible cora d .. aae mdel alvu a leff of 

.943, the aore realiatic value of leff la lea• tban . 902 . 
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· 5 . 1 . 3  Calculational Oncertaintiea 

. 

The calculational uncertaintiea to be applied to any 
criticality analyaea ara dependent on the follovina three factora, 

• Criticality Criterion, 
.· worat Caae Model Aaauapt iona, aad 
• Calculational lenchaarka. 

Ca.aon practice ia to nealect the applicat ion of uncertaintiea 
to the calculated raaulta (except for the aath•atic:al uncertainty 
in the computational .adel) if either, ( 1 )  the criticality criterion 
provide• lara• �raina of aubcritic:ality (Keff < .95) auc:h that even 
reactivity accident• have eeaentially no probability of c:auaina 
criticality, or (2) if the vorat cue .adal auuapt iona are 10 
conaervative that a larae reactivity .. rain eai1t1 between the voret 
caae calculation• and reality. If the voret c:aae .adel produce• an 
effect ive 11Ultiplicat ion factor that b within the calculat ional 
uncertaintiea of a real iatic .adel and the criticality criterion i t  
Kaff < .99,  then a n  appropriate uncertainty factor, derived froa 
calculational benchmark• to .. aaured data, ahould be applied to the 
calculated reeulta.  

The calculational .adell uaed in analydn� the nu-2 core 
involved both ructor and nuclear criticality .. thode aa e�plained 
in Section 2.0. The reactor criticality and duilln .. thode eata
blhhad the .aat reactive fuel-.oderator conditione in tbe d•aaad 
core reaion and the reactivity effect• of burnup, control Toda, etc:. 
The nuclear criticality .. thode eatabliahed the laff for the .. xiaua 
credible core da••a• and total core d ... a• confiaurationa. lecauae 
the aadaua credible core daaaae .adel vu conaidered to be a con
.. rvative eat i .. te of d ... ,. folloviq the accident, ao uncertain
tie• vera applied to the .934 calculated Keff (Subaection 3.5).  
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More recent auee .. ata of aad- and alot- core ...... 1 ,2 

do oot ehow eiraificant cliffereac.. fr• tbe atuclpoiot of cdti• 

cality _,deb. therefore, it could be appropriate to couider u 

uncertaioty on the I!RO reeulte for the ... � credible core ct ... ,. 

aodel .  the total uncertaioty betweeo IEJO predictiooa of critical

ity aDd .... urad data ueioa nuclear crltlcellty .. thode le cllecueaed 

lo lvbaectloo 2.3.2.2.  thlt aubaect ioo refer• to Table• 2-2 aDd 2•3 
tlbich ·ah• the n1ulte of twot,-ooe beachurk calculetiooe. ODe 

1taDdercl clevhtioa h epproziaately *.01 4 leff with the laq .. t 

deviatloo io aDJ ca1e 1••• than .02 4 left• 

the l!l!fO calculedoD of the core (lub .. ctloo 3.5, Table 3•1) 
a•v• • leff of 1 . 000 * .oos. tiber• *·005 il the ataDderd deviation 

deterained iD I!JCO by the auaber of oeutroo hhtodea. 'Die total 

uac:eruiftty iD left ia the atathticcel c•biDation of the 

aathe .. tical aacl beachaark uncertaintie•• 

I!NO lett • 1 . ooo * /.ot2 • . oos2 

There ii leu than a 1 . 0%  probability that the 1!"0 left b 
equal to or areater thea. 

u:No leu • 1 . ooo • 2.33 /.ot2 • . oosz 

I!NO laff • 1 . 026 

where 2.33 h the 99% coofidence Ualt for a oae•aiclecl uncertaioty 

function. 'fbe core left h 6 . 0%  � lover la ructivity than the 1!"0 

calculatioo •• explained iD lub•ectloo 3.5.  therefore. the 1 . 026 
ceo be u .. d u a buh for detanioioa a core leff that euure1 • 

vith 99% confidence. that the leff vill Dot be areater thau or equal 

to 

Core leff • .967 
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5.2 lhutdovo HaralD for fuel Accu.ulation• Outeide the Core leaiOD 

5.2.1 Maxi� Calculated Criticality 

lect ioD 4.0 de1cribed the .. thode . procedure• &Dd calculational 

reeult1 for dete�DiDI the opt� fuel-.oderator &Dd reflector co.-

blDatiou &Dd collf lauratlou outllde of the core l'llloD. 'fbe 801t -. 

reacti•• r .. ulte wre obtalDed for all of the dDa&ed Batch 3 fuel 

(auiaua credible cue). lUcked up to fom roa {D the bottoa of 

the reactor w .. et. 'fbe laff wa• .979. 'fbe followlq two 

lub1ectiou. 5.2.2  ad 5.2.3. reepectbelJ ducdbe the ahutdovo 

••rain for thi• voret caee 80del vbea aore reall1tic •••uaptlODI are 

aodlled aDd when an uacertainty h applied to the calculational 

I'IIUltl .  

5 .2.2  Probable Shutdown Marain 

th� diecue1iou of per ... tere affectiq criticality (Subaection 

4.3) explained hov the ao1t reactiYI coablDatiOD of the ••riou• par ... 

.. tere wa1 deter.laed . If thie aoet react l•• coabiaation ia aUbcri

tical by a ai�Qificaat .. rain, thea the aafety of the reactor h 
a11ured durina tbeee recovery operatioDI. To illuetrate the couer

vath• of the .oat react be cODdition•, the reactbity affecu of 

aore realhtic a .. uaptioaa were coaaidered for the collectioa of 

latch 3 fuel in tbe bottoa of tbe reactor Ylll&l. Table 5-2 au.aa

ri&&l the par ... tere aod the reactiYlty wortbe. 'fbe folloviq para

araphe explaiD hov the par-tare were chanaed froa tba vorlt ca .. 

to the aore realietic cooditioD. 

1 )  Dietributioa of Part icle Iisee 

Aaeuaiaa that it ia poeelble for oDly the .s .. aaed latch 3 

fuel particlu to
· 

pnfereatlallJ fall out of the core reaioa. 

it b ac-t r .. lhtlc to •••u• that they will be all quarter 

pe l  leu. 
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A .ore r� .. oaable aaaa.ptioa ia that the particle• b .. e a rea

do. di•tributioa of aiaea. The .azi.u. di ... t•r of fuel 

particle• that could aift tbrouah the arid• ia .393 ceat�tera 

while the raado. diatributioa of particle di ... tera which could 

alft tbrouah the arid ia 0.196 ceatU..tera. Tbh 1b11 u 
nerqe du of • c:rlladdcel particle llhich h 1/23 that of 

the 1'MI•2 pellet. Tbeae ... ner particl11 are .ore tha 1 .51 6p 

"leu reactbe thu the quarter pellet auu.ecl for the .orat 

caaa ••••• ... at. 

2)  A.ouat of latch 3 1ual Accu.ulatioa 

Ia liae with the above raaaoaiaa, it i1 aot realiatic that 

all the d ... aed batch 3 fuel could be traaaportecl to the bott� 

of the ....... lefereace 1 of the nc lafet:r lvauladoa3,4 

atatea that, "Rearl:r all of the brokea aacl o&idlaed fuel debrla 

ahould r•aia trapped ia the upper core rqioa becauae the 

upper ead flttiaa• have a crillaae that would act aa a acreea." 

tbh" abo eppll.. to the lover core rqloa tbet ia auu.ecl to 

coataia at leaat 3 crida latact boldiaa uacl ... aecl fuel c ladcllaa 

that would act at a hiahl:r effectin filter prevaatiaa fuel 

accuaulatlon ia the botto. of the Ylllel. Tbua, rather than 

a••�DI al l the da.aaed batch 3 fuel caa collect la the bottoa 

of the •eaael, • .ore reatoaable a11u.ptloa i •  that 50% of the 

particle• vill reach the bott�. Tblt vill reduce the 

reactivity of the vorat cate b:r 3.2% 6p . 

3) Particle Arrana..ent 

Once the particle• are la the bott� of the reactor wa

ael, there i1 no reaaonable way for th .. to atack th ... el•e• ead on 

end auch •• in fuel rocla. A reaaoaable a11uaptioa ia that the par

ticle• will fall into a randoa diatributloa. Such a raDclo. diatribu• 

tioa vill allov the eada . of the c:rliadrical particle• to be espoaecl 

to tha .oderator, decreaalaa their reactlYit:r b:r approaiaatel:r 

1 .5% 4o . 
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4) ltructurel Meteriele 

5 )  

I f  fuel perticle• ere eeeu.ed to fell t o  the bottoa o f  the 

��actor Yeeeel ,  lt l• reaeoDable to aeeu.e that etructural .a
terlal will aleo fal l .  AddlDI alrcalo, partlclea t o  the .odere

tor la the e- proportloo to fuel eDCI cleddlq that ad.ete la 

·the ulld.aaed core wi l l  decreue r11ct lYity by .5% 4p. 

lncore Inet�nt Culde Tube• 

The lutru•ot plde tube ltructurll llltiDd dOWD to the bot

toa of the reactor ..... 1 .  llDce thle etructure will actually 

penetrate any collection of fuel la the ••••d, it h rea

eonable to include it• worth ia a .ore r11lhtic criticality 

analyaia. The decreue iD reecti•ity i• at leut .51 Ap .  

6 )  latch 3 lurDup 

Even i f  the batch 3 fuel in the YUill bottoa ce.e froa 

the lealt bUrDed reaion of the core (i.e. the top tvo feet of 
the aueabiu), it would have e lover r11ctivity due to the 

buraup. The aini•UID worth Of thl burnup b 1 .  CJZ Ap o 

7 )  Actual Joron Concentration 

He11ured date lndieatu at l111t 3700 PPII borOD la the 

reector coolent IJit... Therefore, the 3500 PPII boron 111u.ed 

for the .oat reactiYI conditiona 1hould realietically be 

iDcree1ed by 200 PPII· Tbi1 eddlt looel boron i• worth l .OZAp in 

r11ctlvity. 

The net effect of ulina .,re probeble cooditiooe for th••• 

11ven per��nure, rather tban a11uaioa vont c11e conditione, h a 

9.21 Ap decr11n in reac
.
t ivlty. Con11quently, '�bile the calculat..S 

worat credible ce•• hea a keff of .98, the .,r• reelietlc ••lue of 

keff le 1111 than .90 •• ahovD ln Table 5-2 . 
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5 . 2 . 3  Calculational Uncertaintiea 

the uncertaintiea in the calculational reaulta ariae froa two 

aourcea. Tbe firat ia the convertenca criteria apecified in itera

t iYe .olutiou aucb u PZQ or the DUIIber of aeutrou apecified ill 
. 

Monte Carlo .olutiou auch •• DIO. Tbe aecond b the approziu-

tion• bherent ia the calculational 80dela. Tbe firet ancntaint1 

b ea1U1 deteiWined dace it b controlled bJ' the aaer ,.rfoniq 

the calculatiou. Tbe aecoad uncertaint1 i• 80re difficult to quan

tify becauae it e.bodiea .. DJ different factora; 

• The procedure• u1ed in the AllllJ'Iia, 
• The uncertaintie1 in bench .. rk .. aaur ... at , 
• The .. nufacturina tolenacea on the fuel,  and 

.oderator atructural coaponeata,  etc . 

Aa explained iD Subuctioa 5 . 1 .3 ,  80dal uncertaintiea are not 
appliecS to the calculated r11ulu if the critlcalit1 criterion b 
larae or if the wor1t ca1e a11u.ptlon• are ver, couerwative. rur

ther.ore, a1 ezplained below, thl calculat ional 80dela uaed in 

reactor �riticalit1 .. thoda do not have a atati1ticall1 aianificaat 

uncertaintJ'. 

The uncertainty la the calculat ional 80del1 i1 inferred by coa

parina calculational prediction• to .. a1ured data. Table 5-3, Which 

ia excerpted fro. the B&W Standard Safety Analyaea leport5 , ia a e .. -

ple of the reaulta froa benchaark calculation• u1ed to deter.ine the 

uncertainty in the baaic RO'LI7 80deliq procedurea. Th11e r11ult1 

have a 1tandard deYiation of * .0047A keff• - Tbia i1 not the uncer

tainty in the 80dela1 but the total uncertainty betveen the .. a•ured 

data and calculat ioul 80dela. Ia order to deteraiae the uncer

tainty in the 80del1 only, the uncertaintie• ia the .. a•ure .. ntl and 

the uncertaintie• re1ultiaa fro. fabrication tolerance• au1t be lta

tilt ically eubtracted from the total uncertainty. The reaultina 
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_,daliD1 UllCerUiDtf.ea hne beaD foUDd· to be De&ative whic:b MaDa 

th., era atatiatlcally iaaiSDlficaDt. tbia baa beaD coafir.ed vith 

DUMroua beoc:baartca of both critical uped•Dta5 aDd operatiq 

reactor 4ata6 Where .. uur ... Dt uacertaiatiea bne beea abovD to be 

araater than the deviatiooa betvaea calculated &Dd .. aaured raaulta. 

CoaaequeDtly, the _,deliq of the _,It reactive Cll.. for tMl-2 

a�pl� requlrea aD evaluatioa of the opti.al coafiauratiou to eaaure 

ttoat it falla withia tbe raqe of the calculatioaal beac:baartta .  

llDce the .,,t reactive coafiauratioa wu a uaifona arr., o f  fuel 

and .,derator with a tbenaal apectnm aiailiar to a at&Ddard 

reactor, tbe calculatioaal .,dela are acceptable for tbe TMI-2 

criticality analyaia. 

The UNO calculation of the .,,t reactive coDfiauratioa aave 

leff of .979 t .00097. Tbia ... 1 1  uocertalaty caa be iacraaaed by a 

factor of 2.33 aDd added to keff 

keff • .979 + 2.33 ( . 00097) • .981 

to en.ure, vith 99% coafldence, that keff will be leaa tbaa .981 for 

the .oat react ive coafiauratioa that could credibly exiat duriaa the 

propoeed firat recovery operat iona . 
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5.3  Coaclueioa 

the TMI-2 reactor bae been aafely ebutdowu aiace tbe accideat. 

AAy core perturbation that could r11ult fraa tbe recowry opera

tiou (APSa iuertioa. CIJIC aacoupliaa. tbroup bead iupectioa of 

the reactor 1Dtenala1 :"\d ructor va11al bead r..,val) wlll coa

ti••. to be ufalJ abutdowu (leu < .99) by a l . OI 4f' .. raia Cleu • 
.91). · 'l'be ..,.t raactha coafiaurat�oaa witbiD tbe reactor are •• 
followa: 

c ... CoafiauratloD fuel keff 

Hu. Credible Spherical Sar-ent All o.aaad .979 
Out of Cora In lotto. of latch 3 

Veual 

Total Cora Spherical Cora 100% Cora .977 
Collapae aaaion o-aae 

Total Balf Beaiaphere Ift 1001 DluJad .976 
Core Cotraction lotto. of Vaaael fuel 
iD Veeae1 lotto. 

rallina Pual Cylinder of Fuel 16 latch 3 .976 
out of Core Fallin& Pro. Core Aaanbliea 

To Veaael lottoa 

Hui.u• Credible Cylindrical Core 50% Core .943 
In-cora n..,. 

The•• confiauretione repreeeat the opti.u. co.binetioaa of 

fuel-.oderator aDd reflector coaditions in a wont creclible ca1e 

acenario. If .ore realistic conditions ara aaau.ed1 tbe above con

fiaurationa will bne shutdown .. raiu of at leaat 10.01 !cl. lotb 
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the ephedcel aapeat ,f latch 3 fuel ia the �to. of the ftud 

aad the ephedcal core with 1001 tl-.ae4 fuel wu reuaeue4 with 

.ore probable, aDd realiatic coaditioDa aad both ca111 .. ra abova to 

h-.e kerf 1••• thea .902. 

liace the worat caee aceaerioe coataia lara• reactiwitJ .. �iDa 

ia ca.parieoa to .ore realietic coeditioae, the applicatf.OD of uacer

t aiatiee to the calcul�ted reeulta ie aaaac•••erJ· BoweYer, aa ewal

uadoe of the acertaiadee for the 1101t nactbe coDfiauratioe of 

latch 3 particle• ia a apherical aepeat la the ftllll botta. above 

that with • 991 dear•• of coDfldeace of the leff will be 1••• thea 

.981 . For the core raaioa there ia a 991 dear•• of coafideace that 

the laff will be 1111 thea . 967. 

'lbh ewaluadoa of the worat credible aceaerlo• for poulble 

reactivity perturbatiODI at nCI-2 durlDJ thl aba.e . I'ICOVII'J 
acti•iti•• d.-outratea that there ia aufficieat ahutdOWD .. raia to 

enaure criticality aafetJ • 
. 
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1 )  

2) 

l) 

4) 

5) 

6 )  

I!ACTIVITr InletS or MDII PIOIAILI CX)IfJ)lTIOIS 1R Til! COU 

COIIDITIOI 

Leakaa• 

laadoa liae Particle• 

Particle• Ia landoa Arraaa ... nt 

Structural MateTial 

501 ruel Daua• 

3700 ps- loroa 

Total 

Total core collap1e leff • .977 
Mazi.u. credible .... ,. leff • .943 
More probable value of leff • .902 

5-15 

I!ACTlVlTT I 4p 

-1.1 

- .7 
-1. 5 

- .I 

-2 .5 

-1 .2  

-1.5 
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1 )  

2) 

3)  

4) 

5) 

6) 

7) 

TAIL! 5-2 

IUCTlVITY IFRCTS Of 11)1! PIOIABLI O?RDlTlOIIS 

lR Til! IOTl'Cit OF Til! UACtOI VISS!L 

CORDlTlOR I!AC'l'lVT Z Ap 

laado. Siae Particle• ralliaa 
Throuah Cdcl• 

50% of rallia& Puticl .. Can Co 
Tbrouzh Cricl• 

Particle• fall Into lando. 
Dbtributloa 

Structural Material Fall8 with 
Fuel Debrh 

. 

lolt�nt Cuicle Tube• in lotto. 
of Veuel 

luraup of Top 2 Feat of latch 3 fuel 

Joron Concentration 3700 ppm 

Total 

Maxiaua creclible ca1e value of leff • .979 
More probable value of leff • .198 

5-16 

-1 . 5  

-3 . 2 

-1 .5 

- .5 

- .5 

-1.0 

-9 .2 
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te�e 5-l !bcril'tlon of mz Crit�ut r..pen.c. 

o-nsCb> 1\el Fellet ct.ldi clemity, di.-eter, thidrnm'"':, 
c.eCa> wt z rice aa aa -

1 2.40 10.20 1.0298 0.(1181 A1 
2 2.40 10.20 1.0298 O.CII81 AI 
l 2.40 10.20 1.0198 0.<1181 AI 

4 2.40 10.20 l.az518 O.CII81 AI 
5 2.40 10.20 1.0298 O.CBII A1 
6 2.10 10.18 0.7620 O.CM& SS 
7 2.70 10.18 0.7620 O.«MMI ss 

8 2.10 10.18 0.7620 O.OWIIJ SS 
9 2.70 10.18 0.7620 O.OfiM ss 

10 4.20 9.� 1.1278 0.0\CX) ss 
11 4.20 9M 1.1278 o.or.mss 
12 4.20 9M 1.1278 0.0\CX) ss 
13 4.20 9.� 1.1218 o.or.oo ss 
14 4.20 9M 1.1278 o.or.co 8!1 
15 1.30 10.53 0.9728 o.om A1 
16 1.30 10.53 0.9728 o.om A1 
17  1.JO 10.53 0.9728 o.om Al 

(1) lefft'81Ce ' 
(b) lD} flat ed.dMd to .Uflet wt 1 ... �m. fc) Plue a 30-aa ¥ �01'. 
•> Me8aftll m.t �u:�tu.,. . 

(e) B!JaFclill t.ttlce; ell ethen _.. equue. cr> 1at.tlan 1n �err &a. the �  of .99lD; 
+ U h1,#a that MKIII! .-.I - U l.cM!r t CJ• .00fa7 o 

Llttk: pitch, ¥ 11Dt&. Baran, 
aa &alan ..e.. 

1.6358 0.573 0 
1.6358 . 0.573 5 
1.6358 0.573 153& 
1.5113 0.500 0 
1.5113 0.500 1675 
1.0287 0.452 0 
I.ICM 0.5Z5 0 
1.1D 0.593 0 
1.4554 0.726 0 
1.5113 0.4911 0 
1.5113 D.498 1152 
1.5113 0.498 2:Yt2 
1 .5113 0.498 D9 
1.45<0 0.455 0 
1.557rf.e) 0.5<& 0 
1.651rf.e) 0.560 0 
1_.,(e) 0.632 0 

--�� n:liue. c) llldd•c•> IIPiiltlaft(f) 
aa la:4 aa-2 A It 

19.36 4.02 +.oor.t 
32.91 3.10Z +.ciu 
68.77 4.6CI +.COD 
20.8Z 4.0'10 +.oms 
61 .11 7.8ZO +.0110 
l2.CI 5.11m -.CXJS6 
2!i.II:Z 5.4CD -.0112 
�.27 ,_,..., +.CDR 
23.60 5.4<11 -.oc:or. 
18.75 '·"' +.(1115 
2!i.09 3.063 -.cxm 
311.36 5.251 +.ooor. 
59.71 3.920 +.CXD 
20.18 3.193 +.oor.t 
39.78 7.100 __ _, 
!1.60 7.100 -.as . 
39.22 7.100 -.0071 

·• 
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APPDDil A 

IEVUV OF AIIALTIIS P!ltiOJIIK!D IIURIRC til! COOLIXJUR PDIOD 

leactiYitJ calculatlou perforMd bJ fba eeparate oqulaatlou 

to ewaluate ouclear cdtlcelitJ eafetJ of the d-.aect 'fttl-2 core are 

•�ddect aDd rnlwedl IHtlov. All tha.. calculatlooe .. re perforMd 

durilll tba coolctown period aod all wre raportad bJ Dlclllber, 1979. 

lnluadou perforMcl bJ tha lallcoc1t 6 VUe ox Ca.paDJ (NV), tha CPO 
Service Corporatioa (CPO),  the lrookbnea •adoaal LaboratOI'J (JKL), 
tha Oak llcla• Rational Laboratory (OIRL) , aDd the U. 1. Ruclear leaula

tOI'J Co.aieeloa (JIC) are rnei .. d. rour of thaee oraaalaatiODI 

reported their work at the 1980 Viatar MeetiDI of tbe �rlcao Ruc1ear 

loclatJ. The eva1uatloae .. ra oot tota11J laclepeacleat fro. aacb other 

b tbet Oak lictae IDcl CPO reHecl on etartlaa 1Dfonatloo •uppHect bJ 

IIW. Oae bf the co.puter cod.. u1edl bJ CPU wae abo ueedl bJ "" 

(P�07). Oae of the coctu uNci bJ NV, tha RIC, aod Ollfl. b the OIRL 

coda I!MO (althoulh differeat .areloae .. re ueecl ). However, the 

evaluat loa etrateai•• and accideat .od1l1 aaeu.ect .. re arrived at 

co.plltllJ iodepeadeat fro. aacb otbar. 

The object ive of each naluatioa ••• lither to deteraiae the 

dean• of lubcritlcalltJ of the d-.aecl 'Dfl-2 core or to prodde a 

baai1 for rec�DdiDJ the coaceatratloa of eoluble boron aeceetai'J to 

ea•ur• aa adequate .. rala of ehutdown reactivltJ for the d ... aed 

• ,.u •. 

without 

bi&hlJ 

It aaat abo be recopiaecl that the1e calculatioaa .. re .. ct • 

clefiaidoa of the euct •J•t• to be calcu1eucl; therefore, 

CODIII'YatiYe IIIU.ptiOill .. rl .. da aDd hypothetical 

coafiauradoaa .. re evaluatecl to pt'Odcle auuraace of ufetJ. Th••• 

evaluatioae .. re iatendecl to edclre .. the ... 111U11 cr .. cHble reactlYitJ 

aocl the eafetJ of the d ... ,.cl tMI-2 plant, aDd althoulb aot oriaioallJ 

latended to de.onatrate the aafetJ of dlaturbiaa the d ... aed •J•t .. , 

A-1 
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tbey do prowide a baaia upon vhi�� auch evaluation• can be carried out. 

llV, CPO and the wac reported that aouble boron concentratiooa of 3,500 

to 4,500 -ppa would be required to aaintain at leaat a 1% ahutdovn 

.. rain aaau.ioa a hypothetical extr... condition of total core 
dill'Uptioo at optlau. reactidty cooditiooa and ua\8ioa fr .. h fuel. 

Pl. felt 3,000 PP'I boroa would be adequate. ••v (auuaiq a apecific 

aceuri� of daaaae) reported that the daaaaed core could ba.,. l:eff aa 

hiih •• 0.932 while none of the poatulated d ... aed 80deb auuaed by 

OINL had a 1:1ff areater than 0. 90. Direct ccapadaooa betveea the 

different evaluation• however are difficult, aDd where a direct 
ccapariaoo ia poaaible there are the expected variatiooa. 

lbe calculation•, taken aa a whole, de80oatnte thAt the daaa&ed 

'ntl-2 core waa ahutdovn vith l:eff probably leu than 0.95. T.aken aa a 

Whole, they alao infer quite reactive hypothetical ca••• poaaibly 

requiriaa 4,500 ppm boron. Rovner, in retroapect thue hypothetical 

caa.. are not cooaidend credible in li&ht of new •••••••ota of the 

core d .. aae aiven io C!RD-007, May, 1981 . 

Babcock ' Vilcoz CO!fany (llV) 

I&V reported iu vor'k Decnber, 1979 in RPGD-tM-434. 1 Tbil vor'k 

vaa abo reported at the 1980 Vinter Heetina of the �rican lfuclear 

Society.2 Since ••v•a calculat ion• are reported in detail elaevhere in 

thia report, oaly reaulta vill be au..ari&ed. After poatulatioa a coa

aervative confiauratioo of daaaae and uaina the reaulta of the ccaputer 

codea lfOLIF,3 P�74 aDd J:!Ro5 (with additioaal adjuatMatl for fuel 

burnup) , llV concluded that leff of the d .. aaed TMl-2 core could be •• 
hip a a 0. 932 at 3500 ppa boron (thh evaluation la updatd in Section 

3 . 5 ) .  llV alao concluded that 3,000 PP'I boron could .. intain thia coa

fiauratioa at J:1u < 0.99. llV, however ,  did identify hypothetical 

acenarioa of d .. aae that ailht require aoluble boron coacentr1tiona of 
up to 4,500 PP'I boron to aaintain aubcdticality. Thou are nov not 

conaidered to be credible · in view of new aueu•ata of core d .. aae 

ahovn in G!ND-007. 
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CPU Service Corporatioa (CPU) 

CPO ·r . . .1rted their work Auauat 3 1 ,  1979 iD the CPU report 

tla-049. 6 Tbh work waa alao reported at the 1980 Viater Meatiq of 

the Mlricac •uclear lociety.7 c:PD uaed the reactor cl .. ip ca.puter 

code J:POS!8 to pe rfor. par ... tdc atudiea ad to calculate � • They 

uaed PnQ07 to calculate Eaff• Uaiq IJOSI aDd PDQ07, CPO eYaluated the 

ructl.Yity of c uad ... &ed core u a fuactiOD of the aoluble boroa 
coaceatratioa aDd coacluded that the uad ... aed core without &DJ poiaoa 

uterial ucept aoluble boroa bad a Eeff of 0.940 at 3,400 ppa boroa. 

CPU aoted that ita calculatioa of a apecific ructor cooc!iti�a abo 

calculated by "" waa 0.02 6 Keff lower thu 'that calculated by ""· 

Coaaequantly CPU adjuated their PDQ reaulu to I'V reaulta to iacrure 

COnU1rYatia•• 

CPU calculated the .ult iplicatioa factor for iDfiDite •dia of 

both ha.oaeaeoua aDd heteroaeaeoua U02/B20 fuel .Ixturea aa a fuactioa 
of U02 �otu .. fract ioa aad aoluble boroa coaceatratioa. XPOSE waa uaed 

to deter.iae E. auuaiq the aiddle core earichMat of 2.64 wt l 
without credit for any fixed aeutroa pohoaa; both 002 pelleu and 

pellet fraa•nta were con ddered . CPO' • calculat ioaa of � by XPOS!8 

were coaapared to !IV' a calculation of r_ uaiq WDL%7 .3 Althouah the 

aar .. raent h excellent , e variatioa of 0.01 4 t. caa be obaened (CPU 
beina hiaher at opt i..WI 002 �olu• fractioaa ).  CPU reported aeveral 

hypothetical coafiaurationa that were critical at a boroa coaceatratioa 

of 4,000 ppm; however, if ruaonable but conaervati�• au�aptiou are 

••de a boron concentration of 3,500 p� would be nece•aary to .. iatain 

at lealt a 1% ahutdovn condition. Maintenance of a 3500 ppa boron 
concentration waa reco.meaded by CPO. 

Brookhaven National Laboratory (BWL) 

IRL reported ita work by -..oraadu• oa May 18 , 1979.9 lftL uaed the 
BAKKER computer codelO with laput buckliaaa for leak•&• c:orrectioa to 
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calculate laff of a aullber of aphadcal aJ.C... lliL au..-d tbeu 

•J•t .. a to contain either 30, 50 or 100 percent of tbe TMI-2 002 fuel 

inventorJ At the aaz� averaae core enrich .. nt of 2 . 6  vt% U-235. Ro 

credit vaa t*an for any pohoniq .. tedal ucept aoluble boron. IHL 

uaed the naulta of a pau .. tdc atud7 for each 171t• Yeraue wolu.a 

ratioa of 002 to B20 aDd nreua different concentratiooe of aoluble 

boron to deterwine the concentration nec .. urJ to •intain the three 

fuel iavantoriaa eubcritical. 

leeulta ara au.aariaed below: 

Percent Fuel 

inventoq 

30 

50 

100 

Mint.ua boron concentration 

to ineure aubcriticality 

2,  720 PP'I 
2,900 ppa 

3,060 PP'I 

The BHL .. ., acltnovledan uncertaintiee auociated vith their 

analyah. INL report• no benchurlt effort to Yalidata thb 

aethodoloay. The reported boron concentratiooe neceaaary for 

aubcriticality are conaiderahl7 lover than thoae reported in other vorlt 

aummarized in thia document . 

Oak Ridse Rational Laboratory (ORNL) 

ORNL reported ita vorlt Dac .. ber, 1979 in OIRL/CDS/TM-1 06. 11  ORHL 

peraonnal aave tvo papera eUIIIII&rbina their vorlt at the 1980 winter 

Hut ina of the Ailed can Rue lear Society . 12 • 13 OJIRL uaecl the Monte 

Carlo ce��puter codu K>RS!-SCC/s14 aDd Jt!No-tvl5 to 8Ddel a nullber of 

poulble daaaed core confiauratione. OIRL uaed both codee to 

calculate leff for the hot , aero-power atartup confisuration of THI-2 

(actual leff • 1 .00). leff b7 K)IS! vaa 0.987 * . 003 and by IERO the 

c alculated leff vaa 0.983 * .006. 
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OlNL did Dot ewaluate a TMI-2 core .adel a11u.ina total core dia

ruptioD. OIKL did evaluate three diarupted core .adele that a�lated 

three dnaaed core confiauratiotu in an iDtemally con•hteat .. DDer. 

the m1t elaborate of theae .adell -.ich OIIL baa dedpated u the 

"Three Juap Sluap" mdal dhid .. the na-2 core into elaht different 

uial naiotu aDd four diffnaDt radial naioDa. lnual dhrupthe 

•chaoi ... auch aa fuel ... nlaa. Zr02 la coolnt, fuel aluaplaa. etc. 

han baeD lDcluded ia thh mdal. Ollfl. did DOt aearch for a mDi

crltical aoluble boron concentration. All ewaluationa .. re .. de 

aa1u.ina 31180 p� boron. ror the intact portion of the reactor core. 

each of the three .,dell iaclud .. a repn .. Dtatioa of the coatnu of 

the 39. 825 pia lattice locatiooa. the .. jc.r difference between the 

three .,dell v.. the aullber of aiel layera uaed to r.prueat the 

dierupted portion of the core. Ia .. ch of the .adell. OUL auUIIed 

that control rod a and LPB roda r ... ia h the intact port loa of the 

core. The vorth of theae rod1 va1 determaed for each .,del. Detailed 

ducriptiona of the .. .adell are anilable ia the OIRL nport1 OIKL 
CSD/TM-1 06 ) 1  

le1ult of the ORNL atudy are au..ari&ed belov. 

Model 

"Three Jwap Slump" 

"Dilplace-Fuel Sluap" 

"In-Place Fuel Sluap" -

•aximum reactivity at 

50% avellina 

Ba1e confiauration 

0.862 � 0.006 

0.845 t: 0.006 

0.845 � 0.005 

u. s . Hucler Resulatory Commia1ion (NRC) 

Bate. no control 

0.875 � 0.006 

0.875 t: 0.006 

The RRC reported itl5 vork by •110raadua oa Kay 141 1 979. 16 The 

nc vork va1 aho reported· at the 1980 Wiater ••tina of the �rlcan 

Nuclear Society. l7 The wac uaed the Monte Carlo co.puter code �ol5 
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toaether vith the 123-aroup GAM 11I!IHOS libury. The DC .odeled a 

au.ber of confiauratioaa iacludiua ao �d .. aed core; the .oat reacti•e. 

intact w ... aed latticed core; aDd a fullJ pelletiaed d ... aed core. The 

llC calculated a kDova bot1 aero power condition for TMI-2 to eatabliah 

cooftdeoce in thla .odeliaa. The JRC reported that it calculated tbia 

coadltloa to vltbia 0.005 * 0.004 A leu on the blab aide. the nc 
perfc.f'Md paraMtrlc cell atudiea uaualaa both a 2.31 wt % and a 2 . 96 

vt % U-235 eorlcb•nt. Core calculatiou auu.d three radial aonea 

vith different eorlc�nta. Tba DC concluded that the core, latact, 

but at the .oat reactin pitch, vlll be aubcritical at 3 , 000 ppa 

aoluble boron concentration. 

The JRC alao evaluated Keff for a aphedcal •J•t• auaiaa all 

fuel roda had ruptured, eaptyiaa all their pellet• into a pile of bard 

002 apherea vith borated vater in betveeo. Freah fuel at an eoricb.eot 

of 2 .57 vt % U-235 (core �eraae ) vaa aaau.ed. the JRC reported a Keff 
of 0.997 * 0.004 at 3,500 ppa for thia aituatioo. 
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Appendix I 

Total Preferential Pailure of latcb 3 

HJPOtheticallJ aeau.iaa a ca.plete preferential collapaa of all latch 3 

fual, an anal7aia vaa parfor.ed to dater.ine tbe boroa coacantration 

neceaaary to provide a 1 .0% 4p .. rain abowe the abutdOWD .. r&iD <lett • 

.98).  The fuel and .aderator par ... tera were optiaiaed to prowide the aoat 
reactive coabination ia a confiauratioa of epherical ae ... nta ia the bottoa 

of the reactor veaaal (aee riaure 4-2).  

Th e  reaulta in ccapadaon to thoae in &action 4 . 0  are aa follow• : 

latch 3 Calculated Syat• rual Pellet 
Colbpu Model !.!!!. ppm pe Au .. bliea Siu Fuel VF 

Kaxiaua Credible .98 3500 3700 19 1/4 l'adiua .55 
Total .98 4840 5040 60 "'ole .63 
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1. JIITJtODUCTION 

The Three Mtlt bland ltl1t 2 (1MI·2) reactor fs  currently fn a dec� heat 
natural cfrculat1on cooling .,de. Thfs report assesses the therul status 
of the core and predicts the then111l response of the systa to partial 
draindown of the reactor coolant system (RCS). 

The criterion used fn thfs stu� was based on TMI·2 operating procedures 
for natural cooling. which restricts the average fncore coolant ttmptra· 
ture to less than 170 F. This criterion was adopted as a conservative 
value for the recover,y program to .. intain a positive .. rgin to boiling. 
The analyses were directed at evaluating two concerns : (1)  system effects 
of lowering the RC� level . and (2) coolant temperatures �th lONtred 
water level . In order to perform this evaluation i t  was necessary first 
to assess the current method of heat removal thereby establishing a basis  
for the predicted response to a lowered water level . 

. 
. 

. 
. . 



2. DECAY HEAT GEMt:RATIDN RAT£ 

. 

The decay heat power for lMI-2 was ulculatad. Figure 1 gfvts tht decay hut 
power values. 

Tilt llltthodology used fn the cal culation of these decay heat power vala.s t s  
that prescribed i n  tht ANSJ/AHS 5.1-1979 .standard. Tilts standard provfdts the 
basts for detel"'llfning the ffssfon product decay heat. power fol lowing shlltdown 
of 1fght water reactors. The decay htat fs defined f n  ttnas of power as the 
l&������tton o! 3 stU (one for tach ftssionfng species) of 23 energy-release-per 
ffssfon tenns (each prescribed in tenns of operath� ti111, shutdown tiM,growth 
rate and d�cay rate parameters ) .  The decay heat power cal culated fs •ltiplttd 
bY an •upper bound term• for constrvattllt. The upper bound terw 1s a function 
of shutdown tf11e and varies from a factor of 1.0 at shutdown to a •xf- of 
1 . 1  at 101 second to 1 .007 at 10' second. Tht derivation of this factor f s  
based on an ass&���ptton that the reactor tlas operated for 4 years wtth an aver
age neutron flux of 1.75 x 101 .. n/r:JAt/s (thtl'llll ) .  3 x 101., ft/rr/s (epithenul ) .  
Sfnct 1Ml·2 had only abollt 18 days of full power oparatton, these MSJJMS fac� 
tors yfeld conservative results fn this appl ication. 

The uncertainty fn the Mthod for calculating tht upper bound decay htat value 
fs estimated fn the standard to be s4S. 

The decay heat power from actfntton products tn the rt1ctor Nttrials 1s not 
fnc:ludtd in the AHSI/AHS calculation. The decay htat power fi"'Oft U'&J and 21'Np 
are treated separately t n  the standard and are neglected fn thts analysts. 
This introduces no apprecbblt error f n  the decay tltat values after 20 days 
sh�!d:wn tt�r.�. 

- - . 
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I • 

J. 1M£RKAL ANALYSIS 

3.1 Present Core Thenna1 Status 

The decay heat currently bttng produced by the 1MI·2 core, tin• years after 

shutdown, h approxi1111ttly 45 kw. This nllttvely 11111 1  power fl betng I"'IIIIved 

with no forced prt1111ry system flow fi"''Or. reactor coolant P""PS or decay heat 

PIIIIPS ,  whtle ·the steam generators are in wet layup with no secondary stde 

circulation. The ��euured temperature data for the primary 111tetr1. suggest 
that �tat removal ts occurring via conduction through the wall s  of the vessel , 

piping and iteam generators , and fs ultimately convected to the reactor buildtno 
ambient air. The data also support the theory that some recirculation of fluid 

fl taking place w1thtn the reactor vessel whtle some net atgratton of fluid 

around the RCS loops fs  also occurring. 

To verify thh theory of tht current 1110de of heat removal a siiiiPlt heat balance 

vas tstlblfshtd for the RCS. Using •asured temperatures around the RCS, and 

calculated heat transfer cotfftctents for each component, the predicted heat 

removal un be dettnn1ned. This heat rttnOval fl then coapared to the predicted 
core �eat generation for the particular date the temperature data were taken. 

Tht results of this heat balance are l&ll'll\lrbed in Table 1 .  Due to changes in  

the reactor building water level over the t11111 pertod represented by the data, 

the relative heat removal predicted from the vartous components changes for 

each dati used for iht data coq,arfsofts. Ftgures Z through 5 provide the 

dttltltd �Ht balance data for ea� dati and corresponding l"'lttor bufldtng 

water level.  Temperature data are shown on the RCS scheNttc. The tncrttDtntal 

�eat removal ' is calculated using the temperature data, the surface areas detailed 

in ihe attached tables and the overall heat transfer coefftc1tnt, U, �i•o pro· 
vided fn the tables. : 

The �eat transfer coefficients were dttenatned usiftg l tterature vllues for both 
the water and- air side ·fila coefftctents. These ft111 cotfftcients, lq)triu11y 
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... . . . . .  

based, rtflect tht vertiCAl Or horizontal Orientation Of tht co..,onent'l Surface 
and.the shape of the �onent. The f11• coefficients ntglect the presence of 
tt11 llirror insuletfon present on all llljor RCS co..,onenu . Thb insulation fs . _ 

tfftcthe .at rtactor operating Uq»tntures due to its ndtation htat tnnsftr 
properties on)y; at lower teq)tratures where radfatfon fttat tnnsftr b neglf
·,tblt its insulating properties art usa.d to be �ini•l . Tht nltdfty of 
thfs us�tfon· can be •tel'ltfned by COIIPirfng tht rtsults of the heat balance 
benchmark with the calculated decay heat values. 

The components of the overall heat transfer coefficients are shown fn Table 2. 
For each RCS component the conduction and convactive coefficients are de\ailtd 
along with the overall heat transfer coefficient. Uteraturt sources for these 
coefficients are also provided with Table 2. 

The results of the benchmark heat balance support tfle validity of the ass""'· 
tions for the. current .ode of heat removal . Agreement betwtt� tht predicted 
heat removal and the calculated decay heat production was obtained for the 
five configurations tested. Although some unc�rtainty txfsts relattve to the 
aciual decay heat production and the calcul ated heat losses (uncertainty i n  
eeasured temperatures and calculated heat transfer coefficients) , the agreement 
betwen heat production and heat loss supports the nsumptfon of fluid recir
culation fn the vessel and net •igration around the loop. Thus, the application 
of the heat balance technique and the corresponding heat transfer coefficients 
for analyzing other coolant levels appears reasonable. 

Although agreement was obtained betwen the predicted htat loss and calculated 
heat production a nurrber of uncertainties exist tn the analysis ,  As noted tn 
Sectfon 2 the predicted decay heat value·s are subject to some uncertainty but 
should be conservative (slightly higher than actual}.  

The overall heat transfer coefftc:fents shown f n  Table 2 are �fnattd by the 
at r stde convective ffl• coefffcfent. These film coefffctents are not precisely 
known. Also, tfle effect of the •irror insulation on the effective fil• coefft
,.._"'" f� not known. HONtver, the bench111rk calculations were perfonned with a 
consistent applfcatfon of the afr .stde film coefficients although �e propor
tions of heat transferred through the air interface wert di fferent for each of 
the cases. The different configurations (11110-t of RCS tn contiCt wfth reactor 
building water) calculated suggest that these coefficients are reasonably ac
curate. 



. 
Other unceruinties prestnt fn the analysts fnclude, (1) the use of average 
coo!ant tlq�erature for a coq>onent t:ather than actual gradient, and, (2) the 
•nuf'llltnt uncertaint.Y fn the fncore and loop �erawru th .. tlws. These 
uncertaint_tei will also exist for the partially drained configuntton, and will  
be accounted for fn the recoanendatfons of Section 3.4 and Section 4.0. 
the calculations are also subject to uncertatntfes tfhtch will not affect the 
analysts of the partially drained configuratton. Heat re�Dval vta conduction 
f� RCS components directly to reactor buildtng water represents a significant 
portion of the total heat removal . the actual water liYtl tn the reactor building 
for each case of the calculations fs approxi•te. However, the water no longer 
contacts any portion of the RCS, therefore .. any uncertainty i n  this parameter 
will not affect the analysts of the partiall� drained configuration. The actual 
heat removal capacity of the reactor htad and Control Ro� Drive HtchanhiiiS (CRl»>) 
fs unknONn due to the l i kely presence of non-condensi ble gases fn the RCS. It 
fs likely that these gases partially insulate the head ana CRDHs from the RCS 
water inventory thereby signiff c.antly reducing the heat transfer. Therefore , heat 
louts through the CRDHs were neglected for the benctartttng calculations . How· 
ever, fn the partially drained configuration the head and CRDMs will  also be tf
fecthely el iminated as a source of htat removal since the RCS level wil l  be 

·low enough (1 ft above plenum cover) to prevent df rttt contact. Some heat removJl 
via convection or evaporation �Y occur, however, this addition•l heat transfer 
fs neglected as a conservatism. 

· 

The effects of the various uncertafntfes in  the analysts cannot M accurately 
quantified. Rather than place arbftra� uncertainty and conservat1s• on the . 
the analysts nthod, the reconrnendatfons based on these analyses reflect a 
qualttative Judgment of the effect of these uncertlinttts. 
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Table 1 .  

Date 

- �pt. 26. 1981 
iov. 1 1 .  1981 
.Jan. 1 .  1982 
Feb. 18, 1982 

Results of Heat lal anee 

Cllculatad 
Mit loss 

EsUutad diCIY 
heat level 

"'·' Dl 11.0 '" 

... .. '" 52.0 ltW 

U.O ltW 49.5 '" 

•s.o '" .6.5 kW 

. 

. 



Table 2 

Water Side wan Thtnaal Atr Sfde Overall Heat 
·
Node 

Ffl• Coeff. 1•1 Conductivttf Film Coeff.•l Transfer Coe&f. 
ITUlhr-ft� °F ITU-in/hr·ft -°F ITU/hr-ft2-°F ITUlhr-ft2• F 

A 166.2 370 .tl . 76 
I 94.7 370 .48 .48 . 
c 94.7 370 .56 .54 
D 24.9 370 .61 .59 .. 
E 37.1 370 ... 3.11 
F 37.1 370 .16 .25 
& 14.7 370 .74 .70 

.. •Portion of Steam Generator and Hot Leg Pfptng under water. Film coefficient 
of water on outside surface of 11frror insulation fs 31 . 7  BTU/hr-ft2-0f. 
The heat transfer coefficient for the water and •trror insulation combined . 
was detenftfn'd experimentally at Diamond PONer to be approximately 
13.0 ITU.in/hr-ft2-°F. 

•The afr  side ffl• coefficient ts the JIOSt significant value tn dete�fning 
the overall heat transfer coefficient (U). The water stde film coefficient 
and wal l  thermal conducttvfttes have l f ttle effect on the overall U. The 
fflm coefficient of afr  for the different nodts was calculated using the 
equattons wh1ch Jlltched JIOst closely the geometrtes of the di fferent nodes. 

� Appl icable Geometty 

A - Flat plate; horizontal 
I • Cyl inder; vertical 
C Cyltndtr; horizontal 
D - Flat plate; vertical 
E - Cyl inder; horizontal 
F - Cyl fndtr; vertical 

· s • Flat plates; horizontal and vertical sections 

. .. 
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Figure 2. Louts Through RCS Loops, 
Septllllblr 26, 1181 
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Figure .3 • .  Losses Throuch RCS Loops, 
November 11 , 1t81 
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"ffgUT"e 4. Losses Through RCS Loops, 
.January 1 ,  1182 
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Figura 5. Lossti Through RCS Loops . 
February 18, 1982 
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3.2 ladfal Core Coolant Temperature Proftle 

The ltU-2 fnspectton progr111 currently planned as part of the overal l ncover,y 
progra• wtll bt ,arfo!Wd wtth tile 1MI·2 operating procedures. For tile partial 
draining oJ tile lCS, TH1·2 operating procedure 2102-3. 4 ,  llvtsfon 2, •��aactor 
Coolant Systea Operation wtth Core COOlfng via Natural Heat Loss ,• states that 
the average tncore thermocouple tlq)erature •st be less than 170 F and al l 
operable thennoeouple tltaptr&ture readings eust bi 1u. tllan 210 F. 

The buts for uttsfying tilts cri terion wttil respect to the average tetapenture 
was establ ished tn Section 3.1 and fs discussed further fn Sections 3.4 and 4.0.  
Predicting the .axi�Um thermocouple response based on the average temperature, 
however, requires an evaluation of the •xfmum/average temperature bistor,y. 

The relationship of aaxtmum to average fncore thermocouple values was evaluated 
through the use of the core coolant te""erature •P shown tn Figure 6. This 
•P constructed from data taken October 27, 1981 , hiS an average temperature 

. of 113 �· Host values are grouped tn the range of 110 F to 120 Fi total range 
of .nlues t s  90 F to 143 F. The di fference between the ••t- and average 
tlmptraturts of 30 F ts tndicattve of values observed over the preceedfng s i x  
.,nth time period (Septltllber 1981 to Februar,y 1982). Thts difference btbleen 
the average and aaxi1111111 values fs expected to decrease slowly wtth the decrease 
tn decay heat level. ThuS, tt ts 1f ke1y that •fntatning the average tilenno
couple reading belo��t 170 F will ensure that tile •xt11U111 thennocouple value will 
not exceed 210 F. However, i ndivi dual thermocouples could be subject to random 
error such that tile 40 F delta bet��teen •xfmum and average thennocouple readings 
ts exceeded. While tt ts reasonable to interpret the present •P as tnclud-

• tng such errors, tt ts f��posstble to predict this behavior prtctsely. There
fore, the full tncore thennocouple temperature aap should bt 110n1tored closely 
following the partial draining of the RCS. These data can be used to i dentify 
obviously erroneous thermocouple readings and el t11inate these readings from 
consideration i n  ��tetfng the 210 F aaxtiiUIII teqJerature criterion • 
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3. 3  Core Thenn11 Status Before Pre-Head U ft Inspection 

The analysi s  Mthod establ ished tn Se�fon 3.1 was utiUud to predict the incore 
..P.rtture prfor to partial drainift9 of the RCS. With no txtema1 coolfng 
•chanilll in effect, the incore temperatures wt11 depend on the .-ount of heat · -
being p�uctd and the temperature of the heat sink (reactor building ambient 
air). Thus, ·the predtcUon of core avertge tenptrature tn Ftgure 7 ts a func· 
tion of both tM time after shutdown (deca,y heat decreasing wfth ttme) and the 
reactor bufldtng llllbitnt air teq,erature. Jncore temperature predtctfons are 
•de for the ttme period of January, 1982, through January, 1 984, ass&�nift9 no 
contact between the RCS and the reactor butlding water i nventory. 

Measured incore te�eratures from September, 1981 , to February, 1982, -have 
remained relatively constant. (See Figures 2-5) Although deca,y heat produc· 
tion decreased during this ttme, the reactor butldtng water level was also 

• betng lowered. As thts level decreases, the heat transfer from the RCS t s  
reduced (reactor b"11dtng water f n  contact wfth the RCS provides fq»roved heat 
transfer relative to atr). As of February 3, 1 982, the re"tor bufldtng water 
level no longer contacted any portion of the RCS. The data reported tn Figure 
I (February 18, 1982) are consistent wtth this lowtrtd water level . 

Tht curves of Figure 7 demonstrate that the average fncore tamperatvre should 
remain below 170 F tndefint tely tn the current cool tng 110de as long as the pre
sent coolant inventory h 111t ntatned. It can also be observed that the 
predicted tncore te�erature ts senstttvt to the reactor buflding ambient air 
temperature. The relationship between tncort temperature and .-,tent air 
temperature fs essenti ally one-to-one, t .t. tadl 1°F change tn the ambient at r 
results in a 1°F change t n  the core coolant tlq)erature. 
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J.C Decay Heat Removal With 1 Partfallx Drained RCS 

TM recovery proceduNs It nu-2 requfre the partial dntnfng of tM RCS to 
perforw� fnstectfons prtor to "ead I'WIIOval. The fncore coolant temperature 
response Jo thts partial drafntng 1\as been evaluated bend on the •thod 
astablflhld �nd blncMirted fn Slttton 3. 1 .  

• Heat N��Dval tn. the partially dratned configuration fs a�s&Nd to occur only 
through the reactor vessel wal ls and lower held. lased on an anticipated 
coolant level one foot above ttle plen1.111 cover (sH Figure 5), tt11 upper 
""d could be effectively insulated from ttle coolant fnventory. AlthOUih 
101111 heat loss ttlrough evaporation at the lfquid surface and condensation on 
the vessel head would occur, this particular .. chanism i s  conservatt�ely 
neglected. Also not considered t n  thts eval uation are heat losses which cou1d 
occur fn the RCS cold leg piping. In tht partially drained con-
figuration no flow path around tt11 loop Nlllfns. Thus , with no net Nil of 
flutd 110ving around the loops f t  fs conservatively ass..ned that a neglfgible 
·�unf of �eat could be lost vfa conduction through the stagnant water in the 
cold leg piptng. · 

lased on thfs assumed heat transfer geometry. the incore coolant temperatures 
are found to depend directly on the core pOliter (dec�t heat) and the teq)erature 
of the heat sfnlt (reactor building ambient afr). Thus, the predi cted incore 
coolant temperature fs shown in Figure 8 as 1 function of time after shutdown 
and the reactor building ambient afr temperature. �I"CCII thfs ftgure f t  can be 
observed ttlat the average coolant t8nperature aay exceed the 170 F 
criterion depending on the date of partial draining and the actual reactor • 

but ldtng atr temperature. H011ttver, i t  should be noted that the tlalperatures 
displayed t n  Figure 8 are steady state values. The Nil of Mtll and coolant 
fn the reactor vessel is sfgnfffcant relative to the small amount of power 
currently betng produced. To quanttfy the Ngnttude of the tf• del�t that 
would be expected tn rtachtng the temperatures predicted fn Ftgure 8,. the core 
heet up rate was determined. 

·tl!t core coolant heatup rate after parttal dratntng of the RCS ts shOwn i n  
Ftgure 9 as a functfon of tt�

·
after shutdown and reactor butldt�g tmbtent afr 

temperature. Thts curve fs based on ass&���d coola nt tlq)eratu...: of 170 F; at 
cool ant temperatures below thts. value heatup rates would be slightly htgher. 
Tht heat capacity of ttle water fn the reactor vessel (to 1 foot above the 
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plen1111 cover) b ttle dollltnant effect i n  the analysis although the heat capaci� 
of fuel and •tal coq,onents (vessel and internals) was also fncludld. As fn 
the analysis of Figure 8, the coolant fnventol")' contained fn the hot and cold 
legs fl not- considered fn the heatup rate calculations. 

The tiai res_ponse shown 1n Figure t fs sfgnfficant relative to the predicted 
temperatures �f Figure 8. Whereas the curves of 

·
Figure I represent stea� state � 

Yalues, the results of Ffgure t indicate that ttlt core could take 2 to 4 wttks 
to reach 170 F from an intttal temperature of 100 F-1 10 F (reactor IKiflding af r 
temperature of 104 F, date of dratnfng - late 1182). Thus , tht results of 
Figure 8 should be taken as guf dtl fnes for tht potential need for supplemental 
coolfng rather Ulan absolute requir�m�nts. 

The potential need for supplemental coolfng fs shown fn ttle predicted ttmpera
�res of Figure 8. Guidelines for the amount of supplemental cooling which 
could be required are presented in Figure 10. In order to aatntafn the predi cted 
incore ttm�rature below 170 F, the rtqutred supplemental heat removal 1 s  shown 
as a f\mct!on of time after shutdown (deca,y heat decreasing wfttl tim) and reac
tor building ambient air temperature. The excess heat which eust be removed to 
•fntain the predicted incore �ratures below 170 F fs shown i n  Figure 10 
to be quite small (on ttle order of 5-10 tw for a •td-19r.Z dratndown wfth an 
ambient air temperature of � F).  

As shown in Figure 1 0  the reactor building ambftnt air temperature significantly 
affects the supplemental coolfng re�uirerntnts. Ass�o���tng no supplemental coolfng 
tht 11uimum buil ding air temperature to 111fntafn predicted fncore temperatures 
below 1 70 F vas determined. Thfs aadiiUII buflding air ttq)trature f s  shown fn 
Figure 11 as a functfon of the tilllt after shutdown at which partial draining 
of the RtS fs perfonned. 

As fn the case of Figures 8 and 10, Figure 11 provides guidtlfnes for operation. 
Due to ttle uncertainties ident1fftd fn Section 3.1, these ftgures should be 
used as guidelfnes rather than requirements. Due to the lov heatup ntes 1n· 
vol!ed (Fiugre 9) a significant 11110unt of tim wf1 1  be avaf lablt to alter 
�e core coolfng ��echanhm or restore the coolant ltvtl , tf rtquf r.ed. . . . 
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Figure 8 
Core· Heat.-up Rate After RCS Dralnl�g 
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4 .  SAFETY EYALUATlm. 

The 1oues-'to-•ient core cooling .,de for a partially drained RCS has been 
evaluated with respect to the safe operation of the plant. The basis for evalu
ating the adequacy of this cooling .,de is taken .from lMJ-2 operating procedure 
2102-3.4. ltevtsfon 2.  •Rtactor Coolant Syst .. Operation with Core Cool ing via 
llatural Heat Loss. • This procedure states that the average fncore the1"110couple 
te•rature a�st be less than 170 F and all operable the,.,couple �rat!olre 
readings �st be less than 210 F. 

Cutdelines for the predicted average fncor, temperature after partial draining 
of the RCS are presented fn Figures a. 10 and 11. These guidelines tndtcate · 

that under certain conditions the heatup of the reactor coolant could ultimately 
approach the 170 F criteria 1f ��euuru were not Ulttn to teprove heat removal . 
Due to the uncertainties i dentified in  Section 3. 1 f t  t s · retoa����ndtd that 

. .  

•ome Jl!ans of ia�proved heat removal be provided t n  tht procedure as 1 back-up 
�sitton. tore heatup rates shown fn Figure t indicate that a sfgnificant 
tt• period (days to weeks) w111 be avi11able to i��plltlltftt the t��proved heat 
rtiiiOval . t f  required. 

Conservattsms were introduced into the analyses through the e11•fnation of al l 
fleat re��eval from the RCS vta the reactor vessel htad and CIUits . and cold leg 
ptptng. Therefore no supplemental heat re1110va1 •Y a.ctually be required. 

The •diiiUIII the,.,couple reading 1s expected to remain below 210 F by Nintain
tng the average thermocouple reading below 170 F. This conclusion ts based . 

. on the core radial thenaocouple •P of Section 3.� (Figure 6) and on the expected 
trend in Nximum/average readings with decreasing decay hilt production. 

Containment building ambient air temperature has been shown to significantly 
affect the cooling requirements i n  the parttally drained configuration. Mafn· 
tatntng the ad)ient air teq�erature at the required level (u per the gutdt-
1fnts of Figure 11) fs  an effective �eans of holding average tncore temperatures 
below 170 F without requiring supplemental heat removal . With the ver.y slow 

4·1 
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4. SAFETY EVALUATICW 

The 1ossaJto-Uibient core cooling .ade for a partially drained RCS has been 
evaluated with respect to the ufe operation of the plant. The bash for evalu
ating the adequacy of thh cooling mde is taken .frcm TMI-2 operating procedure 
2102-3.4, Revbton 2, •Reactor Coolant System Operation wfth Core Coolfng vfa 
llatural Htat Loss. • This procedure states that the average incore thenaocouple 
t.eq>erature a.Jst be less than 170 F and al l operable thenaocouple tlq)erature 
readings lUSt be less than 210 F. 

&uidelines for the predicted average fncor, temperature after partial draining 
of the RCS are presented fn Figures 8, 10 and 11. These guidelines indicate · 

that under certain conditions the heatup of the reactor coolant could ultt�tely 
approach the 170 F crfterfa f f  111asures were not taken to t111prove heat rtiiiDVal . 
Due to the uncertainties fdentffitd in  Section 3.1 i t  i i · recommended that 

. .  

•omt a,ans of iraproved heat rerroval be provided f n  the proceduN a s  a back-up 
�sitfon. Gore heatup rates shown fn Figure t indicate that a sfgnfffcant 
tflll period ( days to weeks )  wi ll  be aviflable to i111pletntnt the f�roved heat 
n110va1 , i f  required. 

Conservathms were introduced into the analyses through the tl illfnation of all 
htat removal from the RCS via the reactor vessel head and CIUI1s , and cold leg 
piping. Therefore no suppl�ntal heat rtiiOval 111y �ctually be required. 

The 111ximum thermocouple reading is expected to remain below 210 F by maintain
ing the average thermocouple reading below 170 F. This conclusion fs based . 

. on the core radial thtnaocouple 111p of Section 3.� (FfguN 6) and on the expected 
trend in IIUfmum/aver�ge readings with decreasing decay htat production. 

COntainment bufldfng ambient air  temperature has been shown to significantly 
affect the cool tng requiremenu in the partially drained configuration. Main· 
tafning the ambient air  teqltrature at the required l evel (as per the g"uidt-
1fnts of Figure 11) is an effective 111ans of holding average incort temperatures 
belOw 170 F without requiring suppl..ental heat removal . Wfth tht ver.y slow 
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Matup nttS involved co re  coolant te��Ptntures could be kept below the desirtd 
U�t by altering the Ulbfent afr tlt1»traturt if nqufrtd. 

-

kt alte�te Mans of prorldfng suppl .. ntal Mat I"'IIIYal wuld be to utilize 
af r flow 1tross the reactor coolant insfdt the vessel Mad. Such 1 flow path 
could be estitil hhed bltwttn CRDH and rtactor vtsitl head thtrmcouple pent• 
tratfons. Mlfntafnfng a flow across the coolant i n  the partially draf ntd con

ffguratfon would provfde direct convtc:tfvt cooling and evaporative cool fng. 
Wf th the slow heatup ntes involved, the 1dtquacy of thfs coo1 1ng •chanfsm 
could be verfffed by monftorfng the 1ctual fncore thermocouple temperature 
rtsponse. 
Supplemental coolfng could 1lso be accomplished by 1ddfng water to the 
RCS by •ans of the Dtc:ay Heat Removal . Mfnf Decay Heat Removal . or 

Standby Pressure Control System. 
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I .  INTRODUCTION 

APPERDIX C 

REACTOR COOLANT SYST!H (RCS) 
DILUTION SAFETY EVALUATION 

Durilla the "Quick Look" tutina, reactor ahutdovn (aubcrittcallty) vill 

be aaaured by the presence of boron in the reactor coolaDt. The Quic\ 

Look Safety Evaluation haa ahovn that .. intainin& RCS boron concentration• 

of 3500 ppm or areater aaaurea aubcriticality under all credible conditions. 

THI Unit 2 operations durin& the paat tvo yeara haa demonatrated that 

it ia poaaible to maintain a controlled boron concentration in the 

RCS. However, during the "Quick Look" teatin& the RCS condittaas vill 

differ from those that existed durin& the previous tvo yeara. The 

primary coolant level will be lovered and the prt..ry coolant preaaure 

vill be reduced. In viev of these differences it ia necessary to 

evaluate the ability to continue to reliably .. tntain a controlled boron 

concentration in the RCS. The purpose of this appendix ia to review 

the precautions that vill be taken to aaaure that the required RCS 

boron concentraton vill be maintained. 

The Reactor Coolant System temperature and chemistry will not be 

aignificantly affected by the Quick Look teat and, hence, boron 

solubility vill remain essentially unchanaed. The only vay RCS 

boron concentration can be chanaed in an uncontrolled ..nner during 

this teat ia by dilution of the RCS coolan� vith vater that ia 

either, unborated or borated belov 3500 ppm. Thia diacuaaion vtU 
therefore review the .. thoda that vill be uaed to prevent boron dilution. 

C-1 
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Uncontrolled boron dilution will be prevented by a combination o f  

prevention, .onitorina, and corrective actiaa.. 

The followiD& diacuaaion ahowa that the proeedurea 1D effect durin& 

the ti.. the RCS ia depreaaurized will prevent the uncontrolled addition 

of coolant to the RCS and, hence, pievent the uncontrolled reduction 

of the boron concentration. In addition, if for .aa.e unforeaeen reaaon 

boron dilution ahould occur, the monitorina and correcti.e action 

procedure• will preclude aignificant reduction• in boron concentration 

and aaaure the reactor remain• ahutdovn. 

II. ACTIONS TAKEN TO PREVENT BORON DILUTlON 

Aa stated above, boron dilution will reault i f  water cootainina 

boron concentration• lese than 3500 ppm 1a added to the RCS. The 

aources of thia water are the various ayatema connected to the RCS 

which includea the aecondary ayatem. Syatema which potentially contain 

coolant with boron concentration• leas than 3500 ppm bave been reviewed 

to ·asaure that they will not be creditable aourcea of boron dilution. 

The followina actiona will be taken to prevent the uniDtentional 

dilution of the boron in the RCS. It ia concluded that theae actions 

will prevent the dilution of the RCS boron concentration durin& the 

time the preaaure and water level are lowered. 

1. Steam Generator 

One potential aource of. dilution of the RCS boroo ia ateam 

aenerator coolant leakaae throuah the ateam aenerator tubea .  

The potential for thia leakaae baa been precluded in the paat 

by maintainina the RCS preaaure biaher than the aecondary 
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coolant preaaure, any leabae vould be from the RCS to the 

aecondary ayat ... 

During the "Quick Look" the prillary ayatem pruaure will be 

reduced to atmoapheric prea1ure. To preclude RCS dilution 

while the RCS pre11ure ia reduced, procedure• require that 

water levela in the aecondary aide of the ateam aeneratora 

will be maintained lover than the level• in the primary aide. 

In thia .. nner the preferred potential leabge path, from 

pri .. ry to aecondary volumea , ia lllintalned. Under theae 

condition• the aecondary volume of the ateam aeneratora will 

not be a credible aource of RCS boron dilution. 

2 .  Makeup and Purification/Standby Pre11ure Control Syatems 

These ay at ems are borated areater than 3600 ppm and will be 

operated by approved "Quick Look" procedurea to aupply aake-up 

water to the Reactor Coolant Syatem whenever leakage neceaaitates 

addition. The Hake-up pumps, KU-P-lA/B/C will be tagged "off" 

and portions or connection• to the1e ayatema that are Dot u1ed 

for .. ke-up will be ilolated. In addition, the emeraency pro

cedure u1ea portions of the Vaate Decay Liquid ayatem to rapidly 

refill the Reactor Coolant Syatem from the RC bleed tank via the 

waate pump, VD�P-5 A/B. To preclude ftDJ inadvertent operation 

of thil emergency injection, iaolation valvu, MU-V9 anc! MU-VlO 

will be tagged cloaed. 

J. Demineralized Vater Syatem 

The deminerali&ed water ayatem haa been reviewed and where poaaible 

apool piecea in the flow path to the RCS have been raoved. 

Vhere thia could Dot be done, ilolation valvea in the flow 

.,. 



paths have been taued ahut. 

4. Subaeraed Demineraliaer Syst .. 
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DuriDa the "Quiclt Loolt" evolution the SDS aay be operated to 

process the present aupply of uoproceaaed vater. Tbia evolution 

vill not create a dilution concern aince the SDS vill be iaolated 

from the Reactor Coolant Syatem by taagiug closed the injection 

valve• •  HU-V9 and HU-VIO. 

5. Other Syatema 

TABLE 1 

Decay Heat Removal 

Hini Decay Heat System 

Core Flood System 

Intermediate Closed Cooling Water 

Nuclear Services Closed CooliDa Water 

Decay Heat Closed Cooling Water 

Chemical Addition 

Steam Generator Feed Water 

Spent Fuel Coolin& 

The following actions will be talten to prevent dilution of RCS boron 

by unintentional transfer from the ayat..a in Table 1 of coolant con

taining boron concentrations leas than 3500 ppm to the RCS. 

A. The ayatema in Table 1 have been uvieved aud isolation valves 

in the flov paths have been tagaed shut. 

B .  A checklist baa been prepared listing all valvea that are to 

be used for isolation duriua the time the RCS ia at reduced 

presaure (including t�ose in Section II . 2 .  3. aud 4) . The 

poaition of the�e valvu vill be confirMd every 24 houra during 

thb period. 



c. All pumpa 1n tb .. e 8Jat ... ; except 1luclear aervicea cloud 

coolin& water vbich coola the iutruMat air cc.pruaora ad 

vaate aaa ca.preaaora; vill be taaaed out to further preclude 

the iudvertnt tranafer of coolaat to the RCS. 

D. The levels of all atoraae tanka that could be aourcea of vater 

into the RCS ¥111 be 110n1tored aad loped once ever, 24 houra. 

E. The ayat ... in Table 1 vill not be operated 1D ay aaaner, 

except for emeraencl .. vbere plant safety 1a irsvolnd, vhUe 

the control drive Mc:haninl8 are opea durin& the Quick Look. 

All other t!Ma their operation v111 be lia1tad to those 

action• nec:eaaary to aupport plant operation. 

need• vlll .!!.,!tt include addition• to the RCS. 

(Thue eaaeat1al 

Such aetioa vill 

only be done for plant aafety or vhea approved by PORC. oa a . 

caae by c:aae baeia. )  Such operation v1 1 1  require the written 

approval of the Shift for.em.n and ¥111 be c�ducte� �der his 

direct aurveillance. During thia period any change in atatua 

or operation of the ayateaa in Table 1 vill be entered into the 

control room log. Surveillance teatin& for the •J•t ... in 

Table 1 vlll be poatponed during the tiM the RCS ia at at.oapheric 

prenure . 

I I I .  ACTIONS TAKEN TO DETECT AND TERMINATE INADVE RTENT  BORON DILUTION 

The actions described in Section Ill ¥111 prevent the inadvertent 

dilution of the boron in the RCS. However, even thouah auch dilution 

ia unlikely, procedure• have been eatabliahed to aaaure the early 

detection of a dilution event. In auch a caae, action can be taken 

to find the aource of the dilution ad atop it or to inject additional 

boron. 



The boroo COilCeDtratiOD vill be .onitored by .OOitOriDJ the aCS 

coolant leYel. After the ICS 1.-..1 hu been reduced, a bue ayatn 

leakaae rate vtll be eatabliahed. Uatq thia leakaae rate a plot 

of predicted level .eraua tt.e vtll be aiveo to the operation• ataff. 

Super1•poaed on tbia predicted level vtll an ! alara and + •ction 

level liait. The alam lnela vill be 24 tDchee above and below 

the baae levela. The action level ta 12 tache• above the baae level. 

If it 1a aaaUINd that unborated vater 1a beina Added to the RCS, the 

RCS boron concentration vtll at111 be above 3SOO ppm at the htsher 

alarm level. The lower alam level ta uaed •• a precaution to 

indicate a poaalble increaae in plant leakaae and, hence, a need 

chana• the level. 

Procedure• vill require the follovtna action in the event the high 

action level ia exceeded. 

1 .  The control room operation log diacuaaed i n  Section 1 1  2 E  vtll 

be reviewed to attempt to determine the aource of dilution. 

2 .  The poaltion of all isolation valve• and atatua of all pumps 

diacuued in Sections 11 2B and C ahall be checked. 

3. Storaae tank levela (Section II 2D) vill be checked to 

detemine the aource of coolent dilution. 

4 .  Quick Look operation• ahall be tnporarily teraiaated and the 

.. chant•• aeal ahall be replaced if tbe blah alam level ta 

reached. 

If the above actiona do not atop the tncreaae of RCS . coolant level 

and hi&h alam level ia reached, the THl Unit 2 �raency Procedure 

2202- 1 . 2  "Unanticipated Boron Dilution" vill be uaed to increue the 

RCS boron concentration. 
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In the 11ve11t the lover alana level f.a reached, a nev baae level 

"curve Vtll be eatabliahed with appropriate alana ad actioa level 

liaita. 

In additlOD to .cm1tor1q the" ICS c:oolaDt levala ad the alana 

ed act SoD level a dhcuaaed above, the aource raae neutroa 

inatrU��ntation v111 be .onitored. A llue couat rate v111 lie 

' aatabliahed after the cool&Dt level baa been !overed. AD increue 

in couat rata for .ore than oae minute, of tvo tiMa the llue 

count rate ahall be conaidered an alarm lillit. An increaae of 
.. 

five tilllea the count rate for lua than one ainute ahall alao be 

conddared an alarm lillit. On reachina tbeae lillita the reapoaae 

v111 be the aame •• for the RCS coolant hi&h level alarm. 

V. SUHKARY 

The action• diacuaaed above are conaidered aufficient to preclude 

inadvertent boron dilution. In the unlikely event auch dilution 

vera to occur, procedure& will permit ita detection and provide 

the information needed to terminate the cool&Dt tranafer. Jaaed 

upon the uae of the•• plant liaita and procedurea, reactor ahutdovn 

1a auured and criticality 1a not conddered credible. 


