
UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WAS�tNGTON. O.C �!o-0001 

July 6, 1993 

Docket No. 50-320 

Or. Robert l. long 
Director, Corporate Services/Director, THI-2 
GPU Nucl ear Corporation 
P.O. Box 480 
Middl etown, Pennsyl vania 17057-0191 

Dear Dr. long: 

SUBJECT: THREE MILE ISLAND UtHT 2 REACTOR VESSEL CRITICALITY SAFETY ANALYSIS 
(TAC H85664} 

We have completed our review of your THI-2 Reactor Vessel Critical ity Safety 
Anal ysis da ted December 18, 1992, as revised a nd suppl emented by your l etter 
da ted April e, 1993. Your l etter of April 8, 1993, provided additional 
information regarding the a ssumptions used in your cal cul ations in response to 
NRC staff questions in our l etter of Harch 22, 1993. In your December 18, 
1992 l etter, you provided a reanal ysis of the THI-2 Reactor Vessel Critical ity 
Safety Ana lysis due to a revision in the estima ted quantity of fuel in the 
THI-2 reactor vessel. The December 18, 1992, GPUtl/ORNL anal yses of the 
reactor vessel were based on a maximum rema ining fuel estimate of 1322 
kil ograms (2915 pounds}. In your submittal of February l, 1993, you revised 
your estimate of fuel remaining in the THI-2 reactor vessel to 925 kil ograms 
(2040 pounds} with an uncertainty of ± 40 percent. This woul d resul t in a n  
estimate of fuel rema ining i n  the reactor vessel with a range of 555 t o  1295 
kil ograms (1224 to 2855 pounds). The upper l imit of your February 1, 1993 
revised estimate is l ess than the value used in your December 18, 1992 
a na lyses and therefore conservative. Your reanal ysis incl uded both the steady 
stale a nd accident configurations. 

The staff has both reviewed your submittal of December 18, 1992, a s  revised, 
and, through Pacific Northwest laboratories, performed independent critical ity 
ana lyses of both the stead y state a nd accident scenarios using the revised 
esti�ates of res1dual fuel . A copy of the final critica l ity report from 
Pacific Northwest Laboratories is encl osed. 

As stated In the encl osed safety eval uation by the NRC staff, we have 
concl uded that the fuel in the THI-2 reactor vessel wil l remain subcritlcal , 
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with an adequate margin of safety, during both the steady state and the 
accident modes. The staff also concluded that your analysis was very 
conservative based upon the conservatisms in the criticality models and 
assumptions used in the calculations. 

(nc l osun�: 
As stated 

cc w;enc:losure: 
See neiCl page 

Sincerely, 

ORH;IN.;L SIC�l::D BY 
Seymour II. Weiss, 0 i rector 
flon-Power Reactors and Decommissioning 

Project Directorate 
Otvision of Operating Reactor Support 
Office of Nuclear Reactor Regulation 
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with a n  a dequate margin of safety, during both the steady state  a nd the 
a ccident modes. The staff a lso concluded tha t your a na lysis was very 
conservative based upon the conservatisms in the criticality models and 
assumptions used in the calculations. 

(nclosure: 
As stated 

cc wjenclosure: 
See next page 

Sincerely, 

�.�!:�� 
Non-Power Reactors and Decommissioning 

Project Directorate 
Division of Opera ting Reactor Support 
Office of Nuclear Reactor Regulation 
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Dr. Judith H. Johnsrud 
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433 Orlando Avenue 
State College, Pennsylvania 16801 

Ernest l. Blake, Jr., Esq. 
Shaw, P i ttman , Potts, and Trowbridge 
2300 N Street, U.W. 
Washi ngton, D.C. 20037 

Secretary 
U.S. Nuclear Regulatory Commi ssion 
Washi ngton, D.C. 20555 

Hr. Russel l Schaeffer, Chai rperson 
Dauph1n County Board of Co�i ssio1ers 
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W i ll i am Dornsife, Acting D i rector 
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Sen i or Resident Inspector (TMI-1) 
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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WA!>HINGTON 0 C �1 

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION 
RElATED TO CRJTJCALJTY SAFETY ANALYSIS OF REACTOR VESSEL 

GPU NUCLEAR CORPORATION 

THREE Hll£ ISLAND NUCLEAR STATION. IINIJ 2 
FACILITY OPERATING LICENSE NO. OPR-73 

DOCKET NO. S0-320 
1.0 INTRODUCTION 

GPU Nuclear Corporation (GPUN, the licensee) submitted a revised criticality 
analysis for the Three Mile Island Unit-2 (THI-2) reactor vessel for NRC 
revie� in a letter dated December 18, 1992 (Reference a). GPUN also submitted 
additional clarifying information in a letter dated April 8, 1993 
(Reference b) in response to NRC staff questions (Reference c). The revised 
criticality analysis, performed by Oak Ridge National Laboratory (ORNL), 
demonstrated that the fuel remaining in the lHI-2 reactor vessel would remain 
subcrltical during long term storage. The analysis evaluated both a static 
ar.d a worst case credible accident scenario. 

2.0 S"C'<GRQUilD 

During the March 28, 1979 accident at THI-2, the core was severely disrupted 
and somr m�lting of fuel and cladd1ng occurred. Approximately 99 percent of 
the core was removed during the defueling process which took place from 
October of 1985 through April of 1990. The initial core loading consisted of 
3 batches of fuel with the most enriched batch having an in1tial enrichment of 
2.96 wt percent of U-235. The burnup during reactor operations of 
2535 H�d/HTU reduced this value to 2.67 wt percent. The batch 3 fuel was 
located at the core periphery and sustained less damage than the batch 1 and 2 
fuel located at the core center. 

A wide variety of techniques were used during defueling, including scooping, 
drilling, gr1nding, plasma cutting, grappling, and vacuuming. The sum of the 
accidP.nt results and the removal techniqu�s resulted in an unquantifiable bias 
towdrd preferential removal of the batch 3 fuel·. The fuel which rema1ns is 
l'argely in the form of either once molten, resolidified masses located In the 
Lower Core Support Assembly (LCSA) or widely dispersed fines. Although the 
remaining fuel is biased to enrichment below the core average "burned" 
enrichment of 2.24 wt percent, localized areas of the resolidified masses may 
exceed th1s value. In an inspection report dated June 14, 1990 (reference d), 
the �RC staff directed GPUN to use a Safe Fuel Mass limit (SFML) of 
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93 ki l ograms (205 pounds) (based on a n  enri chment of 2.o7 wt percent) for fuel 
i n  the reactor vessel unti l an add i ti onal safety a nalysts was a pproved by the 
NRC staff. The SFHL ts the a mount of fuel which can be rearranged i n  a ny 
geometry wi th a ny refl e ctor a nd /or moderator a nd sti l l  rema i n  subcri ti ca l . 
The NRC staff contracted wi th the Batte ll e  Memor i a l  Insti tute Paci f i c  
Northwest labora tory (PNL) to provide assi stance i n  the revi e w  of GPUN 
criti ca li ty anllyses for the THI-2 rea ctor vesse l . 

3. 0 EVALUATION 

The GPUN/ORNL and the NRC/PNL cri ti ca l i ty analyse s·of the reactor vessel were 
based on a maxi mum rema i ni ng fuel esti mate of 1322 ki l ograms (2915 pounds). 
The l i ce nsee submi ttal of February J, 1993, revi sed the estimate of fuel 
rema i ning i n  the THI-2 reactor vessel to 925 ki l ograms (2040 pounds) wi th a n  
uncertai nty of ± 40 percent. This wou l d  resu l t  tn a n  esti mate of fuel 
rema i ni ng i n  the reactor vessel with a range of 555 to 1295 ki l ograms 
(1224 to 2855 pound s). This revi sed esti mate was based on the review a nd 
concl usi ons of a panel of e xperts headed by Dr. N. Rasmussen, of the 
Massachusetts Insti tute of Technol ogy. The revi sed esti mate does not 
inva l i date the GPUN/ORNL or the NRC/PNL earl i e r  cri ti cali ty analysi s si nce the 
upper l imi t of the February 1, 1993 revi sed e stimate i s  l ess than the val ue 
u sed i n  both the GPUN/ORNL a nd the NRC/PNL a nalyses. 

Two principal cases were eval uated by GPUN/ORNL a nd NRC/PNL; the f i rst was a 
steady state cond i tion invol vi ng the residual fuel i n  i ts current l ocati on. 
The second i nvol ved a n  a ccident or earthquake scena r i o. The cal cul ati onal 
model s were hi ghly conservative. Jn bvth cases, demi neral ized water was 
a ssumed to be present as a moderator even though the reactor vessel i s  dry a nd 
�teps have been taken to prevent water i ntrusi on. In both cases a fuel 
enrichment of 2.67 wt percent was assumed, a l though an enri chment of 
2.24 percent cou l d  have been justi fied for a l l  fuel l ocated outsi de the core 
barre l .  No cred i t  was taken for d i luents i n  e i ther case a nd only mi ni ma l  
credit taken for poi sons i n  the accident scena r i o. Both cases a ssumed opti mal 
credi ble geometry, reflection, pel l e t  si ze and fuel to moderator ratio. 

The steady state case was model l ed a s  a series of annu l a r  ri ngs, which 
i ncl uded several ti me s  more fuel than i s  a ctua l l y  present i n  the reactor 
vessel . Thi s added a n  add i ti onal degree of conservati sm. Both the GPUN/ORNL 
a nalysi s a nd the i ndependent NRC/PNL revi e w  concl uded that Kelf was <0.95, 
i ndica ti ng a substantial margi n of safety to cr i ti ca l i ty. 

The accident cr i ti ca l i ty a nalysi s a ssumes that an e arthquake, l oad drop from a 
crane or some non-mechani stic event rel ocates the fuel f i ne s  to the l ower head 
of the rea ctor vessel . GPUN/ORNL cal culated a maximum Ktt• of 0.981 usi ng the 
conservati ve model s descri bed a bove. NRC/PNL i ndependen ty e va l u a ted the 
methodol ogy of the l i censee a nd found i t  acceptable. The PNL review 
(Reference e) concl uded that "there i s  no l i kel i hood of an uni ntentional 
cr i ti ca li ty occurr i ng in the THI-2 RV." PNl i ndependently veri f i ed these 
concl usi ons i n  several para metri c stud i e s  of mi ni mum sl ab  thi cknesses, mi ni mu� 
annul a r  r1ng th i cknesse s, and mini mum masses i n  the a ccident scenario. 
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4. 0 CONCLUSIONS 
The GPUN/ORNL a na lyses i nd i ca ted that the residual fuel i n  the THI-2 reactor 
vessel wou l d  rema i n  subcri ti c a l  with a n  adequate margin of safety duri ng 
steady state a nd acc i dent cond i ti ons. The i ndependent review a nd analy si s  
performed by the NRC a nd PNL c onfirmed the c onclusi ons of the licensee. The 
a ssumptions i n  the analyses �ere very conservative, i nd i cati ng that the margi n 
of safe ty i s  considera bly larg�r than the calculati onal results i nd i c a te. The 
NRC staff therefore fi nd� the GPUN critical ity analysts to be acceptable. 

5. 0 BEHREtlCES 
a .  GPUN letter, [312-92-2080, R. L. Long to NRC, THI-2 Reactor Vessel 

Critical i ty Safety Analysis, dated December 18, 1992. 

b. GPUN l e tter, [312-93-2021, R. L. Long to NRC, Response to NRC 
Questi ons on TMI-2 RV Cr i tica lity Analyses a nd Post-De fuel i ng Survey 
Report, dated Apr i l  8, 1993. 

c. NRC l e tter, H. T. Hasnik to R. L. long, request for additi onal 
i n formati on re : reactor vessel fuel survey and cri tical i ty report, 
dated March 22, 1993. 

d .  NRC Inspection Report 50-320/90-03, £. C. Wenzinger to R. l. l ong, 
dated June 14. 1990. 

t. PNL letter wfattached a nalyse s, R. I. Scherpel z to H. T. Masn i k, re: 
TMI-2 Cri ti cal1ty Safety Analyses, dated April 30, 1993. 

Principal Contributor: l. Thonus 

Date: .July 6, 19J3 
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Dr. Michael T. Hasnik 
U.S. Nuclear Regulatory Cormission 
Nuclear Reactor Regulation 
Mail Stop 11, Building 20 
�ashington, D.C. 20555 

Dear Dr. Masnik: 

ENCl.OSURE 

;:�sanene 
P•e�foc Notthw�u t.bor�toro� 
l&llrUr IO<.I�&rd 
'0 lo•999 
••chl&nd. Whh•naton "JS1 
Trlcp� (!09) 375-2454 

t am enclosing the PNL review of the TMI·2 licensee's Criticality Safety 
Study. Please feel free to contact me at the above nu�ber if you have any 
questions or co�ents on this report. 

�"�j 
Roi0���fp 
Senior Research Scientist 
Dosi�etry Res�arch Section 
HEALTH PHYSICS DEPARTMENT 

RIS/ag 
Enclosure 

cc: L lhonus, US�RC 
R llarty, Pill 



I NTROOUC T I O'i 

REVIEW OF THE CRITICALITY SAFETY ANALYSIS REPORT 
FOR THE TMI-2 REACTOR VESSEL 

Critical ity safety i s  one of the major safety issues addressed by the THI-2 
licensee as i t  prepares the pl ant for Post Defuel ing Monitored Storage status. 
Since measurable amounts of reactor fuel containing fis s i l e  i sotopes wi l l  
re�ain in various l ocations o f  the pl ant, 1 t  i s  i mportant to ensure that an 
unintentional crit ica l ity could not occur. 

The l icensee's approach to determining the degree of cri t icality safety was to 
first est abl ish a Safe Fuel Mass limit (SFML), which is a conservatively­
calcul ated upper boundary for a mass of fuel that could not experience cri ti­
cal ity under any configuration. Thi s  l imit was documented in the Defuel i ng 
Completion Report (GPU Nucl ear, 1990) as 140 kg U01• Masses of fuel i n  
various l ocations o f  the pl ant were compared t o  the SFHL, and in nearly a l l  
cases the fuel quant it i es ( Including upper error bounds )  were substantia l l y  
below the SFML (GPU tluc l ear, 1 993}. A separate critical i ty safety study was 
not necessary for �ny l ocation with a quant i ty of fuel below the SFHL, since 
the SFHL study itsel f demonstrated cri tical i ty safety for that l ocation. 

The Reactor Vessel (RV} is the only l ocat ion  in the TMI-2 pl ant contai n i ng a 
_fuel mass greater than the SFHL. ( The Nuclear Regul atory Commiss ion's ( NRC) 
Safety Evaluation Review, USNRC, 1992} reco�mended that a val ue of 93 kg may 
be more appropriate than 140 kg for the RV; either value would l ead to the 
sa�e concl u-sion, however . )  The entire quantity o f  fuel , as reported 1n the 
final submit-tal of  the Post-Oefueling Survey Report , in th� RV was determined 
to be 925 kg! 370 kg (GPU Nucl ear, 1993}. Earl ier, unofficial estimates of  
the RV  i nven- tory were 652 kg (based on a v ideo estimate)  and 1 322 kg (based 
on passive neutron �easure�ents, before various measurement biases were 
ident ified) . Since these estimates are all greater than the SFML, a 
critical ity safety st udy was performed for the RV residual fuel i nventory. 

The GPU study (GPU Nuc l ear, 1 992) eval uated two fuel cond i t i ons: 1 )  the 
Steadt·S:ate critical i ty condit ion; and 2 )  the Accident condition. In the 
Steady-State condition, the st udy l ooked at the fuel in the configuration that 
currently extsts in the RV. The study concl uded that the configur 'ion was 
not crit i c a l ,  and it eval uated the margin of safety. In the Accit t condi ­
tion, the study determined the maximum quan t i ty o f  fuel that coul d credibly 
rel ocate t nto i single  l ocat ion In the bottom RV head, and eval uated this 
configuratton to determ1ne whether 1t could be critical . The study concl uded 
that the Acc i dent condition could not produce a criticality.  The cri t i ca l ity 
study was performed before the 925 �9 estimate-of-record had been establ ished 
for the RV fuel inventory. Thus the study used the 1322 kg estimate for a l l  
RV critical i ty ca lculations. 

The Pacific Northwest Laboratory (PNL) acted on a request from the NRC to 
revle� the GPU cri t ic a l ity safety studies for the RV. Th i s  report presents 
the findings of the Plil review. As part of its revi ew, Pill performed several 
sets of cal cul ations. These st udies are documented 1n At tachments  1 and 2 to 
this report . 

I 



ST�AOY ST�TE CR!TICALJTY 
For thP s teady s tate s i tuation, the XSORN-PH computer code �as used to 
estimate the thi ckness of a n  annular cyl inder of fuel, �i th outer diameter 
matc hing the inner wall of the RV and infinite in height, that �ould result in 
l k u of 0.945 i f  it were filled �ith pure water. The thickness of thi s 
..... � .... , n •t'!" o ... imate ly 3. 88 i nches. The target k fJ of 0. 945 used for this 
study is bel ow the NP.C's acceptance criterion of o . §� which is b a s ed on the 
limit in tha Standard Technical Specifications for spent fuel storage (USNRC 
1991). 

In determini ng the l imiting thic knes s of fuel , the s tu dy made certain a s sump­
tions about the nat¥re of the fuel. I t  assu�ed that the urani um  in the fuel 
conta i ned 2. 67 wt� 3�U. and it assumed tha t other nucl ides, such as Pu, �ere 
present in the fuel a s  a res u l t  of the reactor operation before the THI-2 
acci dent. For devel opi ng the cros s secti ons used by the c riticality codes, 
the fuel was assumed to be in the form of pell ets in a dodecahedron lattice 
s tructure with a fuel volume frac tion of 0.28. 

After determi ning the thic kness of a hypothetical annular ri ng ,  the study then 
l ooked at  the fuel quantities esti mated to rema i n  in each of the nine zones of 
the RV to s ee how c l os e  the fuel deposits came to the 3. 88-inch thickness. 
For the i ndividual zones 1·6, the s tu dy found that the fuel deposit 
thicknesses were far l es s  than 3. 88-i nches, s o  each i ndivi dual zone was safely 
below a k 11•0.945. for zones 6·9, the geometry was more compl i cated than a 
s i�pl e a n�u l a r  ring, s o  the KENO·V.a c omputer code was u s ed to model the fuel 
deposlts i n  th ese regions, and it found tha t the fuel quantities �ere wel l 
below what  was required to produce a k,1, of 0. 945. Final ly,  a n  analy s is 
consi dered the RV as a whole and con cl uoed tha t the configurati on was well 
bel ow a model of a 3.88·inc h thick annu l a r  ring. Thus the s teady-state 
c onfiguration had a large marg i n  of safety with res pec t to a critic a l  
condition. 

It appears that proper methodology was u s ed to a s sess the steady state 
cri tical ity s i tuati on. The cal cu l ations s howed a large marg i n  of safety 
between the ac tual fuel deposits and the quantity of depos i ts required for 
crlticallty. It should b e  noted that •steady s tate• refers to the configura· 
lion of the fuel in the RV, but the actual a nalys i s  assumes a dramatical ly 
abnormal c ondition: the presence of water tn the RV. Critical ity cannot occur 
wi th fuel at such low fis s i l e-isotope enrichment without moderator. ihus the 
study assu�es that the RV i s  fil l ed with water, and the s tu dy a s s u mes that the 
water is pure, containing no boron or other neutron absorbers. Precautions 
have beer ta�en b y  the l icensee to ensure that no water wou l d  i nadvertently 
enter the RV. The s teady state calculatton therefore assumes that the 
residual fuel i n  the RV wou l d  be well bel ow critical , even in the presence of 
unanticlpated quant1ti es of moderati ng water. 

z 



ACCIO(UT CRITICALITY AN�LYSIS 

for the Accident situation, the s tudy l ooked at each zone and determined the 
quantity of fuel (620 kg) which could pos s i bly,  al though non-mechan i stical l y ,  
relocate t o  the RY l ower head region. The model a s s umed ful l fl ooding of the 
botto� head by water, that the fuel conta i ned 0. 009� boron, and that the fuel 
was in the form of pel l ets rather than powder. A parametric  s tudy was 
performed to test the effectiveness of these two parameters,  and they found 
that the pellet conf1gurati on was conservative.  They al so  found that no boron 
wou1d resul t in kt•r > J. However, by us i ng the stated assumpti ons ,  the 
study calculated a k.11 of 0. 981 for the rel ocated fue l .  Since the cal cul ated 
value i s  below the crtterion k,,, of 0. 99, the s tudy concluded that an acci­
dental fuel rel ocati on would not cause a cri tical i ty. 

One of the key features of this study i s  determining  the quantity of fuel that 
coul d rel ocate to the l ower head. The s tudy l ooked at each of zones 1-9 to 
deterrr.ine the fraction of fuel that c ould be l oose enough to rel ocate. In the 
PHL review, a concern was raised about the fracti on of fuel i n  zone 9, the 
lower head reglon, that c ould rel ocate, s i nce it seems pos s i b l e  that al l fuel 
1n the lower head c ouid be avail abl e  for a rel ocated c onfigurati on .  In a more 
detatled expl a�ation from GPU, we found that 0.6 kg of fuel woul d be l odged i n  
incore tnst ru�ent n ozzl es  that are far enough from the l ocation of the relo­
cated mass of fuel to be neutronic a l l y  decoupled from the mas s .  The fuel that 
is assu7.ed to restde in the inc ore i n s trument guide tubes l eft suspended from 
the flow d t strtbutor , is a l so a s sumed to be neutron i ca l ly decoupled from the 
rel ocated mlss becau se of the vertical distance from the bottom of the RV. 
Thus only 58.7 kg of fuel from zone 9 i s  assu�ed to be availabl e  for the 
relocated mass. 

The critical ity safety study depends on modeling the RV and i nternal debri s ,  
ar.d the n�del ing necessarily includes s o�e approxi�ation . In good engineering 
practice, any approximation i s  made with s ome degree of conservatism bui l t  tn. 
In the various safety studies that have been performed for THI-2, a number of 
ass u-�ticns mJst ;e rr.aje i n  any model ing, since there have been uncertainti es  
associated with measured quantities, and  beca�se s ome aspects of  the s tudy are 
hypothettca l .  �uch of the P�L review of the c r i tical ity studies has been 
concerned with eval �ating the a s s umptions that must be made and the effect of 
the corservatisrs that are buil t into the model ins. Some of the assumptions 
and con�ervatis�s that are part of the stud} incl ude: 

1) m��s of fuel ava i l abl e for critical ity; 

2) fu�l c onfiguration 
enric hm�nt In fts sil e  material , 
1nclusion of neutron·absorbing material (•neutron 
potsons"), 
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fuel densi ty, 
lattice or pellet configuration; 

3) n�utron moderation and reflecti on; 

4) additional neutron poi sons; 

5} shape and d imens ions of fuel configuration; and 

6) analytical bias in k.w 

Mass of fuel Available for Cri t1cal1ty 

The rnass of fuel available for criticality Is bounded by the amount of 
fuel that could be present in the RV. The GPU cri t i cality study (GPU 
Nuclear, 1992) assumed that the amount of fuel In the RV 1s 1322 kg, 
whereas their esti mate of record Is 925 kg, w i th a one-s i gma error bound 
of 370 kg. Thus the plus -one- sig�a bound of the esti mate of  record 1s 
1295 kg. The criticality safety study i s  us i ng a mass h igher than th i s, 
�hich is an appropriate conservatism. 

fuel Configuration 

[nrlch�ent of Fuel jn fissile �aterial 

The criticality study needed to make an assumption about the 
conposition of the fuel. fuel from different regi ans of the 
or1ginal core contained different enrichments i n  23 U, so i t  was 
important that the study choose an enrichment that 1s the h ighest 
value likely �o be encountered In the fuel debri s .  The enri chment 
of 2.67 wt� 13 U was chosen as t•e highest enri chment that could 
be encountered. The inclusion of Pu i sotopes in the fuel mixture 
also ensured that the quantity of fi �� i le material would not be 
underestimated. 

Inclusion of Neutron Poisons i n  the Fuel 
The December 1992 report included the results of a parametri c 
study mod�ling the effect of boron i n  the fuel. for the 
configuration used to model the Accident case, this study found 
that totally omitting boron from the fuel region would result i n  a 
kt,•l.023, including 0.0091. boron would g i v e  k�,·0.981, and 
0.07Zr. boron (representative of the res idual fuel i n  the RV) would 
give k�,1·0.735. The steady state study omitted boron from the 
calculat1on for a degree of conservatism. The Accident study 
included 0.009� boron In the fuel region, wh i ch i s  about 10� lower 
ttan the �in1rr.um quantity of boron found In the debris samples 
that have been analyzed. 
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fu el Density 

The bul k densi ty of the fuel i s  a major concern in calculating 
reactivity. The model a ssumes that the fuel region is a mixture 
of fuel and water, but the assumed rati o of fuel to water is a 
cru ci al  factor in determi ni ng the k , , of a specific configura­
ti on. In a set of calculations perforr.ed by Pfll, critical 
c onfigurati ons were c a lculated fo� fuel having a bulk density of 
3. 7 8  g U02/cm3 (the density that gave the minimum slab thickness), 
ano these were compared to identical conf i gurati ons with fuel 
having a density of 2.06 g U02/cm3 (the densi ty givi ng the 
smallest mass). In every case,  the lower densi ty produced a 
criti cal configurati on with a smal l e r  mass than the similar case 
with the h1gher densi ty fuel . lhe hi g her densi ty c a se reou i red 
about 67� more �ass to produce a critical configurati on than d i d  
the lower dens1ty. 

The P�L compa ri son only u sed two densi ties, and it would be 
incorrect to conclude that decreasing the densi ty a l ways i ncreases 
the reactivity. The val id conc l u sion i s  that the bul k  densi ty of 
the fuel is a n  Important determinant of the reacti vi ty of a 
configuration, a nd the study shoul d carefully c hoose·a reasonable 
value. The GPU Accident study u sed a fuel vol u me fraction of 
0.26, which Is the same as a bu l k  fuel densi ty of 2. 85 g UO�cm3 

(a ssu�ing that pure U02 has a density of 10.97 g/cm3). The report 
states that this val u e  i s  optl�i zed for the a ssumed lattice 
structure. This assum�tion i s  therefore c onservati ve, because i f  
fuel were to rel ocate to the botto� of the RV, It Is unl ikely that 
It wou l d  necessarily fal l into a confi guration with the optimum 

· 

bul k  density. 

lattice or Pel l et Configuration 

Critical ity cal cu l a ti on s  must make a n  a ssu�pti on a bout the 
c o�f1aur��i on of the material  in the fuel . The Decembe r 1992 
re�ort Incl uded the resu l ts of a study that c ompared a pellet·type 
conf1gura tlon to a n  infin i tely d i l ute solution of U02 in water. 
The dil ute sol ution of U01 in water gave l owe r k rr va lues than the 
pel l et cor.flgura tion, so a pel l et configura tion was used to a ssure 
conservatism in the cal c u l ation. 

Pill perforrred a series of critical ity cal culations to understand 
the effects of various a ssurrptions i n  �he cri tica l i ty study. In 
o�e set of cal cu l ations, the fuel was a ssumed to be in a rod 
corf1gurat1cn (neutro�ical l y slmll)r to a pel l e t  con fi guration). 
In one case, the rods were a ssurred to have a diameter of 0.6 em, 
and in a nother case they had a d1ameter of 0. 254 em. The resul ts 
of these calculations are su��arfzed in Figures 1 and 2 and they 
a re expla1ned i n  Atta chrrent 2. The .254-cm rods always required a 
l a rger ma5s to atta i n  the same v��ue of kerr compared to a simi l a r  
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conf i gurati on based on 0. 6-cm r od s .  The required mas s e s  were 
larg�r by 2 to 4� for the .254-cm rod s .  Thus i t  i s  clear tha t the 
latti ce confi gurati on is a n  i mportant cons iderati on, and the GPU 
s tudy chose a conserva ti ve confi guration. 

Neutron Moderati on and Ref l ection  

It is rPrtai nly pos s i ble to have a cr i ti ca l  confi guration wi thout a ny 
neutron moderati on, but such a •fa st• system requ i re s  a hi g h  e nri chment 
of fi s s i le i s otopes .  for the e nri chments e ncountered i n  the THJ-2 fuel, 
neutron moderati on i s  requ i red to prod uce a criti ca l  confi gurati on, and 
the amount of neutron moderation determi ne s  the reacti vi ty of the 
syste�. The cr i ti cali ty s tudies are conservati ve i n  thi s respect, 
because both the Steady State and the Accident case a s sume tha t there i s  
s ufficient water to provide the necess ary moderation to a chi e ve maximum 
k, tt• In real i ty, the RV does not conta in water and efforts have been 
ta�en to ensure that water does not accidentally e nter the R V. 

The s tudy a l s o  a s sumes a degree of neutron reflection, wi th e i ther water 
ur steel present to reflect neutrons escapi ng from the fue l  reg i on back 
i nto the fuel . I n  the Accident cal cu l a ti on, i t  was assumed that 500 
g a ll ons of u nborated water were present above the fuel reg i on to provide 
neutron reflecti on. Thi s assumpti on i s  a conservati s m, s i nce i t  assume s  
that water i ntroduced i nto the RV must be s uffi cient t o  not only 
s a turate the fuel region, but a l s o  to provide the reflecti ng layer .  

Addi tional N�utron Poi sons 

The Accident case assu�ed that the fuel conta i ned 0.009r. boron, but the 
s tudy a s s umed no addi ti ona l pois oning from i tems such a s  materia l  from 
the control rods or internal s tructural materi a l  mi xed i n  wi th the fuel. 
It i s  li kely that a ny fuel deb�is could conta i n  such neutron poi s oni ng 
material, whi ch would decrease i ts reacti vity, but no credi t was taken 
for the presence. 

As a mit1gating nea s ure for cr i ti ca�i ty safe ty, the li censee d umped 
three drums of borated g l a s s  shards i nto the bottom of the RV. for the 
stea�J s tate s tudy, thi s g l a s s  would have a l mos t no effect, but for the 
Accident case, i t  could have a s ma l l  effect that was not cons i dered i n  
the study. fuel that would rel ocate i nto the bottom of the RV woul d 
cons 1st, to s ome degree, of fi ne particles tha t coul d d r i ft down a nd 
settle i nto the spaces between the s hards.  These fuel parti cles would 
be neutroni cal ly separated from the l arger mas s of fuel tha t s e ttled on 
the top surfa ce of the layer of s hards.  It  is  d i fficul t to  quantify, 
for the hypotheti cal ca se,  what portion of the 620 kg or rel ocated fuel 
woul d fa l l  i nto the glass s hards ,  but a ny amount woul d have the effect 
of lowering k,,, below the calculated va l ue.  
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,Sha_p_und_Qj.!:.ensio'l� of the Fuel Conf i guration 

The Accident ana l ys i s  assumes that fuel rel ocates from the upper regions 
of the RV Into the l ower head region, and the shape of this rel o c ated 
conf1guration is an i mportant determinant of the reactivity of the 
conf1guration. One ir.portant feature of the shape of the configuration 
is the surface-to-vol u�e ratio, s i nce a shape with large surface area 
woul d exper i ence h i gh neutron leakage and therefore lowered reactivi ty 
(t� is a:counts for the spher i cal  shape of the unmoderated ,  potentiall y  
super-cr1t1cal asse�bl i es depl oyed by the military). 

The GPU study assu�es that the rel ocated fuel fal l s  into a confi guration 
w i th a hemi spher i cal bottom surface, �atchi ng the curvature of the 
i ns i de of the RV. and a f l at top (l i ke the top of a s l ab ) .  The 
he"-1spher1cal botto" i gnores the presence of the g l ass shards in �he 
botto� of the RV: the presence of these shards woul d provide a base to 
support the relocated fuel, giving more of a nearly f l at surface for the 
botto�. The f l at bottom w_u l d  have a l ower react i v i ty than the curved 
bot to�. 

PHL perfcrmed a nu�ber of critlcality c a l c u l at i ons for these confi gura­
tlons. The PHL cal culati ons 1nv�stlgated three bas i c  shapes: J) a 
s l ab (actua l l y  a short cyl i nder, w ith the outs ide radius matc h i ng the 
1r.r�r ftal l of the RV); 2) an annulus (sim i l ar to the sl ab, but w i th a 
l arge hole i n  the center}; and 3} a fl at top w i th a hemisphe r i cal 
�otto,. The annular shape was c�osen because of the greater possib i l ity 
that debr i s  fall1ng fro� the 1nner walls of the RV woul d c o l l ect In a 
ring sha�e rather than a un iform sl ab. 

In the f1rst set of Ptll c a l cu l ati or.s, the s l ab was cor:1pared to the 
a�nJlus. This study found that the annulus could  achieve a c r i t i cal 
corfig��at i o� �1th 40� less fuel than a si� i l ar s l ab ,  assuming that the 
i ��er gap di�e�s i on was chose� for opt imal reactivity. In the second 
set of P:.L cal culati ons, the annular geometry was further invest i gated, 
a·d �� �as cv-�arej to tte slab with a he�ispherical  botto6. F i gure 3 
1l lu�trates th i s  co•par1son. The shape w i th a hemi spher i cal  bottom 

· coul d achieJe a c r1tlcal mass w i th 34� less fuel than the annul ar shape. 

Of the three shape� investigated by PHL, the f l at top w i th a 
he;.i��heritdl botto� required the smal l est mass to ach ieve a c r i t i cal 
conf1g�rat1on. Thus the l i censee's c hoice of th1s confiquration for its 
�ccid•·t a�alysis 1s co1servative, si nce th� bottom surface wou l d  be 
fla�ter�d bf th� presence of gl ass shards. 

A l l  cnt leal ili stud i e s al l frcl uded an a'lalytical b i as in k., to 
accourt fer �ncerta1nt1es in the co�putPr codes used in the �odeli ng. 
They det e rc1ned that a c onservat ive marg i n  of safety could be attained 
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by increa sing every cal culated value of k ,·by 2.5�. Thus the k,ff 
rerorted 1n the study resul ts ts greater �Y 0.025 than the k.,, found in 
the co�puter code's output. This practice ensures that there 1s no 
chance for the computer code's modeli ng methodology to introdu ce � non­
conservati ve uncertai nty into the study r esul ts. 

CO'Ir( liS JOP15 
The criticality study p�rformed for the TM I -2 RV used a ppropriate methods for 
ana l ysi s. The comput�r codes and cross secti ons are a ll a ccepteJ by the 
Industry as state-of-the-art, so the analysi s conforms to i ndus 
convent tons. 

Since the steady state configuration resulted i n  a large marg i n  of safety from 
a critical conf1gurat1on, the a nalysi s  was si mpli f i ed by omi tti ng many 
crtticality·tn�lbtting rrechanisr.s. In order to perform the study, an assump· 
t1on was �ade that the RV �as ftl l ed w1th pure, unborated water. This 
assu-ption ts gros�ly conservative. Thus the steady state analysi s adequately 
der.onstrates that there Is no l1�el i hood of criticality without fuel 
rel ocat I on. 

· 

The Accident analysis u�ed a qua nti ty of re located fuel tha t cou l d  be cr i ti ca l  
under certain tdeal  condi tions. Thus thi s part of the study needed to i nclude 
�ore crtttcallty-suppressing mechanisms, so the presence of boron was 
acknowledged in the fuel reg i on .  Even so, the study stil l made a number of 
assu�ptions that �ere conservative , as described earl i e r  i n  thi s review. With 
the proper use of analytical procedures and the i ncorpora ti on of appropr i a te 
conservatisn, th1s study demonstrated that there i s  no likelihood of a n  uni n­
tentional cr1ttcality occurring in the THI-2 RV. 

J l 
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ATTACHHEHT 1 



'KiTICALITY ASPECTS OF FUEL DEBRIS IN THE THI-2 REACTOR VESSEL 

I NTROQUCTI ON 
The TMI-2 l icensee has performed a det a i led study of  the quan t i ty of 

fuel material that remains i n  the TH1·2 fac i li ty .  T�e results of t h i s  study 
--�� . ����1�� tn the Oefuel1ng Completion Report ( OCR}, s ubmi tted to the USNRC 
on February zz, 1990. 

The OCR summari zed fuel quantities i n  d i fferent locati ons of the THI-2 
faci lity, and compared these quantities to a •safe Fuel Hass limi t• (SFHL). 
In �ost locations, the fuel quantities were substantially below the SFHL 
levels, but i n  the reactor vessel, the estimated fuel quantity was above the 
SFML. The li censee therefore performed a crit i cal i ty safety analysi s for the 
fuel in the reactor vessel to ensure that there was no poten t i al for a cri ti­
cality. The l icensee's study gave a k.,, of 0.945, which i s  below the NRC's 
acceptance criterion of 0.95 for fuel storage facilit i e s .  

At the request of the USNRC , PNL performed an i ndependent study of the 

crit ica lity potential in the reactor vessel. 

eOPAT(O GLASS JN THE REACTOR VESSEL 
Since the OCR was written, three 55 gallon drums of borated glass shards 

have been dumped i nto the reactor vessel . Although the borated shards would 
have l it t l e  If any poisoning effect on debris accumu l a t i ng on  the i r  top sur­
face, they do serve to isol ate residual material already i n  the bottom head 
from any fuel debris that mly fal l i nto the vessel i n  the future. The shards 
also create a larger surface area in the bottom head over which fallen debr i s  
can be distributed. Distributing a fixed amount of a given debris mi xture 

over a larger area increases neutron leakage and thus decreases the reactivi ty 

of the system. However ,  distributing material over a l arger area also pro­
vides a �echan ism whereby an undermoderated system can become optima l l y  
moderated and thus ha\C a greater reactivity. Thus i t  is important to  model 

the possibl e accu�ulation of fuel debr i s  that could col lect on the top surface 
o f  the debris JS though 1t accumul ated in opt imu� configurat ions. 



CRITICALITY IN A SlAB CQPlFJGURATION 

Tne c r i t i c al i ty c alculations reported i n  the OCR (p 5-55, rev. 4/0496P} 
found that a n  accumulat ion  i n  the bottom reactor vessel head of an optimal  
mixture of SOOkg of core debris and water would have a keff of  0.921 (not 

t ncludtng b ias )  when fully reflected on top by water. 
Based on data i n  DP-1014 (Clark, 1966 ) ,  the min imum c r i t ical  t h ickness 

of a ful l y  water reflected, o�timally moderated slab of U(2.67)02 pellets i n  

w�ter i s  15.2cm . •  At opt imum modera t i on the H/z35U atom rat i o  i s  199 (for 
2.67� enr ichment )  and the U01 bulk dens i ty i s  3.78  g/cc (wh i c h  closely ap­
prox imates th� 3 . 38 g/cc reported i n  the OCR, p S-23 , for the reactor vessel 
debris} .  

The unobstructed regi o n  i n  the reactor vessel above the bottom head h as 
a d i ameter o f  about 2 4 1  em (OCR F igures 5-3 1 ,  35 , 36,  & 36) . The glass  
shards, a t  165  gallons , create a surface area about 208 em in  d i am�ter across 
the bottom head as ind icated i n  F igure 1 .  An accumulat ion  of opt i mal ly mod­
erated m ixture of U ( 2 . 67 ) 01 and water at l east  15.8lcm deep on top of these 
shards is requi red before c r i t i c ali ty would be possi ble . In other word s ,  
cri tical i ty c a n  not be achieved unless the t h ickness o f  a un iform slab o f  
debri s  o n  top of  the shards i s  at least 1 5 . B l cm. Under these cond i t i ons  the 
crit i cal mass i s  2428 kg of U01 . If only nominal neutron reflection i s  
considered credi ble (which  seems more reasonable than full reflec t i on) , the 

crit ical  t h i ckness w i ll be s l i ghtly larger ( 1 9 . 83cm) and the c r i t i cal  mass 
will i ncrease to 3 1 63 kg of uo2 . 

Although the t h i ckness of any such accumula t i on of debr i s  on top of the 
shards must exceed e i ther the I S .S lcm ( i f  full water reflect ion is  credi ble) 
or the 1 9 . 83cm ( i f  only nominal refl ection i s  cons idered credi ble)  for cri t i ­
cality t o  occur, c r i t i cali ty can  occur a t  smaller masses than those g i ven 
above - but at lower den s i t i es and larger volume s ,  The above masses of 2428 
kg and 3 1 63 kg correspond to the U(2.67)02 den s i ty ( 3 . 78 g UOzlcc) that  

resul t s  in  the s�allest c r i t ical  slab th i ckness .  The m i n i mum c r i t ical  mass, 
however, occurs at a l o�er den s i ty of about 2.06 g U02/cc for 2.67% enri ched 

U02 • Th i s resul t s  In a l arger c r i t ical slab t h i ckness but a smaller c r i t i cal 

mass.  At a den s i ty of  2 . 06 g U(2.67)02/cc , the minimum c r i t i cal  slab t h i ck-
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ness of a ful ly water reflected s l ab of U02 i n  water i s  1 5 .95 em. The minimum 

cri t i cil th ickness of U(Z . 67)02-water on top of the gl ass shards at this  

density of 2 .06 g U02/cc is  about 16 .74 em and the  cri t i cal  mass i s  about 1413  
kg U02• I f  nominal neutron refl ect i on is  con s i dered credibl e ,  the  min1cum 
crit ic al thickness on top of the shards i ncreases to 21 .74 em and the crit i cal 

mass i nc reases t o  about 1922 kg of U02 • 

CRITICALITY IN AN ANNULAR CONFIGURATION 

The mas s of mate r i a l  needed for c r i t i cal i ty coul d be considerably l ess 

than that required for the s l a b  geometry d i scussed a�ove i f  the debr i s  were to 

accumulate on top of the shards i n  the form of an i rregul ar r i ng with water i n  

the center reg i on .  The height o f  any such accumul ation must , however,  always 

exceed 1 S . 8lcm i f  c r i t i c al i ty i s  t o  occur. This  l imit  for a ful ly rP.flected, 

optimum moderated s l ab i s  val i d  i rrespec t i ve of fuel d en s i ty .  I f  the den s i ty 

i s  greater than 3 . 78 g U ( 2 . 67)02/cc the crit ical  s l ab thickness w1 1 1  be 

greater t han I S . B l cm. If the fuel den s i ty i s  l ess than 3 .78 g U (2 . 67 )02/cc, 

the cr it ical s l aL thickness w i l l a l so be greater than 1 5 .8 1cm. 
·ceo�e t r i c a l  buckl i ng"  is a parameter used in neutronics  c a l c u l a t ions to 

des c r i be the d i mens i ons of a s i �ple  c r i t i c al asse�bly. An empirical  expres· 

s lon for calcul at i ng the geometr i c al buckl i ng of annular r i ngs was developed 

to i nves t i gate the effects that r i ng geometry has on the cr it i cal  s ize  of such 

accu�u l a t ions of fuel debr i s  on top of the g l a s s  shards. The empi rical buck· 

l i ng rel a t i on s h i p  i s  shown in F i gure 2 a l ong w i t h  a sketch of the annular ring  

model used in  the c a l cu l a t i ons {note t h a t  the max imum d i ameter of the  annul ar 

ring model used in st udy i ng these effec t s is 202 em, wh i ch is sl i ghtly smal ler  

t h a n  t h e  d i a�eter est imated for the top surface of  the  shards ) .  

C a l c u l a ted c r i t i c a l  s i ze s ,  and correspond i ng masses , based on th i s  

e�p i r i c Jl buckl i ng expre s s i o n  are g i ven i n  Tabl e l , a s a funct i o n  o f  the 

annulus w i dth. 
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Figure 2 Annular Ring Model 
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Rl = Inner Radius 

He = Critical Height . a:: Critical Buckling 

}.... Extrapolation Distance 

3920S127.• FH 
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TABLE 1 
Est imated C r i t i cal Sizes of Optimally-Moderated U (2 .67)02-Water 1 n  Annular 

Geometry Having an Out s i de D i ameter of 202 em 
(Ful l Water Refl ect i on and 3 . 78 g U02/cc) 

Annul us W idth  Inner Radi u s  C r i t i cal  He ight Cri t ical  Hass KENO-lV  {em} {em) (em} {kg U02L �ff 
1 5 . 25• 0 INF J ti iTE  WFJrliTE 1 . 003 (0 .004} 2 5  76 28.67 1 506 1 .005(0.003} 30 7 1  23. 1 2  1 4 1 4  3 2  6 9  21 . 90 1 4 1 5  
3 5  66 20.57 1428 
40 6 1  1 9 . 1 3  1472 
45  56  18 .22  1 529 1 .007(0 .003) 80 2 1  1 6 . 05 1860 
90 1 ]  1 5 . 91 1904 

101 0 1 5 .84  1919  1 . 028(0.003) 

•Cr i t i ca l  rad i u s  of  a cyl i nder of U ( 2 . 67)02-water, i nf i n i te i n  l ength. 

The cal cul a ted resul ts  shown in Tabl e I i nd i cate that the most favorabl e 
accumul a t i on o f  fuel i n  an annul ar geometry on top of the gl ass shards i n  the 
reactor vessel bottom head would hav� an annulus  width of about 32  em and 
cont a i n  1 4 ! 4  kg of U02 at 3 . 78g U(2 .67)02/cc . The height of t h i s  fuel woul d be 
about 21 . 9  em. These resul ts  are graph ical ly presented i n  F igure 3 .  

Al though the resu l t s  presented i n  Tabl e J y ie ld  the smal l es t  cri t i cal  
s ize for an annual r i ng of  fuel , a smal ler  �ass cou l d  achieve c r i t ical i ty as 
d i scussed prev i ously for a uni form s l ab accumul at i on of fuel . Calcul ated 
resu l t s  are g i ven i n  Table 2 for annu l a r  r i ngs of fuel at  the optimum dens i ty 
of 2 . 06 g U02/cc correspond i ng to the m i n i �um cr i t i cal  mass for a 
U(2 .67 )02 -water mi xture. 
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TABLE 2 
Est imated C r i t i cal Masses of  Opt imal l y  Moderated U(2 . 67 )02-Water in Annul ar 

Geometry Having an Outside Diameter of 202 em 
(Ful l Water Reflection and 2 .06 g UOrftt) 

Annulus Width Inner Radius  Crit  f cal Height C r i t ical Hass KENO - I V  
(�m} (�m} (�ml (kg V02L __k.,,_ 

wrIt  l iTE  0 1 5 . 95* I IIF INITE  1 . 005(0. 007) 
25 76 3 1 . 75 909 1 .027(0 .009) 
30 7 1  25 .61  855  
32  69 24 . 1 4  850 
33 68 23 . 54 849 
35 66 2 2 . 54 852 
40 6 )  20 .80 872 
45 56 1 9 . 70 900 0 . 989(009) 
60 2 1  1 7 . 10 1080 
90 1 1  ) 6 . 86 1099 

) 0 1  0 1 6 . 7 9  1 108 o. 991 (0.01 1 )  

*Cr i t ical th i ckness of a s l ab o f  U (2 .67 ) 02-water,  i n f i n i t e  i n  two d i mensions.  

The c a l cul ated res u l t s  presented i n  Table 2 i nd i cate that  the  m in imum 
c r i t i cal mass o f  fuel i n  an annular geometry on top of  the g l ass shards i n  the 
bottom o f  the reactor vessel woulj be about 849kg U ( 2 . 67)02 • The annu �s Wldth 
woul d  be about 33 e m  with an height of  23.54 e rn .  These cal cul ated re� �� �� are 
graph i c a l l y  presente� i n  F igure 4 .  

S i nce the  cal cul ated val ues shown i n  Tabl es 1 and 2 are based o n  an 
unver i f i ed e�p i r ical  expre s s i on for the geo�etrical  buckl i ng of  an  annul ar 
ring ,  k_,, values were calcul ated us ing the KENO- I V  compute:· code for a few o f  
the r i ngs a s  a means of  ver i fy i ng the val i d i ty of  the buckl i ng expres s i o n .  
These calcul ated k�1, values are shown i n  t h e  r i ght-hand columns o f  Tables I and 
2 .  As can be seen,  the c r i t ical s i zes  cal cul ated .us ing  the buckl ing  express ion  
agree rea�onably wel l  w ith  the  cal cul ated k,, , .  

Al so  shown i n  Tables 1 and 2 are cal cul ated k,,, values for  an  i nf i n i te 
cyl i nder ( top entry, Table 1 )  and an i n f i n i t e  s lab  ( top entry, Tabl e 2 )  o f  
U ( 2 . 67 )02-wat r .  These two entr i e s  were i ncl uded because t h e  expressions  for 
geomet r i cal  buckl i ng for these confi gurat i ons had been used i n  c r i t i cal i ty 
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calcu l at i ons long before the emp ir ical express ion was developed. Since these 
values �re cons i stent w i th the other entries 1 n  the tabl e ,  it i ncreases our 
confia�nce 1 n  the empi ri c al expression.  

To estimate the effect that a S� reduct ion of k.,, from crit i ca l  would 
have on the s ize  of the a�nullr ring ,  buckl i ng conversions were made to the 
r�ng having the s�allest v�lume and to the r i ng hav i ng the smallest mass . For 
the smal 1 est volume case, the height at a k.,, of 0 . 95 i s  1 8 . 6  em ( 1200 kg 
U ( 2 . 67 )02 ) as compared to 2 1 .9 em ( 1 4 1 5  kg U (2 .67)02) at the cri t i ca l  con­
d i t i Jn .  for the smal l est mass case, the height at  a k.,, of 0 . 95 1s  1 9 . 1 6  em 
(691 �g U{2 . 6 7 ) 02) as  compared to 23.54 em {849 kg U ( 2 . 67 ) 02} at the cri t i cal 
condi tion . 

CONCLUSIQ�S 
Mi n i mum Th ickness: The calculat ions  performed 1 n  t h i s  study i nd icate 

that a sl ab t h i ckness of at least l 5 . al em for a U02-water mixture on top of 
the glass shards in the reactor vessel bottom head is  required before crit i ­
cality i s  possi ble . T h i s  s l ab would conta i n  2428 kg of U ( 2 . 67)02 , at a density 
of 3 . 78 g U02/cc . 

Mini�u� Hass: At a bul k dens i ty { 2 . 06 g U02/cc) much l ower than that 
postulated for the reactor vessel debris (3 .38g U02/cc) only about 1413 kg of 
U{2 .67)02 is  requi red before crit1cal i ty would be poss ibl e .  In this config­
urat ion ,  the depth of debris on top of the g lass  shards woul d be greater ( 1 6 . 74 
em vs 1 5 . 8 1  em) than the th ickness for a 3 . 78 g/cc slab. Should the debri s 

accumul ate i n  the form of a well-defined annul ar  r i ng on top of the shards, the 
mass of U (2 .67 )02 required for crit i cality to be pos s i bl e  is further reduced to 
about 849 kg. These val ues are based on ful l water refl ect i on and opt imum 
neutron moderat ion w�th  respect to e i ther vol ume or mass .  l imit ing  the quan­
t i ty of water in the reactor vessel s igni ficantly �ncreases the amount o f  
material requi red before criti cal ity would be pos s i ble i n  the above geometri e s .  

Potenti a] for Critical ity i n  THI·Z Reactor Vessel: The current best 
estimate for the quant i ty of fuel i n  the reactcr vessel i s  609 kg. Obviously 

t h i s  quant i ty i s  below the m i n imum mass required for a cr it icality i n  a 

geometry that i s  reasonably attai nabl e ,  849 kg . The 609· kg estimate i s  based 

1 0  



�n v i dPn 1rnagi ng techniques, however, and a more recent estimate us ing act i ve 
and pa� � � ve neutron measurements i nd i cates that the i nventory �ay be h igher, 
poss ibly as much as doubl e the 609-kg estimate . 1 200 kg of UOz i s  �ore than 
the m i n imum mass required for a crit ical i ty ,  but 849 kg of UOz could resu l t  i n  
a crit ical i ty only i f  a number of i deal cond i t i ons were sati sfied.  These 
t.uuci J L um� 1 t!4u i r c:  that the fuel has a density of 2 .06 g/cc and i t  must fal l 
into the i deal annular  configurat i on with  an annul us  width of 33 em and height 
of 2 3 . 54 em. These i deal cond i t i ons  a lso  requi re a ful ly-refl ect i ng water 
supply. The calculat ions  show that any dev i at ions from t h i s  dens i ty ,  these 
d imens ions and the reflect ive cond i t i on would i ncrease the mass of fuel re­
qui red for cr it ical i ty .  Host changes in  the configurati on wou l d  i ncrease the 
min i�um required mass by a substant i al amount: for examp l e ,  i ncreasing the fuel 
den s i ty to 3. 78 g/cc woul d i ncrease the m in imum requi red mass to 1 4 1 4  kg , wh ich 
is  greater than even the upper est imate of U02 mass in the reactor vessel . 
Under the cond i t i ons  of t h i s  study, i t  i s  incredi b l e  that the fuel re-mai n ing 
i n  the reactor vessel could fal l i nto a crit ical conf iguration .  T h i s  fuel 
ex ists  i n  various l ocat ions ,  i n  d i ffering forms (surt ��e r i lms ,  l oose powders,  
re- sol id i fied fue l ) and dens i t i e s .  The mechanism for br1ng i ng more than 850 kg 
i nto one l ocation  i s  not real i st i c  - some o f  the fuel i s  al ready covered by 
borated g l as s  shards and are thus neutroni cal ly i sol ated from add i t i onal fuel 
that could c o l l ect on top of t he shard s ,  and other fuel i s  l ocated behind 
baffle pl ates that would prevent i t  from fal l ing i nt o  the bottom head. The 
fuel e x i sts i n  dens i t ies d i fferent than the opt imum 2 . 06 g/cc, whi ch also 
argues agai n:t  the poss i b i l i ty of crit ical i ty.  F inal ly ,  the abi l i ty of the 
fuel to col l ect i n  an annular configura t i on with the precisely correct 
d i mensi ons i s  extreme l y  unl i ke l y .  Thus the Ptll study supports the conclus ion  
that there i s  no danger from a c r i t i cal i ty. 

1 1  
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In Dr. Bierman' s  memo to you , he indicated that your sponsor wanted several 
d i fferent cond i t ions analyzed, 1 am respond i ng to that request. For the 
add i t i onal cases requested, 1 determined the m in imum thi�kness and m i nimum 
annular mass of materi al to ach i eve the requested K-effectlve.  The m i n imum 
d imensions i ncl ude a 2 . 5% b i a s  i n  K-effective for cons i stency with  previous 
analysi s .  

The Case 1 cond i t i ons are ful l water refl ection, 2 .06 9 UO�c c ,  0 . 6  em 
d i ameter pel lets ,  and 2 .67% U-235.  The target k-effective i s  0 . 9 5 .  To 
achi eve the target K- effective i n  the bottom of the vessel , the height i s  
1 9 . 7  em, the volume i s  202 l i ters,  and the mass i s  4 1 6  Kg U02 • For annu l us  of 
materi al the maximum d i ameter is  202 em. The m i nimum annul us  height required 
for a K-effective of 0 . 95 i s  1 4 . 5  em , the m i n imum mass i s  674 Kg U02 • The 
heigh t ,  vol ume , and mass of several d i fferent annul ar reg i ons i s  shown i n  
Table 1 .  

The Case 2 cond i t ions are identi cal to Case 1 exc�pt for the target 
K-effect ive .  The Case 2 cond i t ions are ful l water reflect ion ,  2 . 06 g UOz!cc ,  
0 . 6  em  d i ameter pel l e t s ,  and 2 . 67% U-235.  The target k-effec t i ve i s  0 . 99 .  To 
achieve the target K·effective i n  the botto� of the vessel , the height 1 s  
2 2 . 3  em, the vol ume i s  257 1 ,  and the mass i s  529 Kg U02 • For annul u s  of 
material  the ma�imum d i ameter is  202 em.  The m i n imum annul u s  height requi red 
for a K· e ffect i ve of 0 . 99 i s  1 6 . 6  em, the min imum mass i s  807 Kg U02 • The 
height , vol ume , and mas� of several d i fferent annular  reg ions 1 s  shown i n  
Table 2 .  
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Tha Case 3 cond i t i ons are i dentical to Case 1 except for the pel l et s i z e .  The 
Case 3 cond i t ions are ful l water refl ect i on ,  2 .06 g U02/cc ,  0 . 254 em d i ameter 
pel l e t s ,  and 2 . 67� U-235.  The target k-effective i s  0 . 95 .  To achieve the 
target K-effect ive in the bottom of the vessel , the height i s  20. 1 em, the 
volume i s  2 1 0  1 ,  and the mass i s  432 Kg U01 • for annulus  of material the 
maximu� d i a�eter i s  202 em. The �inimum annul us height required for a 
� - e f tert l vP of 0 . 95 t s  1 4 . 8  em, the minimum mass i s  694 Kg U01 • The height, 
volu�e. anc r.ass o f  several d i fferent annular regions t s  shown in Tabl e 3 .  

The Case 4 condi tions are identical to Case 1 except for being reflected on 
th� bottom by borated glass  shards i nstead of water. The borated g l ass  shards 
are treated as nominal reflector, which has a reflector saving 2 em less  than 
ful l water refl ection.  The Case 4 condi t i ons are ful l water refl ection on the 
tops and s i de s ,  no�inal refl ect ion on the bottom ( s imu l ation of the Boron 
g l a s s  shard s ) ,  2 . 06 g UO�cc,  0 .6  em  d i ameter pel lets ,  and  2 . 67% U-235 .  The 
target k-effect i ve i s  0 . 95 . The maximum annu lus  i s  202 em i n  d i ameter. The 
�i n l ru� height requi red for a K-effeet ive  of 0 . 9 5  t s  1 6 . 5  em, the m in imum mass 
is 739 Kg U0 1• T�e he ight , volume, and mass  of several d i fferent annular  
reg i ons i s  snown i n  Tabl e 4 .  

The Case 5 cond i t i on s  are ident i cal to Case 4 except for being unreflected. 
The unrefl ected cond t t i ons are treated as  a ful l  reflection with 4 em less  
reflector savings . The Case 5 condi t i ons are unreflected, 2 . 06 g UOzic e ,  0 . 6  
em d l a�eter pe l l ets ,  ana 2 . 67% U-235.  The target k·effective i s  0 . 9� .  The 
maximum annulus  i s  202 em i n  d i ameter. The mi n imum height required for • K· 
effect i v e  of 0 . 9 5  i s  2 0 . 5  em. the m in imum mass  i s  1044 Kg U02 • The he ight , 
volu�e . and mass of several d i fferent annul ar regi ons t s  shown 1 n  Tabl e 5 .  

The Case 6 cond i t i ons are ident ical  to Case 4 except for d i fferent pel let  
d i a�cter. The Case 6 cond i t i ons are ful l  refl ect i on on the tops and s i de s ,  
nom i nal reflect ion o n  the bottom, 2 . 06 g U01/ec , 0 . 254 e m  d i ameter pel l e t s ,  
and 2 . 67� U · t 3 5 .  The target k·effect ive i s  0 . 9 5 .  The maximum annul us i s  202 
c� i n. d i a�eter .  The m i n imu� he i ght  requi red for a K-effect i ve o f  0 . 95 i s  1 7 . 1  
em, the m i n l �uT. mass i s  781  Kg U01 • The height, volume, and mass o f  several 
d 1 fferent annu l a r  regi ons i s  shown tn Table 6 .  



I 

R. I .  Scherpel z 
14  October 1 992 
P�ge 3 

labl e l .  Estimated Dimensions and Masses of U ( 2 . 67)0z - Water in an 
Annular Geometry having an  Outside Di ameter of 20Z em. for 
a K·effeetive of 0.95 with ful l Water Refl ection,  
2 . 06 grams UOzfcc ,  and 0 . 6  em Rods 

Annul us Inner 
Width Radius Height Volume Mass 

(em) (em) (em) ( l i ters) ( kg)  

Bottom o f  
Vessel 79 . 9  0 1 9 . 7  202 4 1 6  

14  . I  0 I nfin i te 

25 76 24 . 4  339 699 
26 75 23 . 2  334 688 
27 74 2 2 . 3  330 681 
28 73 2 1 . 4  328 676 
29 72 20 .8  327 674 
30 7 1  20. 2 327 674 
3 1  10 1 9 . 7  328 675 
32 69 1 9 . 2  329 677 
33 68 1 8 . 8  330 680 
35  66  1 8 . 2  334 688 
40 61  1 7 . 1  347 7 1 5  
4 5  56 1 6 . 3  363 747 
80 2 1  1 4 . 7  450 927 
90 1 1  1 4 . 5  460 947 

101  0 1 4 . 5  463 955 

I n f i n i te 0 l 4 . o· 

Rad ius  of an i n f i n i te cyl inder of U ( 2 . 67)0� · Water �t target K-effective • Height of an i n f i n ite  s lab  of U{2 . 67)01 - ater at target K·effect ive 
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Table 2 .  Est imated Dimens ions and Masses of U ( 2 . 67 ) 02 - Water 1 n  an 
Annular Geometry having an Outslde Di ameter of 202 tm. for 
a K-effective of 0 . 99 with Ful l Water Refl ection, 
2 . 06 grams U02/cc,  and 0.6 em Rods 

Annulus Inner 
W l O t h  Rad i us Height Vol ume Mass (em) (em} {em} {1 Hers) (kg)  

Bottom o f  
Vessel 84 . 6  0 22 .3  257 529 

1 5 . 6  
. 

0 InftnHe 

25  76 30 .6  426  877 
26 75 28 . 8  4 1 4  852 
27 74 2 7 . 3  405 835 
28 73 26 . 1  400 823 
29 72 2 5 . 1 396 8 1 5  
30 7 1  2 4 . 3  393 8 1 0  
3 1  7 0  23 . 6  392 808 
32 69 2 2 . 9  392 807 
33 68 2 2 . 4  392 808 
3 5  66 2 1 . 5  395 8 1 3  
4 0  61 20. 0 407 838 
45 56 1 9 . 0  423 871  
80 2 1  1 6 . 9  5 1 8  1067 
90 1 1  1 6 . 7  529 1090 

1 0 1  0 1 6 . 6  533 1098 

I n f i n i t e 0 l 6 . o• 

• Rad i u s  of an 
Hei ght of an 

i n f i n i te cyl i nder of U (2 .67)0
� 

· Water at target K-effective i n f i n i te s lab  of U ( 2 . 67 )02 • ater at target K·effective 
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Tabl e 3 .  Estimated Dimensions and Masses o f  U ( 2 . 67 ) 0z - Water 1 n  1n 
Annul a r  Geometry having an Outside Di ameter of 202 em. for 
a K-effective of 0 . 95 w i th Ful l Water Reflection .  
2 . 06 grams UO�cc. and 0 .254 em Rods 

Annulus Inner 
W1dth Rad ius  Height Volume Mass 

(em} (em) (em) ( l i ters) (kg) 

Bottom of 
Vessel 80 . 6  0 2 0 . 1  2 1 0  432 

1 4 . 3  . 0 I n fi n i te 

25 76 25 .3  ' " 1 724 
26 75 24 .0  s 7 1 1  
27 74 23 . 0  703 
28 73 22 . 1  3 698 
29 72 2 1 . 4  337 695 
30 7 1  20.8 337 694 
3 1  70 20 . 2  337 695 
32 69 1 9 . 8  338 696 
33 68 1 9 . 4  339 699 
35 66 1 8 . 7  343 707 
40 61 1 7 . 5  356 733 
4 5  56 1 6 . 7  37 1  765 
80 21 1 5 . 0  459 946 
90 1 1  1 4 . 8  469 967 

101  0 1 4 . 8  473 974 

I n fi n i te 0 1 4 . 2. 

Rad i u s  of an i nf i n i te cyl i nder of U(2 . 67)0� - Water at target K-effective 
• He i ght of  an  i nf i n i te s l ab of U ( 2 . 67 ) 01 - w ater at  target K·effective 
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Tabl e 4 .  Est imated Dimensions and Masses o f  U ( 2 . 6 7 ) 0z - Water i n  an 
Annular Geometry hav i ng an Outside Di ameter of 202 em. for 
a K-effect ive of 0 . 95 with Ful l Water Refl ection on Top o f  
G l a s s  Shard s ,  2 . 06 grams U02/ct , and 0 . 6  em Rods 

ft.n'lul us Inner 
W i d t h  Radius  Height Vol ume Hass 

(em) ( em) (em) ( l i ters) ( kg )  

1 4  . 1 · 0 Inf in i te  

25 76 26 . 4  367 757  
26 7 5  2 5 . 2  363 747 
27 74 24 . 3  360 742 
28 73 23 . 4  359 739 
29 72 22 .8  359 739 
30 7 1  22 . 2  359 7 4 1  
3 1  70 2 1 . 7  361 743 
32 69 2 1 . 2  363 747 
33 68 20.8 365 752 
35 66 20 . 2  3 7 1  764 
40 6 1  1 9 . 1  388 799 
4 5  56 1 8 . 3  407 838 
80 2 1  1 6 . 7  5 1 1  1053 
90 1 1  1 6 . 5  523 1 078  

1 0 1  0 1 6 . 5  527 1 087 

I n f i n i te 0 1 6 .  o· 
Rad i u s  o f  an i n f i n ite  cyl i nder o f  U ( 2 .67)0� - Water at  target K-effective 

• Height of an i nf i n i te s lab  of U ( 2 . 6 7 ) 01 - water at  target K·effective 
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Tabl e 5 .  Est imated Dimens i ons and Hasses o f  U(2.67)02 • Water i n  an 
Annular  Geometry having an Outs i de Di ameter of 202 em. for 
a K·effect ive of 0 . 95 w ! th Unreflected on Top of 
Glass Shards, 2 .06 grams U02/cc ,  and 0.6  em Rods 

Annulus Inner 
W i dth Radius Hei ght Vol ume l'lass 

( em) ( em) {em) (1 f ters)  (kg)  

1 8 . 1  
. 

Infi n i te 0 

25 76 84 . 8  1 1 79 2428 
26 75 57 . 4  825 1 699 
27 74 46 . 7  693 1 428 
28 73 40 .8  624 1 286 
29 72 37 . o  582 1 200 
30 7 1  34 . 3  555 1 144 
3 1  7 0  3 2 . 3  537 1 106 
32 69 3 0 . 7  525 1 081  
33  68 29 .5  5 1 6  1063 
35 66 2 7 . 6  507 1044 
40 6 1  24 . 9  507 1045 
45 56 23 . 5  521  1 074 
80 2 1  20 .8  638 1 3 1 5  
90 1 1  20 .6  653 1 345 

1 0 1  0 20 .5  657 l353 

I n f i n i te 0 2o.o· 
Rad ius  of an infi n i te cyl i nder of U(2 . 67)0� - Water a t  target K-effective 

• He ight of an i n f i n i t e  s l ab of U (2 .67 )02 • water a t  target K-effect i ve 
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Table  6 .  Est imated Dimensions and Masses of U(2 .67)02 - Water 1 n  an 
Annular Geometry having an Outside Di ameter of 202 em. for 
a K-effec:tive of 0.95 with full  Water Reflection on Top of 
Gl ass Shards, 2 .06 grams UOrfcc, and 0 . 254 em Rods 

II""Ulus Inner 
l.' i d t h  Rad1us  Height Volume Hass 

(c:m) (em) (em) ( 1 1 ters) (kg) 

1 4 . 6  0 0 Infi n i te 

25 76 28 . 2  392 808 
26 75 26.8 386 795 
27 74 2 5 . 7  382 787 
28 73 24 .8 380 783 
29 72 24 . 1  379 781 
30 71 2 3 . 4  379 781 
3 1  70 22 . 8  380 783 
32 69 22.3  382 787 
33 68 2 1 .5 384 791  
35 66 2 1 . 2  389 802 
40 61  20 .0  406 837 
4 5  56 1 9 . 2  425 876 
80 21 l 7  . 4  532 1097 
90 1 1  1 7 . 2  545 1 1 22 

101  0 1 7 . 1  549 1 1 3 1  

Infi n i te 0 1 6 . 6. 

Radius  of an i n f i n i te cyl i nder of U ( 2 . 67 ) �2 - Water at target K-effectfve 
• H e i ght o f  an i n f i n i te s l a b  of U ( 2 . 67)02 - water at target K-effective 



R.  J .  Scherpel z 
14  October 1992 
Page 9 

The r.ethods used for Cilcul at i ng annuluses are described by Dr. Bferman i n  h i s  
m�mo t o  R Harty. 

(1 )  

Equation l g i ves the goal K i n  terms o f  H1, K·fnff n f ty, and the goal 81• H1, 
K-infi n ity ,  and refl ector sav i ngs constants (used i n  equat i on 4 )  were 
i nterpolated from data g i ven f n  DP- 1 0 1 4 .  The goal K f s  the target K-effec t i ve 
minus the 2. 5% bias  i n K-effec t i ve ,  the only unknown 1 s  the goal 81• 
Rearranging equa t i on 1 g ives equation 2 .  

(2) 

from Bi erman (June, 92), 82 for annul ar r i ngs o f  fuel i s  g i ven i n  equat ion 3 .  
Thi s  memo ind icated that equation 3 had been tested and that the resul ts were 
less than 2. 5% d i fferent i n  est imat i ng K-effect i ve .  

R0 • outs ide  radius  o f  the annulus 
R, • ins ide  rad ius of the annulus 
H • height of the annulus 
11 • reflector sav ings for the f n s fde of the annulus 
10 • reflector savings for the outs i de of the annulus 
lt • refl ector savings for the top of the annulus 
lb • ref l ector savi ngs for the bottom of the 1nnulus 

(3 ) 

(4)  
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(Gull 1 011 .: i s  a resu l t  of equat ing B1 1 (equat i on 2)  w i th 87 (equa t i on 3)  and 
!ol•n :� g  for t! , t h e  he ight of the annt'fus . The annulus height 1 s  a funct i on of 
the t nn � r  rac 1 u �  and the outer rad fus (set a 202 em for this analysis). 

lhe �ethods used for calculating the critical buckl ing for parti ally f ill ed 
·���·�·  • :  � r : - � � .  R e a rdon , which i s  g f ven I n  equation S .  

B ' • ' 0 .  0 8 8 4  • R•S/V•9 . 6 1 3 6  
v 

R • r a � 1 u s  of the sp�ere 
S • � u r �a�e a r� a  of t h e  part i a l ly f i l l e d  sphere 
V • \C l u- e  o f  tte p a rt 1 a l l y f 1 l l ed sphere 

(S) 

W�e, the d f rer s i o n s  o f  t he sphe re and t h e  partially f i l l ed sphere have been 
f nc re � s e d  by tre re f l e c t o r  sav i ngs. The equa � l o n  org i nally developed by U . A .  
Re ard�n � a �  for s p k e re s �ore t h a n  h al f f i l led.  Hoftever, the method of 
d e , e l o�r��t i �r l 1 e s  that the equ a t i on should apply to spheres l e s s  than half 
f l l l !!d .  
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