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CRITICALITY SAFETY EVALUATION FOR 
lNCq£&S:NG THE TMI-2 s:rr FUEL MJSS LI~IT 

1.0 INTRODUCTION 

1. 1 Background 

1.2 

In tht early stages of t~e THI-2 cleanup activities . analysts we re 
oerforme~ to estab lish limits on t~e amount of fuel debris t~at coul~ 
collect In any plant component without posing a criticality safety 
concern <Reference 1), The slgnlf l, tnt assumptions use~ In the ana lysi s 
Include~ a fuel enrichment of Jt u2JS, unborattd water rtfl tct lon and 
moderation and a ma•lmum fuel rod diameter of 0. 4 Inches . The Jt 
enrichment corresponds to the unburned condition of the highest enr tcned 
batch 3 fuel . The unburned enr ichments for the other fuel batches at 
TMI-2 were batch l Cl. e •• 1.98t> and batch 2 Cl.e . , 2. 64t) . 

Base~ on the cOMpilation of data presented In Reference 2, Referen:e l 
reported that the minimal critical mass for unborated water refle:ted a~~ 
moderated 3t U02 fuel rods of a .a•lmum diameter of 0 .4 Inches was 
93 kg of uo2 . A factor of safety of appro•lmate ly 7St was then 
aoplled. thus . estab lishing tht criticality safe fuel mass for the THI-2 
defuellng ooeratlons at 70 kg . This limit provided the criterion for tne 
n:a•lmu., at:10unt of fuel 10hlch could collect In an Isolated unit and re,..al'l 
subcrltlcal regardless of what other parameters changed . This limit has 
been applied to the various dtfuell ng activities unless It li<I S 
dem~~strated by a specific evaluation that a larger mass woul~ be 
malntalne~ sutcrltlcal . 

T~e purc~se of the oresen~ evaluation Is to develop a ref ined safe fuel 
~ass limit f:r use at TMI-2 during the remaining defutllng activities a~d 
In ev aluat •~; lon;-term storage cond i tions <I.e., Post-Cefue lln; 
Monitored St~rage, Mode 4) . This limit Is developed based on more 
realistic and , conseQuently, less conservative assumptions t~an those 
used In the Reference 1 analyses . Justification for using these less 
conservative assumptions Is provided by the significant data that ha•t 
been collected from debris samplings, video Inspections, and other 
dtfutllng data wh ich wert unavailable at the time of the Reference I 
analyses . These data provide a better understanding of the ac cident 
scenario and the actual debris configuration and composition, thus, 
ptrmlttlng a refined and more realistic modelling of the fuel debris . 

l . j Criterion for .11owab1e ruel M#SS 

The crlttrlon ustd to tstabllsh the acctpt&blllty of a Quantity of fuel 
Is that tht calculated neutron multiplication <Keffl did not e•ceed 
0.99, Including a computer codt uncertainty bias . This acceptance 
criterion Is consistent with the previous llctnslng basis for tht R:s 
during dtfutllng <Rtferen:es 3, 4, and S> . 
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2.0 MOOE~LING 

2.1 GtowttrlcAl Considerations 

2.2 

Tnt safe generic fue l m~ss ll~lt ~tl developed for this evaluation Is 
shown In Figure 1. As noted from this figure, the Innermost region of 
the Iedet consisted of A mlaturt of unborAttd wAter And fue l debris . A 
spherical geometry was chosen In An effort to minimize the surfAce area 
to volu~ ratio, thus. ma•lmlzlng the neutron multiplicAtion . 
Surrounding tht fuel reg ton w1s an effectively Infinite ly th ick 
CAppro•lma:t1y 12 Inches> unborated w1tt r reflector . The ra~lus of t~e 
Innermost region was varied unt il the calculated Krff Clncludlng A 2 . 5~ 
~k uncertainty bias ; see Section 3. 2> reached the licensing limit of 
0.99 . 

rue1 ~odel 

As wl t n pre,to~s crit icali ty safety Ana lysts for THl-2 C Re fer e ~c t t 3. ' · 
And 5> . tnt fuel was rtprtstnte~ as a homogeneous mec lum for wr t c~ t~~ 
neutronlc aa :a corresponded to a dodttlhtdrA l llttlce structure cf 
spnerlcally shaoed fue l pellets . The cO"-poslt lon of tnt fue l wa s as s~~~j 
to bt THl-2 average fuel <I. e •• the homogeneous mlature of tnt tnree fuel 
batcnesl . Tnts hQm09tneous miring of three f uel batches Is consldere: 
corser~atlve as defuellng data IndiCAtes tnat most of tne ·batcn 3 fue l 
Cat least a:pro•lmately 65~> has been removed from the Reactor Vessel .. 
co~se~ue~tly, Any remaining futl Is t •Pttte~ to consist priMarily or 
bat:hes I ana 2 f utl. A ~ore dttalltd justification for the nomc;e,eo~s 
m!•ture Is provi ded In Refe rence S. 

As wit~ :ne Rt'erenct 5 ana lyses, burnup tfft:ts we rt conslatre~ In all 
:~ret fue l ~a::~es . In ea:n fuel batch, tne effects of uranlu~ 
oe:·~:·:~. f't:lo~at1e p1ut:nluTo genera:ton, and rare eartn f l ssl:~ 
pre:~:: prc~.:t lon wtrt consi de red . Tnt procedure ustc for tne 
a~a·: lflca: lc~ c~ batches 1 and 2 burnup was similar to t hat previ OJSI> 
~s t: !~r tnt ta:cn 3 fuel Csee Reference 31 using tne actua l t•p: sJr~ 
ntst~rt es f:r oatchts I an~ 2. Tnt result of t his Incorporat ion o' : ne 
t u r~J: ~r::~ce~ a ret u23S enrichment of 2 . 24~ for tnt homo~enrous 
~l•t u• e . Tnt c~posltlon of tnt futl ust~ In tht ana lysis Is pro •l de~ In 
Tat : e 1. 

Tnt taulvalt nt of standard fu ll-si zed fut l pell ets wtrt used for the fuel 
part icle slzt . Addltlor.at evaluations ~t rt perfor~d wttn smaller futl 
partlclt sizes to assess tht conservatls~ Associated with assumln9 fu ll 
ptlltts . lt Is recognized that fut l pArtic le sizes grtatt r than the 
standard pel lets can t• lst dut to fuel melt ing. Howtvt r, sample da : a 
hAvt shown that It Is not credible that thtSt particles will be pure 
U02 CRtftrence s 6 an~ 71. Tne composition or t his rtsolldlfltd fuel 
wattrlal will a lso Include Impurities Ce .g .• zlrcaloy. Iron. boron , 
ttc .l Previous studies havt shown that such !~purities will r esult In a 
reduction In K00 whtn compared to standard size fue l pe ll ets <set 
Refe renceS> . ConseQuently, It was consldtrtd appropriately conservative 
to use stanoard size fut : pellets . 
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For conservatism, unbo,att~ water was assumed for the MOderat ing medium. 
Tht fue l volu~e fract ion <VF> use~ for a ll analyses In this evaluat lcn 
corresponctd to optimum moderation for an Infinite lattice of tht fuel 
ptlltts <VF•0.28> . Additionally, no credit was taken for any Impurities 
that ealst In the fuel debris (e.g., control rod and structural mate rial> . 

2. 3 Conservatts~s 

In the development of the criticality safety MOde l for t his evaluation, 
ccnstrvatlvt assumpt ions were utilized. These conservatlsms lncluce: 

o Unb~rated water , In an optimal ml•ture with fuel debris, wa s 
assumed for the moderating med ium. 

o No credit was taken for the large amount of structural and solid 
t:lson materials ea lstlng In the debris . 

o Tr.e e:-'valent cf full standard size~ fuel pellets wa s utilize: . 

c ~ s:rt r lca l geometry, which minimi zes the ratio of surface area t~ 
volune , thus ~a·lmlzlng Keff, was utilized. 

o T~e fue l was r epresented as THI-2 ave rage fuel <homogenecus ml rture 
o' al l three fuel batches> which sample data has su~ported as be l n; 
conserva:lve . 

o ~n e f~ectlvely Infinite water reflector was assume~ . 

3., IIESULTS 

Tne resul ts ~f the a~a l yses perfor~ed for this evaluation are sho~· I ~ 
Taote 2 Ea:~ cf the reporte~ nasses represents the amount of uo, of 
:•e c:·· e t~:· ~ l n; tart l cle size which, when moderated wit~ urbc•a:!: 
wa:er IVF·3 .Za), will result In a calculated Keff of 0 .990 <lnclualn; a 
2 . 5~ J~ urcerta l nty bias> . These results are also provided grapn l ca1l ) 
In FtgJ't 2. Base: on these results, a maalmum allowable fuel mass of 
l~ ) k; Is a~::ted . 

Tnt standa rd slztd furl particle cast was performed by Oa~ Rldgt National 
Laboratory <OIINLI using the c~puter program XSORNPM <Reference 8> and 
wa s rt~orted In Reference 9. The results pr esented for part i cle sizes 
ltss tnan the stano1rd size pellets wt re deve loped by Incorporating 
OR14L-provlded Kao data for smalltr particles In nur optimum moder at ion 
conditions Into hind calculations employing tht age-diffusion tht~ry 
tQuatlons <Rt~trtnct lOl. Though thtse hand calculations art 
approwlmate , the results cltlrly Indicate that tht allowlble futl mass 
significant ly Increases as parttclt size decreases . 

One of the most obvious results of tht anllysts Is that tht ma•lm~m 
al lowa ble futl l tml t <140 kg bastd on futl ptl l tt particle sl:t> 
t s st ~ tla1 1y d ~ub l es t~t 70 ~9 l imit that was tstabll sht: In Af~t r t rct 1. 
' : :~o~ ;~ a al fft re•: a ~ a lyt l:a l techn iQue wa s ust~ to dtvt lop ~ ne Init i al 
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70 k~ value , the MAin reason for the lncrtast In tht amount of allowable 
fuel In the current eva luation Is that the net u23S enrlchmtr.: In the 
currtnt evaluation C2 .24t> was lower than the Reference 1 enrlchme~t 
<3t>. Two factors contributing to this lowtr tnrlchmtnt were the assumed 
ml•lng of the three fuel batches <tven though ~st of batch l fuel has 
betn removed from the vessel> along with the Incorporation of fuel burnup 
tfftcts In all thrte fuel batches . As stattd prtvlously , the burnup 
tffects Incorporate stlecttd fission products, somt of which are strong 
neutron absorbtrs . 

The refined analytical technique used In the present evaluation did n~t 
sl9nlflcar.tly contribute to the difference In the allowable m•ss . Tne 
Keff criterion established for the prtsent eva luation <0.99 lncluoln; a 
Z.St ~k uncertainty bias> yields an allowable MASS that Is 
acoro•lmate ly 75t of the minimum critical mass In this case . Tne 
criterion for allowable mass In the former evaluation was 7St of tne 
minimum critical mass for tnat case . 

In Reference 3, an analytical uncertainty bias of 2.St ~k. Including 
the K£~~ V.a <Reference 11) statistical uncertainty, wa s established as 
an appropri ate value for the highly borated systems being lnvestlgatec In 
that report to define a safe boron concentration for the THI-2 defuelln; 
progra~. Uncer:alnty values rep~rte~ In the literature for uno~rateo 
S)stems have been shown to be s~ewhat lower than this value <Reference 
12> . Cense~uently, the 2.St ~' value Is considered conservative for 
the criticality safety analyses provided In this evaluation . Tnls bias 
Is also ce~sldered accepta~le and applicable for the XSORNPH ana lyses 
oerf:r~~ In tnls evaluat ion since previous analyses <References 3 ar.~ ' > 
:e~:~~tra:e tne good a;ree~r.t between the results generate~ by t~e ;e 
c:,es . 

Tne res~·:s cf tnls eia luatlon have been utilized to develop the 
•ol lo. l~; fue l debris Jl~l t . For Isolated accumulations of fupl ce~·ls 
<l. t . • tnose ac cumul ations for fuel that will remain physically a n~ 
neu:ronlcally de:oupled from other fuel accumulations> a ma•lmu~ of 
' ' ' k~ can e• lst without posing a criticality safety concern. 
Conse~ue,tly, the safe fuel ~ass limit for these accumulations Is 
Increased to 1•0 kg . Fue l accumulations are considered neutronlcally. 
decoupled If tne equivalent of 12 Inches of water separates the 
accumJiatlo"s <Reference IJ . > 

Tnt acovt conclusion Is not considered applicable In cases where the fuel 
debris Is surrounded by a thick lead reflector <e.g . , the shipping caskl, 
as under certain conditions ltad can be a better neutron reflector than 
unborattd water . In such cases . separate evaluations will be performed . 
Ad~ltlona lly, separate evaluations will be perfor~ed If It Is dete rmined 
that tht Reattor Vessel contains areas that have fuel quantiti es tnat 
ea:ee~ the llm1tat1ens of this report . 

- i -



•• 

• 

4710-JZZ0-89-1 

5.0 Rrrr=~:o•~rs 

1, Aooendl• to Technical Plan, •[a-RCS Criticality Saftty,• TPO/THI- 132, 
Re vi sion 1, ~ove~ber 198S. 

2. H. K. Clark, •critical and Safe Masses and Dimensions· of Lattices of u 
and UOz Rods In Water ,• DP-1014, Febru1ry 1966. 

3. Criticality Report for the Reactor Coolant System, Re vision 0, 
15737-2-N09-00I, October 1984. 

4 , Re:ort C" Limits of forel;n Materl&ls Allowe1 In t~e TM!-2 ~ea~tor 
Coolant System Ourlnq Defuellng ActlvltltS, Revision I, 15737-2-t.·j~-~:z. 
Septemotr 1985. 

5. Criticality Safety Assessment for Using the Plasma Arc Torch to Cut t~e 
~o-er Core Support Assemoly, Revision 1, 15737-2-N09-004, Nover.~er 1Sa7. 

~ . £·a~tna:lor. of Debris from the Lo•er Head , G£N:-INr-os: . January 19:: 

i. TMI-2 h6A Cere Debris E•a~lnatlon- final, GEND-INF-060. Vol . 2. May 19e5 . 

B. N. M. Greene and L. M. Petrie, ·xso~NPH-S: A One-OI~ens lonal Ols~re:e 
C'dlna:es Proqram for Transport Analysis, • Included as Sect . f) In 
SCALE : A Modul ar Code System for Performlnq Standardized C~~ute• 
Analyses for licensing Evaluation, Vols . 1-3. NUREG/CR-0200, u.s. Nwc 1ear 
Re;ula:ory Co=-lsslon <originally Issued July 1980; relssueo JanJa~y 
19cZ ; Re vision ~ Issued July 1962 ; Revhlon 2 Issued June 15Ej ; 
Re ;lslcn : lss~ed Oecemoer 198,>. 

9. L!::er, S. L. s~ca:hf!1 <ORIIi.) to 0 . S. Wlllla!!'S CGPU !lw:'ur>. 
se::@!.:t~ :;. t;sa. 

~ ~- S. G'~~s~~rf •~' ~ - Seso~s~e . Nuclear Rtactor E~;ine!· l ~q . Van ~: s:•!-: 
;e ~ ~~c·: .:~ .. 19£7 . 

l1 . l . ~ . Pttr1f a~d N. r . Landt~s, ~KENO V.a: ~" l~~rovtd ~~rtf Ca~ 1 ~ 
Crt:icaltty Pro;ram with Super-Grouping ,• lncluoe: as Stet . r1 1 In 
SCL~E : ~ ~odul ar Codt System fer Ptrformln; Standard ized Com~u~f
;~a 1)11 S fer llttnslng Evaluation, Vols . 1-3. NU~tG/CQ-0200, u.s. NJ: l ti• 
Rt;Jla:ory C~lsslon Corlglnally lssutd July 1980; rtlssutd Januarv 
19S2; Rtvlsl on I Issued July 1982 : Revision 2 lssutd June 1983; • 
Rtvtslon 3 lssutd Oectmbtr 1984> . 

12. R. M. Westfall, tt . al •tHI Criticality Studies : Lowt r Vessel Rubb le an~ 
llnalyt lcal 6tnchttari.lng ,• G£110-071, Hay 1986. 

13 . Nu: ltar Safety Guide, TI0-7016, Revision 2, J . T. Thomas Ed . • June 19iB 
(PiQf 27). 

-8· 



• 4710-3220-89-1 

TABLE 1 

FUEl MODEl COMPOSITION 

NUMBER OENSITY 
ISOTOPE CATOHS/BARN-CM> 

U-235 5. 21 E-04 
u-23a 2.25 E-OZ 
0-16 4. 60 E-02 
Pu-23; 4.01 E-05 
Pu-240 2.00 E-06 
Pu 241 2.49 E-07 
Sm-149 1.01 E-07 
Sm- 151 1.79 E-07 
Eu-151 8.20 E-09 
Eu-153 1. 32 E-07 
£u-15C C.S1 £-09 
£u-1SS 6.1 2 E-09 • 
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