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TMI-2 Critical ity Analysts 

Su.ary -

The crttfcal ity analyses of the TMI-2 reactor to support the recovery 

ectivttfes through head removal have �edel�d the core assumi�g 501 cladding 

fai lurt i n  al l fuel rods. the associated amount of fuel damage fs the �xfmum 

that could have credibly occurred as 1 resul t of the 1979 accident. Thfs 

report discusses the worst case �del of additional fuel disruptions that 

could  occur as 1 result of a heavy load drop accident. such as dropping the 

reactor head onto the ve�sel or plenum. The heavy load drop .odel f s  conser

vative for critfcal fty analyses because it  assumes the �ximum credible amount 

of additional cladding fai lures. with the fuel col lapsed to the .est reactive 

configuration. The analyses i ndicate that with this conservative IOdel the 
core wi l l  �tn 1.016p subcritfcal (Keff < .99) wfth a boron concentration of 

3500 ppn. 
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J. Introduction -

Criticality calculations1 •2 of the core regfon fn  the TMI-2 rttctor 

have MOdeled the fuel as 50S damaged and 50S undamaged. This .odel was 

developed by the NRC3 and was conservttfvely ·adapted for crftfcal fty 

safe� analyses fol lowing the accident. Thfs .odel has also been used for 

critical ity calculations tn support of the safety evaluations for recove� 

activities through head �va14
• · It continues to be a conservative 

approach for head re�eval recove� activities , since there are no plans to 

disturb the fuel . �ver, 1 .odel with 50S damage could be nonconservative 

if additional fuel disruptions occurred as a result of 1 heavy load drop 

accident. This report describes the worst case model of additional fuel 

disruptions that could occur in the TMI-2 core resulting f� 1 heavy load 

drop accident. It shows that the core wil l  rem�tn ·l.OIAp subcrftfcal for this 

reconfigured condition with 3500 ppm borated water. 

The .odel of addfttonal fuel failures caused by a heavy load drop 

accident results in 62S of the core being damaged. Like the 50S da .. ged 

.odel , the 62S damAged .odel is a conservative adaptation of·the NRC IOdel of 
daNge. The development of the 62S damaged .adel fs discussed fn .ore detaf l 

tn  the fol lowing section entitled •o.Nged Core Model . •  

The .odel not only considers 12S additional core damage, but also includes 

an opti•tzation of all  variable parameters affecting the. reactivt� (p l of the 

core. Tb! opti•tzatfon analysts deten�tnes the �steal arrange.ent and con

dition of the core para��eters such that the hfghe$t effective neutron 111lti· 

pl tcatton factor (t1ff) ts  obtained for the worst case. The par .. ters fn· 

elude fuel particle sfze, the particle shape, particle spacing, structural 
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debris,  tecnpertture coefficients, et ceter1 . The specifics of the 

optiaizttion 1re discussed in  1 subsequent section entitled •Opti•izttion of 

Reacttvtt,r•. 

The last two sections of the report discuss the calculational �ethods 

and procedures, and su�rize the results. The cal culational methods and 

procedures are the une as th"se used fn the previous analyses.1 •4 The 

aethods for optimizing the fuel configurations are based on spectrum and 

spttial antlysfs of the vtrious fuel-moderttor combinations. The procedures 

for detenafning the highest core reactivity are based on deten.fnfng the 

reactfvf� coefficient for all  the partmeters affecting the .ultfpl fcttfon 

ftctor. The optimized results of the aost reactive worst ctse aodel of the 

heavy load drop accident show the core � 1 1  be l .OS subcritfcal . 
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JJ.  DINged Core Model -

· The dlmaged core critical ity �Cdel for the heavy lo1d drop accident 

evolved f� the existing core critical ity .adels4•5, the Quick look dlta6, 

and 1 hypothetical scenario whfch produces the maximum amount of additional 

fuel rod cladding failures. Thfs discussion explains the evolution of the 

.odel by ( 1 )  reviewing the development of the existing 10dels ,  (2) indicating 

how the Quick look data shows the exfstfng �dels are conservative , (3) showing 

how the existing model -.y be potential ly non-conservative ff additional clad

ding failures occur, and (4) developing the scenario of additional fuel dis

ruptions caused by a heavy load drop accident. 

The existing core criticality models were developed when the first crftf· 

cal ity safety calculations were performed on the TMI-2 reactor fol lowing the 

accident. At that tf•, there were no predictions ·as to the degree of dl•ge. 

Consequently, the crftfcal ity calculations assW�ed 1 range of dlm�ge including 

1 total core collapse. Models of all  the fuel collapsed within the vessel 

indicated the reactor would not be subcritfcal with 2100 ppm boron in the IOd· 

er1tor. Thus ,  either 10re boron was required, or assesseents of the Nxi.., 

degree of da�n�ge were needed, or both. The NRC used SiiiPlffying and bounding 

calculations to detenaine the Nxi.,.. degree of da•ge. The resul ts indicated 

that cladding embrittlement would occur to 1 depth of between 6 and 7 feet in  

the center asse.bly locations , and to 1 depth of 5 to 6 feet fn 10st of the 

other asselblies3
• The average 110unt of cladding failure predicted by the 

NRC was less than 50S, with IUCh less than 50S of the cladding of the high 

enrfched batch 3 fuel on the perfphery predfcted to fai l .  Consequently, a 

conservative cr1tfcal ity IOdel was developed with 50S of the cladding dam�ged 

and 50S unda.aged. 
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The lower 6 feet of the core were assumed to be undamaged. Thfs region 

was .odeled geometrically to be the same as the orfg1nal core with the fuel 

oellets 1n the original fuel cel l arrays and the fuel cel l  arrays comprising 

the ortgtnal 177 fuel assembl ies. In the damaged UDDer half of the core, the 

crftical tty .odel further assumed that none of the fuel particles would be 

confined by the cladding. W1thout any structural SUDDOrt, the damaged fuel 

was mixed with the most reactive amount of moderator and placed in a unffoMm 

.. ss on top of the undamaged fuel . Thus , a vertical cross section of the core 

geomet� would show a two region cyl inder with the damaged fuel stacked on top 

of 6 feet of undaDaged fuel .
• 

Subsequent to the accident , there were several .are predictions of core 

damage using various calculation methods. These predictions were evaluated 

and a reference core model was establ ished as well as a maximum damage �ede1 5• 
The ��eunt of fuel predicted to be free of the cladding t s  less than 50S. 
Thus. these later IOdels further confirmed that the earl ier critica1 1� 

calculations are conservative when treating half of the fuel as completely 

damaged, without any cladding support. 

The Quick Look data has also shown that the 50S damaged core .,del 1 s  

conservative6• I n  fact, the Quick Look data indicates that the peripheral 

fuel (batch 3) .. Y be standing which would indicate IUth less than 50S of the 

fuel wi l l  be free of the cladding. This would indicate that the critical i ty 

analyses used to support recovery activities through head reDOval (reference 

4, BAW-1738) are very conservative because they ass.- 50S dam�ged fuel . 

However, reference • does not address critical i ty accidents. Due to the 

unknown structural rfgidf� of any batch 3 fuel that •Y be standing , there 1 s  

the oosstb1 1 f ty of an accident scenario that results t n  10re than 50S claNged 
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fuel .  The fol lowing discussion explains the scenario for additional fuel 

daNged as 1 result of a heavy load drop accident, such as the reactor vessel 

head drop. The developmtnt of the crfticalfty IOdel for the fuel 

configuration i s  also explained. 

Figure 1 shows a sch�ttc of the damaged core with the peripheral fuel 

(60 batch 3 assemblies ) standing. If the shock of dropping the head has 

sufficient force to fracture the _embrittled cladding of the standing fuel , 

then the standing fuel � 1 1  col lapse. Rather than attempt to �echanically 

analyze the e.brittled cladding to quantify the amount of fuel fai lures , if 

any , the criticality evaluations have assumed that the shock fractures all 

embrittled cladding. 

References 3 and 5 show the predictions of cladding embrittlement as a 

result of the 1979 accident. The degree of tmbrittlement fol lows 1 sl ightly 

parabol ic radial di stribution with the most embrittled cladding occurring at 

the center of the core, 7.5 feet fro�� the top of the f�l . Figure 1 

schematically shows this embrfttlement zone. 

To ensure 1 conservative criticality IOdel , the fracture zone resulting 

fro11 the heavy load drop accident i s  specified to occur at the lowest point on 

the .-brittlement zone. This results in the greatest aMOUnt of additional 

fuel cUNge. Only the bottom 4.5 feet of the original core reeafn und1111ged 

with thfs 10del , whfle the retnaining 621 of the fuel is  damaged. Figure 2 

scheMitically represents the potential core configuration fol lowing this 

scenario of 1 heavy load drop accident. On top of the undalftlged fuel rests 

the fuel d1111ged fn the 1979 accident. On top of thfs diNged fuel f s  1 layer 

of the peripheral (bitch 3)  fuel whfch col lapsed as 1 result of the 

postulated heavy load drop accident. 
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Whflt the a110unt of additional fuel da•ge i s  the •axi11.111 that MH�ld be 

credible, the core .odel i s  not the 110st conservative criticality 10del : 

(1) There are uncertai nties associa�ed with the composition of the existing 

dam�gtd fuel which could increase reactivity; and, (2) There are uncertainties 

associated wfth the configuration of both the damaged fuel and col lapsed fuel . 

The uncertainties associated wfth the c�sftfon of the damaged or col lapsed 

fuel are el i11fnated by optt•izfng the parameters affecting reactivity. Thts 

opti•fzation is  discussed tn  the fol lowing section entitled •Optillfzatfon of 

Alactfvfty•. To ensure the fuel arranget��ent in  the critfcalfty mdel 1s 

conservative, the uncertainties associated with the damaged fuel configuration 

are enveloped by specifying the criticality 110del shan� in Figure 3. 

Figure 3 represents the worst case critical ity IDdel . Al � the damaged 

batch 3 fuel 1 s  sandwiched between the undamaged fuel on the bott011 1nd the 

retnafnfng (batches 1 and 2 )  fuel on the top. As discussed fn  the fo1 1Qiing 

section, thi s  separation of all the damaged batch 3 fuel from the other 

damaged fuel produces 1 higher reactivity than any homogenized �ixture of all  

the daNged fuel . 
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JJJ .  Optf�fzation of Reactfvt� -

The previous dfscusstons of the •dam�ged tore .odel• described a 

�pothettcal scenario of additional fuel dam.ge. While the additional damage 

f s  the .. xi� amount that could be credible, the damaged configuration alone 

does not produce the worst case crittcal f� .,del . The crttfcalf� .ode'f ts 1 

worst case when the parameters withfn and around the fuel regions have been 

optf•fzed to produce the �est reactive condftfons. Thfs section outl ines the 

optf•fzatton of the core reactivity by indicating how the values of all 

parameters which affect reactivity are analyzed. 

Al l the .. tertals within the reactor, along wtth the geometrical 

arrang�nt of these materials are para�ters affecting the reactivity of fuel 

configurations. In an undamaged reactor, these para&Deters are well defined. 

Jn the daNged nn-2 reactor, .ost of these parueters cannot be defined. 

Crftftalfty safety procedures requi re  that all  parueters which are not 

specifical ly known or precisely controlled be treated conservatively to 

produce the .ost reactive systtm possible. This procedure has bten fol lowed 

fn  both the crfticali� safety analyses following the accident and the 

analyses supporting recovery activities through head rt�Dva1 .4 It wi l l  

continue to be followed for the analysts  of the heavy l01d drop accident. 

Reference 4 contains a detailed description of specific evaluations for 

obtlfning the •xtun reattfvfty fn  previous worst case crttfcal tty .odels .  

Reference 4 also explains the optf•lzatton techniques for deten.tnfng the 

values of all the various para•ters affecting the reactivity of the diNged 

core crttical fty .,dels .  Since the worst case critfcal fty .,del for the heavy 

l01d drop accident contlfns essential ly the s.-e par..eters as the previous 
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10dels ,  this di scussion �11  bt abbreviated. Appendix A gfves 1 detai led 

description of parameters which have changed from previous analyses while the 

fol lowing discussion gives 1 synopsi s  of the optimized fuel conditions. 

The two baste parts of the optt•ized fuel regions are the moderator and 

the fuel particles. The fuel particles wfth the highest reactfvt� are tn  the 

fonn of the original pellets (see Appendices A and C). The pel lets are 

stacked end-on-end l ike a rod and contain only uo2 and the isotopics 

corresponding to the burnup that each rod received during the 94 equivalent 

full power days of operation. The 110derator 1s the region surrounding the 

fuel and f s  1 1efted by Technical Specifications to a •infmum of 3500 ppm 

borated water whtch establ ishes fts 110st reactive condttfon. 

The moderttor tnd fuel in the undamaged fuel region lrt constrained to be 

in  the geometrical fonn of fuel pins and fuel tssetllbl fes. Therefore, optf· 

•izfng the fuel-moderator cOibtnation (�drogen
.
to· uranium ratto) involved an 

analysis of water logging. The optiNl retctfvtty occurs with the standard 

cltdding fn  place tnd the original fuel to cltd void space. The opti.al 

fuel-IIOderttor arr1y in the damaged fuel regions 1s 1 square (see Appendices A 

and C). The lOSt retctive coebination of fuel and �rator for the da .. ged 

bltch-3 region fs produced when the fuel volu.e friction fs .58. The 

corresponding volu.e frtction for the region with the da .. ged batch 1 and 2 

fuel f s  .61.  

The fuel configurations within the core 10del (Figure 3) radially extend 

across the are• of the original core. The height of the undaNged fuel , 4.5 

feet, 1s detenntned by the fracture zone boundary shown fn  Ffgure 1.  With a 

fuel volaa frtctfon of .58. the height of the dullged batch 3 region ts  1 

foot 3.3 inches. Likewise. for the reNinfng diNged fuel . with • .61 fuel 
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wo1UIIt fr1ctton, tht height ts  dtttl'llined to bt 2 feet 4.7 fnches. Tht 
nfltctors for thfs core .se1 are deffned by tht actual •tertal and 

c�nts on tht top, bott011, end stctes of the fuel conffguratton. 

tbt tellperature of the wartous components of the core (fuel , -.,derator, 

end nfltctor) ere all ass..ed to be untfonD. Tht .ost reacthe tettperature 

fs so•f (the lower technical spectftcatton l tmtt) and the core temperature 

coefficient f s  neg1tfve. 
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IV. Cllculatfonal Methods and Procedures -

The two previous sections (II  and I I I ) ,  respectively, described the core 

IIOdel rtsulting from a heavy load drop accident, and the parameters within the 

reactor that affect the reactivity of the 110del . In this section, the •thods 

and procedures for optf11fzing the parameters to attain the .,st reactive 

(worst case) core ��»del wt ll  be described, along with ��ethods and procedures 

used for the core analyses. This description wt l l  refer to the COIIPuter 

codes NULIF7• ANIS�, and PDQ9• These codes have been described fn 

reference 4 which includes other references expl icitly detail ing the .ethods 

used within each code. Therefore, no discussion of the codes per se is 

incl uded fn this section. 

The core configuration (Figure 3) was separated into cel l s  of fuel and 

IOderator combinations for the three respective fuel regions , and cel l s  of the 

non-fuel rtgions , such as the reflector regions , control rod guide tubes , and 

fnstn.nt tubes. Optf�nizatton of the core IIOdel to detenDine the .,st 

reactive combination of all parameters began wfth NULIF analyses of each 

cel l .  NULJF calculations deten.fned the sensitivi� of the 1Ultipl icatfon 

factor to each par,.ter. Ill iterative optf•izatfon technique was then 
IIIPloyed to detennine values for each para��eter f n  cominatfon with all other 

parameters such that the highest overall  IUltipl ication factor was produced 

for each fuel region. 

The three fuel regions and the reflectors were coupled together with the 

PDQ code to dete111ine the .,st reactive core configuratfon. The PDQ calcula· 

tions tn 1-df•nston (axial ) and 2-groups served as the principal .,del for 

prtdicttng the overall  core 1Ultipl ication factor and the associated reacti-
. 

vi� changes. Whfle the 1-di�ensional calculation only COiftPUted the axial 
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flux distribution . the calculation of teff represented the 3·d1.ens1ona1 

core by including radial buck1 1ngs for the three respective fuel regions. The 

accura� of the 1-dt�ensional PDQ results was verified by benchllrking thel 
�th two 3-dfmensional PDQ calculations and with a 13-group 1-df�ensional 

ANISN calculation. The specifics of the benchlirk calculations are described 

tn  Appendix D. 
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Y. Results -

The worst case critical ity 10del which would occur from the postulated 

htavy 1otd drop accident t s  l.OIAp subcrttical wtth the .est reactive cOIIbi

riltton and configuration of the parameters affecting reactivity. The results 

are SU�m�rized in the fol lowing table. 

Crttical f ty Results 

keff with control rods, 3500 ppm boron 

Contro 1 rod worth 

Akeff for an additional 500 ppm boron 

Inverse boron worth 

Ttq)trature coefficient, 3500 ppm boron 

Ttq>trature coefficient, 4000 PPII boron 

.188 

.2SAD 

- .02 

240 ppcn/� 

-.4x10-4Ap/•F 

•.4x10-4Ac»/•f 

The keff ( .988) is  the max18Um possible value including the uncertainties 

identified as part of the benchmarks for this analysts and uncertainties 

identified previously4• 

The control rod worth was detel"'lintd to be . 216p .  This very l ow  worth 

reflects the high importance weighting of the daM�ged fuel regions relative to 

the unduaged since the control rods are ass.-ct to be only 1n the unda•ged 

fuel region. In the unda•ged region the control rods are worth 6.8kp. Thus 

the fiiPlfed fiiiPOrtance weignttng factor 1s .03 for reactivity changes fn the 
unddlged fuel . Such 1 l ow  111!p0rtance weighting factor and l ow  control rod 

worth •ans that uncertainties associated with the control rods have 

essentfally no effect on the reactivity of the overal l core. 

• 15 - labcoclt & WDcox 
. ... _ ........, 



If an additional 500 ppm boron ts  added to the MOderator, ktff wfl l 

citcreue by • value of .02 6keff• Thus.  the inverse boron worth t s  

240 ppii/S6p when the core paraaters are optf•iz� wfth 3500 ppm bora�ed 

water. The inverse worth provides an estt .. te of the boron concentration 

required to achieve any particular deg�e of subcrttical ity. 

The tefftperature coefficient of the crftfcal t ty MOdel was detel"'lfned to be 

-.4xto•4'PJ•F. This value was obtained by increasing the temperature from 

so•F to 73.t•F. It shows that so•f fs the .ast reactive temperature for the 

worst case core 10del (so•F f s  the lower technical specification l ilrtt) .  

The temperature coefficient at  4000 ppm boron was assessed by comparing the 
calculations of the temperature coefficient for the dlmaged batch 3 fuel at 

3500 and 4000 ppm. It is estimated that the core temperature coefficient at  

4000 ppm boron wi l l  be essentially the same as  at  3500 ppe boron. 

Reference 4 shows the worst credible fuel conf�gurttfon that could exfst 

fn  the TMI-2 reactor. Thfs configurttton4 �eets the shutdown crfterfa (ktff c 
.99) wfth 1 .. rgfn of l.Oiap; thus . the calculated keff f s  less than or equal 

to . 98. The hypothetical worst case heavy load drop accident results show 

thlt 1 l.OSAp shutdown .. rgfn wi l l  be .. intained (ktff < . 191 should such an 

accident occur. Appendix E describes the reactfvt� .. rgin associated with 

thfs worst case 10del . 
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Ftgure 1 

Dlm�ged Core Model With Peripheral Fuel �tanding 
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. Figure 2 

Core Model With Collapstd Peripheral Fuel 
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• Figure 3 

Heavy Load Drop Accident 
Crit1ca11tt Model 

Damaged Fue11 

Damaged Bltch-3 Fuelb 

a) Core average t sotopfcs based on unburned batch-3 fuel 

b) All the batch-3 fuel (60 assllb11ts) above 4.5  feet 

c)  · Pfn by 1»tn burnups fn 1 untfont utal d1str1but1on 
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Para.eters Affecting Reactivity -

The discussion of the parameters affecting reactivity is  divided fnto 

four categories as was done previously.4 These categories are, (1 )  fuel 

co.posttion, (2) MOderator composition ,  (3) fuel-moderator combinations , and 

(4) fuel -.oderator-reflector configurations. By dividing the parameters into 

categories,  the explanation of each parameter's affect on reactivity can be 

simpl ified. knowing each parameter's  separate affect on reactivity provides a 

better understanding of the optimization process ,  where the most reactive 

combination of all  parameters is determined. 

Fuel Co!rposftion - The II)St important parameter chinge that has occurred in  

.oclelfng the fuel 1s  the treatment of  bumup. Previously, the reactivity 

effects of burnup were applied to the undam.ged and damaged regions by 

.odifyfng the IUltfplfcation factor fn  these regions. The heavy load drop 

IOdel has introduced the effects of burnup by fiPltmenting the burned 

fsotoptcs directly fnto the fuel regfOrls. In the und11111ged fuel region, uch 

batch of fuel has the burned fsotopics representative of that batch. In the 
daNged batch 3 fuel region, the fuel t s  assa.d to hive no burnup. This 

ensures that uncertainties associated wfth the distribution of the burnup 

withfn the batch 3 fuel are treated conservatively. In the damaged batch 1 

and 2 fuel region, the burned hotoptcs not only represent those for batches 1 

and 2, but also conserve the total uranium and plutonium i sotopics for batches 

1 ,  2, and 3. The treat.nt of the burnup t s  described further in Appendix B. 
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The other parameters used in  110del ing the fuel that were reevaluated for 

their  reactivity effects were , (1)  the gldolinium poi soned fuel . (2) the fused 

fuel coeposf tion, and (3) the temperature coefficient of each fuel region as 

well as the temperature coefficient for the overal l  core critica l ity IOdel . 

The depletion of the gadol iniUm fuel was expl icitly ealculated, therefore fts 

burnup effects on the isotopics were exp1 1ctt. However. the fsotoptcs of 

gadol inium fn the criticality 10del were conservatively el iminated. The fused 

fuel wf l l  be di scussed further when fuel -moderator combinations are discussed 
. 

and tn  Appendix C. The tetnperature of the fuel i s  not separated frocn the 

teq>erature of the 110derator. 4 Therefore, the discussion of temperature 

coefficients wi l l  be deferred to the discussions on fuel �erator 

combinations and fuel �derator-reflector confi gurations. 

Moderator Composition - The IOderator has been defined as the region that 

surrounds the fuel . The changes from previous analyses in  the c01p0sition of 

the moderator are,  ( 1 )  the water logging of the undamaged fuel , (2) the 

treatment of void and temperature reactivity coefficients, and (3) an analysis 

with 4000 ppm boron as well as the standard analyses wfth 3500 p;. boron. 4 

calcul ations of reactivity coefficients have indicated the unda�ged fuel 

has 1 negative 110derator density coefficient wfth 3500 ppm and 4000 ppm boron. 

Thus. the water logging reactivity af�ects need to be conservatively treated. 

Previously , the treat.ent involved 10df fying the .ultipl ication factor fn the 

undam�ged fuel region. For thfs analysts.  the 10st reactive condition is when 

the -.ter i n  the undam�ged fuel was placed outsfde the cladding. In addition, 

the cladding was assumed to have f ts original outside diameter and thickness. 
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Tht density of the water 1n the �derator 1s prfncfpel ly 1 function of 

fts tetnperature and pressure. However. there •Y be other Nterials fn the 

MOderator which affect the homogenized isotopic concentrations as wel l as the 

density of the water. Reference 4 explains the effects of 11ixtures and solu

tions of the various reactor .. terials.  showing all  wi l l  decrease reactivity. 

The one substance that could possibly i ncrease reactivity 1s a low density gas 

1n the undamaged fuel region. The existence of such 1 substance was not con

sidered credible previously. However. further evaluations indicate that voids 

1n the form of fission gases could possibly be present. The gases are 

contained fn  the plenum region of the undamaged core. Consequently, should 

they be released, the voiding would occur fn the damaged core regfon which has 

a negative void coefficient. Thus ,  no void coefficient was expl icitly 

evaluated for the heavy load drop critical ity .adel . 

The .aderator tet�ptrature coefficient fs  noi"Ul ly considered to include 

both the effects of changes fn the scattering properties of the .odtrator as 

well as changes fn the MOderator density. Since the .aderator vol� is 

optf�fzed fn the damaged fuel regions , the 10derator density change with 

tellptrature can be ignored in these regions. Therefore , the U.rature 

change i n  the 10derator of the claNged fuel does not reflect 1 change in 

110derator density. The IOderator tetnptrature and the fuel ttq)erature are the 

s11e, thus , there 1s  only a single tetnperature coefficient. Thfs parameter fs  

discussed fn .are detail  tn the subsection on fuel -MOderator combinations. 
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The analysts of the criticality models for recove� activities through 

head removal are based on a measured boron concentration of 3700 ppm and a 

•inf� value for the safety analyses of 3500 ppm. This concentration 

contfnues to be used for the heavy load drop accident. An 1dditfonal 

calcul1tfon wu perfor"'lled with 4000 ppm to obtain the boron worth for the core 

criticality model . This worth was based on all  other par1meters being 

constant 1t the v1lues detenained from the 3500 ppm optimizltfon analyses. 

Fuel-Moderator Combinations - The size 1nd shape of the fuel 1nd surrounding 

.oderator 1re the parameters that have the predominant effect on reactivity fn 

this category. In the undamaged core region, the sizes 1nd shapes are fixed 

by the geometrical configuration of the fuel pins and the 1ssembly. In the 

damaged fuel regions,  there are essential ly no constraints to the sizes and 

shapes of the fuel�derator c�inations. The chinges fn  these parameters 

that have been •de for the heavy load drop IIOdels include an optf�tfzatfon of 

fused fuel particles and 1n 1nalysis  of the temperature reactivity 

coefficients . 

Since the previous 1n1lysis ,  additfontl data on fr1gmented and crushed 

UOz have been analyzed. 10• 11 This data has been used to evaluate the 10st 

reactive fused fuel particle that fs judged credible. The evaluation includes 

the UOz packing fraction, the .. terials fil l ing the open porosity, and the 

c011position of a zircaloy·UOz eutectic. The details  of the fused particle 

evaluations are presented �n Appendix C. The lOSt reactive fused fuel parti· 

cle wfth the opti.al aMOUnt of IOderator volume was dete�ined and compared to 

the reactivity of the originally fabricated UOz pellets with the opti�l 

IIIOUnt of 10derator volume. The pellets .ere found to be the 10st reactive 

- 24 • 

llbcocl & WIJcol 
. ........ ......, 



particle. Thus the damaged fuel was optimized as cyl indrical pel l et stacks. 

The 10st reactive fuel volume fraction for the damaged batch-3 fuel fs .58, 
while tht 10st reactive volume fraction for the combined batch 1 and Z fuel 

(2.34 wfght percent urani,..Z35) fs  . 61. The optf111l shape of the fuel· 

IOderator co.binatfon t s  1 square array as explained tn Appendix c. 
The temperature coefficients for the d&m�ged and unda111ged fuel�erator 

cOibinations were analyzed within Technical Spectftcatton l i•tts to deten.ine 

the 10st reactive core crttfcalfty 1n0del . The damaged regions were deterwined 

to be most reactive at so•r (the lower technical specification l f•it) and had 

a negative temperAture coefficient. The unda�ged region was analyzed with 

501f temperatures, but had I positive temperAture coefficient. The IDSt 

reacti temperature for the core model and the temperAture coef(ictent of the 
core i s  di scussed further in the following subsection on fuel-.oderator

reflector �nfigurations. 

fuel-Moderator-Reflector Configurations - The previous discussions of the 

•damaged core IDctel • described the scenario for additional fuel daNge 

resulting fi'OII a heavy load Clrop accident. The hypothetical worst case shown 

in Figure 3 has a core 10del COIIIPOSed of thlfuel regions. The rtflKtors 

for this core are defined by the actual physical reactor configuration. 

Radial ly, the reflector h CQIIPOSed of the baffle, and the water between 

the barrel and baffle wfth the baffle plate di rectly adjacent to the fuel 

regions. Axial ly, there t s  a top reflKtor and 1 bottc. reflector. � top 

reflector f s  borated water with 3500 pp11 boron. The bottom reflector 1s 

dhfdtcl fnto Z regions. The first, adjacent to the undaNged fuel rqton, h 
the pletMII extension of the fuel pins. This reflector ts  followed by an end 

fitting reflector rtgion. 
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The fuel configuration (Figure 3) radially extends across the area of the 

ortgfnal core. The hefght of the unda�ged fuel has boen defined by the level 

of cladding tmbrittl�nt to be 4.5 feet. TbP. height of the damaged fuel 

regfons fs  detenafned by the optimization of the fuel -.oderator combinations 

and the .. ss of dl�ged fuel . for the damaged batch 3 region the height was 

deten1ined to be 1 foot 3.3 inches. The re���ining da1111ged fuel region was 

deten.ined to have 1 height of 2 feet 4.7  inches. This fuel�erator

reflector configuration fs  the .est reactive worst case model of 1 heavy load 

drop accident. 

The .est reactive temperature for the core Medel i s  so•F and the 

temperature coefffcfent for the core is  negative. The analysts of the 

t�rature coefficient was based on increasing the temperature of all  

regions , fuel-moderator-reflector to 73. t•r. 
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Appendix B 

Fuel lumup -

The burnup of the fuel tn  the criticality 10del for the heavy load drop 

ac,1dent has been explicitly factored fnto the fuel tsotopfcs. A two

dfeen,fonal PDQ9 de�letfon which accurately fol lowed the core operat1on12 

wes used to obtain the fuel pin isotopics. The isotopics were conservatively 

adjusted to account for the uncertai nties associated with power measurements, 

urenium isotopics and loadings, and isotopic changes during the 4 years 

fol lowing the accident. 

In the undamtged fuel region shown in Figure 3, the burned fuel was 

.,deled to be axially unifonn. Thfs 1s a conservative approxf•tfon because a 

non-unffona IOdel would reduce the overal l reactivity. Thfs reduction would 

occur as a result of increased leakege caused by .,ch lower burnups occurring 

on the ends of the pins than occurs tn the central region. 

The daNged bltch-3 fuel region (Figure 3) was ass����ed to have COIIIPletely 

unburned fuel . By treating bltch-3 as unburned, all uncertatnttes associated 

wfth the variation i n  the bltch-3 burnup are el f•fnated, thus producing the 

.. xi.um reacti vity. This approach ts conservative, but not overly so, because 

the effects of the batch-3 burnup are i ncluded tn the re���inder of the daNged 

fuel .  

The · �� depletion contains the complete fsotopic content of al l  the 
da111ged fuel . Therefore , tf  the da111ged batch-3 fuel f s  treated as betng 

unbumtd. the fsotopics of the l'ftlintng da .. ged fuel can be dete,.fned by 
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simply conserving the uranium and plutoniu• isotopic content of al l the 

diNged fuel . The dlmaged fuel regfon shown tn Figure 3 i s  consequently 1 

composite of the damaged batch 1 and 2 fuel wfth burned uranium and plutoniUM 

tsotopics from all  the damaged fuel . The technique for detenninfng the 

tsotopfcs t s  as fol lows: 

Damaged Fuel x Volwne of the • 

Isotopic Concentrations Damaged Fuel 

��e�:�!��!�s x Damaged Core Volume 

Damaged Batch-3 Volume of the - Isotopi c Concentrations x Damaged Batch-3 

Since the dam.ged batch-3 fuel has a higher neutronic importance weighting 

than the remaining damaged fuel , this technique i s  conserv1tive. 
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Appendix C 

fused fuel -

Previously, fused fuel particles were ass�d to have at least lOS 

ztrcaloy either bonding the ceramic fuel particles or t n  solution with the 

particles as a eutectfc4• The optf•fzatfon analys t s  assessed various par

ticle shapes tncludfng spherical as wel l as cyl t ndrfca l .  The east reactive 

particles that have settled f nto 1 debrf s bed are the cyl i ndrical ones stacked 

end-on-end, wfth a stze that i s  3 . 44 tfmes larger than the standard pellet. 

Various fuel a rrays , including triangular,  were analyzed. The �est reactive 

a rr1y i s  a square with a MOderator volume fraction �f . 39 1nd 1 corresponding 

fuel volume fraction of .61. Other arrays had the sa� optf .. l fuel and 

toderator volume fractions , but were s l i ghtly less reactive due to Dlncoff 

effects. The eutectic densf� was deter.ined to be less than that of 1 

afxture of ceraMic uo2 and z i rcaloy. Thus ,  the conservative procedure of 

ca.puting the fuel 1nd zt rcaloy isotopics based on the aixture density was 

util fztd. 

While this previous treatllent of the fused fuel was assessed to be con

servative, there 1 s  the uncertai n� associated wfth the fuel conta fntng lOS 

z f rcaloy.  This IUCh zircaloy decreases the rtacttvtty of the optt•fzed fuel

IOderator cOIRbfnatton by 10re than 1.�. Therefore , t h i s  reassess.nt of 

the aost reactive fused fuel configuration had the objective of defining the 

highest possible fuel packing fractfon wfth the lowest ..ount of t ntersttttal 

or euttctlc .. terial . 

The fused fuel could be t n  either of two for.s , (1 )  ceraatc fuel partt

clts wi th strvctural •tertal on the outstde fo,..fng an ••l g  ... t«on ,  or 
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(2) eutectic fuel particles stuck together fonning an amalgamation. In either 

case, the m�xi�m packing fraction of the fuel particles ts conservatively 

deterwfned to be less than 911, as exDhfned below. 

The evaluation of the .aximum packing fraction was based on literial 

comoaction dlta including that for crushed uo210• 11• The �ximum theore

tical packing fraction for spherical particles with a unifona size ts 151. If 

the particle s ize distribution ts varied, and if vibrato� or fluid c�Dac

tion processes have been appl ied to an agglomeration of particle s ,  then higher 

packing fractions can be attained. However, the comoactfon data shows that an 

80S packing fraction represents an upper bound. 

To be consistent with the fuel particle shapes and arrays considered for 

the critical ity model s ,  the fuel packing fraction was determined assuming the 

�ximum theoretical packing fraction for an array of infini te cyl i ndrical 

particles . The fuel packing fraction fs (wi.J/6) ,  s l i ghtly less than 91S. 
Th i s  provides an interstitial DOrosity of s l i ghtly .are than 91. 

Cons i dering the first fonn of fused fuel , ceramic (U02) fuel particles 

bonded by structural �terial , the structural .aterial that provides the .ast 

reactive fuel fs z i rcaloy. Therefore , U02 cOIIbfned with approxf•tely 9S 
z f rcaloy was one l i•itfng type of fused fuel analyzed. It f s  evident that 

whfle the i nterstitial vol� in the fused fuel .. Y contai n  zircaloy, it could 

a l so contai n  .aderator. Thus ,  a second l i•ittng type of fused fuel was cons i 

dered with borated water •bonding• the fuel Dtrticles . Arutlyses were oer

fon�ed on these types of fused fuel particles to obtein the �est reective 

conditions and conffguretions. 

Tht res�lts showed the z i rceloy bonded fused fuel (3.44 tf.es the size of 

a stanaard Dtllet ) was : 416p less reectfve than stlndard pel let sized fuel 

Plrttcles _wf th only uo2• 
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The water •bonded• fu,ed 
·
fuef was . 51 6o less reactive than the zi rcaloy bonded 

case. The following table i l lustrates the values of K • •  

Standard �llet 1 .063 

Zircaloy Bonded Particles 1.058 

Wlter •Bonded• Particles 1 .053 

Thus , uo2 fuel particles (l imited to the size of the
. 
original pellets ) 

are .ore re_tctive than uo2 fused fuel bonded with struct&Arll lllterial. 

These results also indicate uo2 fuel particles are more reactive than the 
second fonn of fused fuel , z ircaloy-uo2 eutectic particles. The eutectic . 
fuel particles would contain  at least 9S i nterstitial ztrcaloy or borated 

�ter plus ztrcaloy fn the eutectic .  

One additional consideration f n  analyzing the water •bonded• fused fuel 

was the amount of boron associated wtth the bonded water. With greater than 

9S open porosity fn the fused fuel MOdel , ft tillS reasoned that over the years 

the boron would be in  equf l tbrium throughout the mderator. Thus ,  the boron 

concentration was assumed to be 3500 ppm. 
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Appendix D 

Benchmark Cal�ulations -

The !-di�nsional (axial ) ,  2-group PDQ todel was the principal todel used 

to compute the IUltipl tcatfon factor of the damaged core configuration (Figure 

3) .  There are two approx1�t1ons associated with this  model that require 

benchmarking to ensure the results are •ccurate. The fi rst is  the assumption 

that the three fuel regions and three axial reflector regions can be spec· 

trally separated and then coupled with a 2-group diffusion theo� spatial 

flux . The second approximation i s  that the spatial flux can be separated into 

axial and radial (x ,y) components such that the axial calculation wil l  repre

sent the overal l core �Ul ttpl ication factor when radially aver�ged leatage and 

reaction rates are included as fnput partmeters i n  the solutfon. The .ethods 

and procedures for treating these two 1pproxt�tions tn  the !·dimensional PDQ 

calculation were verified to be accurate by benchmarking them with 

calculations that did not include these approximttions. 

The approxt .. tion that the spatial flux c1n be separated � nto axial and 

radial (x,y }  components was verified to be accurate by perfonning two 3-di.en

sional calculations.  The 3-di.ensional IOdels were of the dam�ged core shown 

fn Ffgure 3 with and without control rods fn the undamaged region. The 

comparison of keff results and the relative axial power profi le results for 

the 3-di��ensf onal and !-dimensional PDQs are shown below: 
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Control Rods Withdrawn 1-Dfmensfonal 3-Dfmensfonal 

«.ff .987 .187 

Und1111ged RPD . 174 . 171 

lltch-3 RPD 3.793 3.808 

Dam1ged RPD 1 .065 1.061 

Control Rod Inserted 

Keff .985 .985 

Undam�ged RPD . 145 . 142 

Batch-3 RPD 3.814 3.824 

Dlmaged RPD 1 . 108 1. 107 

(RPD is  the Relative Power Density) 

The excellent agreement between the 3-dimenstonal and l·di.enstonal results 
. 

verifies that the procedures for including the radial buckl ings and spatially 

weighted cross sections are val id. The agreement shows thlt the IUltipl t ca

tion factor is not biased by the approxi�tion of separable axial and radial 

fluxes. 

The l·dfmensiona l .  2-group PDQ IIIPloyed cross sections for the diNged 

fuel regions and the reflector regions that were obtained from NULIF calcula

tions of each respect he rtgion. Thus . the IUltfgroup spectr'Uil tn each region 

was not influenced by the spectrun fn the adjacent regions. This was also 

true in the undaNged fuel V'tgion. However. fn the und&Nged fuel region. 1 

2·df�ensiona1 radial (x.y) PDQ calculation was e.ployed to obtain the radial 

flux wightfng for the cross sections. 

- 33 - labcodl a. Wilcox 
· ·· - ....-. 



The procedures for obtaining the radially weighted cross sectfons and 

buckl ings for tach axial region are known to be accurate. The accuracy has 

been demonstrated with benchmarks of representative critical experiments. 

However, the axial coupl ing of each region within the damaged core 110del with 

1 2-group diffusion theory method fs not benchmlrked. Consequently, 13-group 

dfffusfon theory (S2) and transport theory {S0) calculations were perforwd on 

the 1-dimensfonal core IOdel . These 13-group calcul1tfons were performed wfth 

the ANISN code and the results compared to the 2-group PDQ results. This 

comparison is shown below. 

13-group s2 AHISN 

13-group Sa ANISN 

2-group PDQ 

Keff 

1 .0088 

1 . 0089 

1 . 0069 

These l·diaensional 10dels did not have any radial buckl ings , nor burnup 

effects. In all cases , the cross sections for tach fuel and reflector region 

came directly from NULIF. 

The results indicate that diffusion theory fs completely adequate to 

solve for the spatial fluxes. This i s  demonstrated by the nearly identical 

results of the s2 (diffusion theory )  and Sa (transport theory) ANISNs. 

The results further indicate that the ISSU�Ption of no spectral interaction 

between regions f s  very accurate , introducing only 1 .OOZ AKeff difference 

between 2 and 13 groups. Thfs s-ell difference has been conservatively 

appl fed to the 2-group PDQ .,del by increasing IC1ff by .ooz AK1ff. 
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Appendix E 

Reacttvt� Margin -

The results show the worst ctse IIOdel of the heavy load drop accident 

wtl l  be l.OS6p subcritical.  However, the degree of conservatism tn the .odel 

ts  an t�rtant consideration to be reviewed when assessing the adequacy of 

this shutdown 11rgin. The worst case .odel ensures an adequate 11rgfn of 

safety tf  ft  is •ch 10re reactive than a JDOdel with .,re realistic ass�

ttons . To i l lustrate the conservatism in the heavy load d.roP accident mdel , 

five of the credible assumptions havfng the largest reactivity effects have 

been reassessed. The fol lowing table shows the approximate reduction tn keff 

as a result of changing the parameters associated in each ass�tfon to .ore 
. 

probable values. 

Reactivity Effects of More Probable Conditions 

1 )  MOdel Configuration 

2) Random Particle Size4 

3) Random Particle Arrange.ent4 

4)  Structural Mltertal Mixed With fuel Dtbrts4 

5) 3700 ppm Boron 

�t>nt Clse Keff 
• .988 

More Probable �ff • .�� 
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Total 

AKeff Reduction 

.009 

.007 

. 015 

.005 

.008 

.044 



The explanation of the tore probable conditions for Each of the above 

part�ettrs ts  given in the fol lowing paragraphs. 

1 )  Model Configuration • The critical ity 10del for the heavy load drop 

accident (Figure 3) has ensured any uncertainties associeted with the 

co.posttion or location of the batch-3 fuel are conservatively treated by 

sandwiching bltch-3 between the undamaged fuel and the damaged batch 1 and 

2 fuel . The 10re credible scenario 1s  represented by Figure 2 where the 

batch-3 fuel collapses on top of the existing damaged fuel . The 10del tn  

Figure 2 i s  .91 4Keff less reactive than the worst case .adel • . 

2) Distribution of Particle Sizes - It ts not real istic to assume that the 

fuel particles fn the core are sol id pellets s{nce during power operation 

the pel lets crack. A �ere reasonable assU�Ptfon fs that the particles 

have 1 random distribution of stzes . This distribution wi l l  have an 

average reactivity affect that can be detenntned from Reference 4. The 

reacthtty decrease wf l l  be �ere than . 71 4Keff• 

3) Particle Arrangement - The col lection of fuel particles cannot possibly be 

stacked end on end such as cylindrical pellets fn  fuel rods. A reasonable 

assumption fs that the particles wil l  collect l n  a randoa'arrangement. 

Such a random distribution allows the ends of the cyl fndrteal particles to 

be exposed to the IOderator thus decreasing their  reacthfty by 

approx1•tely 1.51 a�ff• 
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4)  Structural Mlterfal • The structural .. terfal was not included fn  the 

calculations of the �est reactive condftfons because tt alWiys reduces 

reacttvt�. Real t sttcally however, the zircaloy cladding, fncone1 grids, 

and other strvctura1 coq,onents w1 11 be fn the core region fn approxf· 

•tely the sa• proportion to. the fuel as before the accident. Including 

the cladding ond grfds fn with the fuel and toderator decreases reactfvi� 

by • ss '.:.ff• 

5) Actual Boron Concentration • Measured data indicates that at least 3700 

ppm boron is fn the reactor coolant syste. Therefore, the assu��ed boron 

concentration of 3500 pp11 used tn the �est reactive 10del could be 

realistical ly increased by 200 ppm. This additional boron 1s worth .81 
A�ff fn retctfvfty. 

The total reactivity worth of these five changes to 10re probable 

conditions f s  1 .044S AKeff decrease fn  reactivity. Consequently, whfle the 

worst case �edel gtves a �ff of .988 , the �ere real istic value of �ff f s  

less than .944. However, the worst case appro.ch i s  the only basts for 

ensuring the problbflfty of a critfcal fty event f s  negl fgfblt. 
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