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ENCLOSURE I 

I. Criticality Study 

"Criticality Safety Aoolysis Report for the Three Mile Island Unit 2 Reactor Vessel (RV)," 
R. L. Long to US Nuclear Regulatory Commission, December 18, 1992. 

Qla. The study stated that the fissile material used in the study included uranium with 2.67 
wt percent U-235. Did the study aJso consider Pu, since the fut!l had experienced 
burnup? 

Ala. Yes. The fuel composition used in the analyses was burned, batch-3 fuel moderated to 
the extent required to obtain the highest koo value (i.e.. optimal moderation) which 
included Plutonium. The composition of the burned fuel was obtained using the SAS2 
analysis sequence of the SCALE code system (Reference I). The initial enrichment for 
batch-3 fuel was 2.96 wt% . TI1e assumed burnup for the batch-3 fuel was 2535 
MWd/tonne U and the decay time was 2075 days (3/28179- 12/1/84). Table 1 includes 
the isotopic compositions calculated by SCALEISAS2 and assumed to be in burned batch-
3 fuel. Reference 2 (enclosed) provides more· information on the relative reactivity worth 
of different fuel compositions. In the criticality analyses, .when impurities were added 
to the fuel or the particle sizes were changed, searches were performed to ensure 
optimum modcmtion (i.e .• highest k .. value) conditions were maintained. 

References: 

1. "SCALE: A Modular Code System for Performing Standardized Computer 
Analyses for Licensing Evaluation," NUREG/CR-Q200, Vols. 1-3, U.S. Nuclear 
Regulatory Commission (originally issued July 1980, reissued January 1982, Rev. 
1 issued July 1982, Rev. 2 issued June 1983, Rev. 3 issued December 198-t). 
Code system available from the Radiation Shielding Information Center at Oak 
Ridge National Laboratory. 

2. Cecil V. Parks. Robert M. WestfaJI. and B. L. Broadhead. "Criticality Analysis 
Support for the Three Mile Island Unit 2 Fuel Removal Operations." Nuclear 
Technology • .[Z. 660-678 (1989). 

Q I b. The section of the study that dealt with an accidental criticality stated that the fuel 
available for such a criticality is loose fuel that can be relocated from each reactor vessel 
zonc. The study listed the quantity that would be loose in each zone. but did not explain 
the methodology by which the value was dctcnnined. Additional information is required 
on how these quantities were detcnnined. Our particular concern is Zone 9, the bottom 



Table 1. ~udidc wmpusilions in burned Batch-3 Fud 
(,>thcr th:m UO~)~ 

:'\udidc 

Pu-2~8 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Sm-147 
Sm-148 
Sm-149 
Sm-1~0 
Sm-151 
Sm-152 
Srn-154 
L.t-LW 
Cc- 140 
C.:- I-t! 
C\!· 1.:.: 
Eu- 151 
Eu- 15~ 
Eu-153 
Eu-154 
Eu-155 
Pm-1-ti 
:"\d- I 4.~ 

~d- 145 

:--:d-1 -tfl 
~d- 14X 
Pr-141 

t-S.913E-'J = .'(.913 X 10 '1 

2 

c~)mposition (atums;harn-cm) 

S.913-9t. 
3.527-5 
1.761-6 
::!. ISS-7 
5.145-9 
1.066-6 
:tS66-S 
1.1)()6-7 
6.288-7 
1.788-7 
:tS65-7 
6.014-~ 

3.975-6 
3$77 .(, 
3.598-6 
I.SI0-8 
S.2tl2-'J 
:t959-11 
UIS-7 
-t51}(,.') 

6.124-9 
2.936-7 
3.543-6 
23S9-6 
I.SSI-6 
1.072-C. 
3.59S-6 



head region where the criticality is most likely to occur. Only 59 kg of fuel is assumed 
to be loose out of 95 kg assumed to be present in this zone. How was thjs value 
c.lctt!nnincd, and what is the justification for considering the other 36 kg as "neutronically 
dt!coupled" from the postulated pile of relocated loose fuel'? 

Alb. The intent of the accident criticality analysis was to consesvativcly estimate the amount 
of residual fuel that could non-mechanistically relocate to the lower head of the RV. The 
original analysis (References l and 2) assumed that all of the loose fuel relocated to the 
lower head. Since the residual fuel estimates obtained by the passive neutron 
measurements did not characterize the type of fuel (i.e .. loose or resoUdificd), a ratio of 
the amount of loose fuel from thc earlier analysis to that detem1incd by the passive 
neutron m~surements was used with some modifications. Zones I through 4 contain 
basically all loose fuel: therefore. the passive neutron measurement values for these 
zones, i.e. , 10. 225, 150, and 99 kg, respectively, were used directly. For Zones 5 
through 9, a multiplier on loose fuel was calculated based on total new fuel quantities 
versus original analysis quantities. 

Zone 5 was unusual in that the multiplier was 15.25, which was much greater than any 
other multiplier. However. Reference 3 states that 109.0 kg of the 154.0 kg total is 
accounted for by extensive crusting of resolidified material on various surfaces. To be 
conservative. it was assumed that the I 09 kg represents the total amount of resolidified 
material. leaving 45 kg of loose fuel in Zone 5. 

Funher, the original analysis assumed that all tlte loose fuel in the annular gap (Zone 6) 
relocated to the lower head. However, as stated in the NRC PDMS Technical Evaluation 
Repon (Reference 4, pg. 5-7), this material " ... would not be available to be redistributed 
to the lower head." Therefore, the quantity of loose fuel in the annular gap was not 
included in the analysis. 

Zones 7 and 8 primarily contained resolidified fuel ; therefore, a straight ratio was used 
in those zones. Zone 9 extended from the bottom of the Incore Guide Tube Suppon 
Plate (IGSP) to and including the lower head. a distance of about 4. 7 feet . TI1c "pile .. 
of loose fuel that was postulated to accumulate on the lower head reached a maximum 
height of less than 8 inches (see Table 4 of the criticality study). Therefore, using the 
logic that neutronic separation is achieved by approximately 12 inches of water. any 
residual. non-loose fuel located more than 20 inches venica11y from the bottom of the RV 
is neutronically decouplcd from the postulated pile. The fuel from Zone 9 presumed to 
be available to relocate consisted of: all of the loose fuel located between the IGSP and 
the flow distributor: a11 of the fuel on the head surface (this assumption was conservative 
by approximately 10 kg); 98% of the fuel in the incore instrument no1.zles (2 % or 0.6 
kg was assumed to be distant from the pile): and none of the fuel in the incore instrument 
guide tubes left suspended from the flow distributor (they arc assumed to be located more 
than 20 inches venically from the bottom of the RV). Based on this. the calculated 
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residual fuel contribution from Zone 9 is 58.7 kg. 

Ph:asc note that although Zone 9 is the area where loose fuel is nonmcchanistically 
assumed to accumulate. the accident criticality calculations prove that no criticality would 
occur. even considering extremely conscrvativc assumptions. Therefore, contrary to the 
statement contained in this question (i.e .• " ... the bottom head region where the criticality 
is most likely to occur."). criticality will nQ1 occur in the bottom head region (or 
anywhc.:re else for that mattc.:r) of the ThU·2 reacror vessel. 
Therefore. the total quantity of loose fuel that is assumed to relocate to the lower head 
is about 620 kg. detaikd as follows: 

References: 

2 
3 
~ 

5 
6 

7&8 
9 

Loose Fuel (kg) 

10 
225 
150 
99 
45 
28.8 
2.6 

58.7 
619. 1 kg 

I. GPU Nuclear lencr ~10-90-L-0026, "Results of Post-Lower Head Sampling 
Program Cleanup.· dated April 12. 1990. 

2. Thll-2 Dcfucling Completion Report. 

3. GPU Nuclear calculation ~2-49-3211-91 -019. Rev. 0, "Dry RV Zone 5 Fuel 
Results." Octob\:r 1991. 

4. Tcchnical Evaluation of Thfl-2 Post·Dcfucling Monitored Storage. February 
1992, transmitted by letter, Michad T. Masnik, NRR, to Dr. Robert L. Long, 
GPU Nuclear, dated February 20, 1992. 

2. Reactor Vessel Post·Dcfucling Survey Reporj 

"ThU-2 Post-Dcfueling Survey Report for the Reactor Vessel ," R. L. Long to US Nuclear 
Regulatory Commission. dated February I. 1993. 



Q2a. In the review pc:rfonncd by the ·Rasmussen Committe~.· several biases were ascribed 
to the passive neutron measurement study. Two of these biases. boron variations and 
UO: panicle size. were attributc.!d to zones I through 5 only. The Committee reasoned 
th<tt the biases were restrictc.!d to the~ 5 zones based on the nature of the fuel meltjng 
during the accident. A substantial amount of work has occurred inside the reactor since 
the accident possibly causing a considerable amount of fud relocation. Provide a 
justification for the limitation of the biases to zones I through 5 that is consistent with 
what is known about the distribution of fuel debris inside the reactor vessel. 

A2a. Titc passive neutron method employed took advantage of the fact that the uranium and 
other actinides in spent fuel arc alpha (a) emitters and some of the crs bombarding the 
oxygen atoms in UO: undergo an (a.n) reaction that produces energetic neutrons. Since 
the ratio of uranium (U) to oxygen (0) is fixed . the number of neutrons produced by this 
process is proponional to the amount of uranium. This will be true whether the source 
is a powder or pellets or a mixture of both. At TMI-2 however. the Reactor Vessel (RV) 
~ater contained about 5000 ppm of boron (B) co prevent criticality. Unfonunately. crs 
also react with boron to give energetic neutrons. As the vessel was drained, just how 
much boron was left behind and deposited on surfaces as the water drioo is unknown. 
and chus contributes to the unccnainty of the passive neutron measurement. In addition. 
the number of neutrons produced by the boron (a,n) reaction is greatly affected by the 
ize of the U02 panicles. The range of an a panicle of this general energy is about 50 

"' (I p. = I o·o meters) in water and about 1/1 Oth of t~tat in UO:. Thus. in large (>50 p.) 
UO: panicles. very few of the ns emitted will gee out. but if the UO: panicles wen: 
approximately I p. , esscntiaJly all of the as would get out of the UDz panicles and 
potentially interact with a boron nucleus. Measurements have shown that this effc..'Ct can 
he as large as <t factor of I 00 or more. 

Prior to the SNM Measurement Program, a series of rubble samples taken from the RV 
were analyzed for neutron emission rate. The samples used iva calibration are similar 
in charncter to the kind of material that remains in the lower half of the RV. Titerefore, 
the passive neutron measurement should give a fairly good measure of the amount of 
residual fuel (i.e .• UO:) in that region. In fact, there is excellent agreement between the 
amount estimatoo by the original (video) analysis and tlte amount detennined by the 
passive neutron measurement technique for combined Zones 7 and 8, i.e., 226 kg and 
202 kg, respectively. However, there is a relatively small amount of rubble-type 
material above the midplane of the core. In that region. most of the residual fuel appears 
to be either fine panicles or a thin film deposited on metal surfaces. These finer fonns 
of UO: would significantly increase the number of neutrons produced by (a.n) reactions 
on boron. i.e .• the neutron measurements would indicate too large an amount of UO:. 

Most of the fuel remaining in Zones 6 through 9 is similar to the samples used to 
dctcnnine neutron yield. (For Zones 6 and 9, che passive neutron cscimatc greatly 
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exce!eds the visual estimate. in relative tem1s, mainly due to the greater surface area in 
those two zones having a fine dusting of residual fuel .) However. the fuel remaining in 
Zones I through 5 is comprised primarily of fine particles adherent to surfat-es since 
there is very little "visible" fuel debris. Therefore, there is a significant positive bias 
(i.e. , counting mte too high) in Zones 1 through 5. To be conservative, the boron 
thidatess and UO: particle size effects were not applied to Zones 6 and 9 although an 
arguement could be made for at least partial inclu~ion. 

Q2b. TI1e passive neutron study includt!d computc::r calculations lhat modeled fuel at positions 
near the detector and farther from the detector. averaging the two values to arrive at a 
best estimate. How were the "close" and "far" positions chosen? Was the average of 
close and far taken as half the distance, or was a more likely "most probable" distance 
chosen for the avcraging? · 

A2b. Tite "close and far positions" were locations where fuel debris was observed in the video 
tape data from the video inspection effort. Since the vidoo inspection was not considered 
to be sufficiently quantitative. the video results were only used to select locations where 
fuel debris could exist in quantity. The largest and :;mallest quantities of fuel were 
estimated by locating physically plausible amounts of fuel in the far and ncar positions, 
respectively. With the largest and smallest possible quantities defined by this 
meahodology. the midpoint of both analytical results (based on the above assumptions) 
was selected as the best estimate of fuel debris for a selected zone. Thus, nciahcr the 
avcrctge nor most probable distance was used. The average was the arithmetic average 
of the calculated fuel quantities using the "close and far" dislanccs. 

Q2c. One of the identified biases was inscattcring of neutrons (20 percent). If an inscattcring 
l!ffccl occurred. it should~ partially accounted for by measurement of neutrons emitted 
by the calibration source thai was lowered near the detector. Explain the justification for 
assuming that this bias was not accounted for by the use of the neutron source. 

A2c. In a he calibration measurement, the detector was placed in the central a.xis of the RV wi1h 
ahc source hanging next to it about 110 em off the axis. In this case, there is almost no 
stnactural material in the vicinity of the source to scalier the neutrons; thus. no in-scatter. 
Therefore. nearly all of the counts would be due to din.'"<:t path (i.e. , line of sight) 
neutrons. 

Suppose we now count the neutrons from a fuel deposit next to the core baffle plate. A 
dctcnnination of the material located between the source and the detector would be made 
and the micro-shield computer code would be used to detennine the direct path 
attenuation. The counting rate would ~! divided by the total attenuation hoth from 
geometry and material attenuation to get the number of neutrons from the source. Using 
the calibration measurement, this would be converted into grams of uranium. 
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This method would be quite accurate if there were no scattering around the source. In 
the example. however. the baffle plates are behind the source which would result in the 
scattering of some neutrons back toward the detector increasing the counting rate. The 
process would treat the scattered neutrons as though they were cmincd toward the 
detector resulting in too high of a value for the uranium present. 

Q2d. In the passive neutron measurement study, was the contribution of neutrons that were 
emitted by fuel below the waterline considered by the analysis? If so. how'! 

A2d. This contribution was considered to be small due to neutron attenuation in water (i.e .• 
the slant angle) and other inherent errors associated with the counting system. 
Therefore. the fuel located below the waterline was not included as a contributor to the 
neutron flux for a specific zone under consideration. 

Q2c. Provide additional detail concerning the nine fuel samples that were measured to 
dctcmline the neutron emission rate (these samples are now stored at INEL). The masses 
of uranium in these samples arc listed in Table 3 of Calculation Sheet 4249-3211-91 -006. 
Rev. No. 1 (sheet No. 17 of 30). Provide any available rcpon that documents these fuel 
masses. and any other documentation available about the nature of these samples, 
especially the physical form (large lumps versus powder) , and inclusion of impurities 
such as stc . .-cl or boron. 

A2e. Tile tlata is reponed in the following documents which are enclosed: 

1) GPUNC Technical Bulletin. "R6 and Lower Vessel Debris Final Examination 
Results." TB-89-12-0 , December 1989. 

2) T. Hardt & G. Hayner. "TMl-2 B-Loop Steam Generator Tube Sheet Loose 
Debris E:l(aminatio:l and Analysis," GEND-INF-090, US DOE, June 1989. 

3) D. W. Aikcrs. ct al, "Thfi-2 Core Debris Grab Samples ... Examination and 
Analysis." GEND-INF-075. Pan l, US DOE, 1986. 

~) G. Hayner. "Th1I-2 HSA Core Debris Sample E.umination, Final Repon ," 
GB"'D-INF-060. Vol. D, US DOE, May 1985. 
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7'8 89-12, ~ev. 0 
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<:UBJEC"" : ~-6 ana Lower Vessel Debris Final Exam1nation Results 

S\.Jllt\ARY: 

This t~nn1cal bulletin distributes the attacneo letter (~erercnce 1) 
wnich reoorts the results of the analysis of R-6 and lower nead core 
oebris samoles. F,e samofes were analyzed by EG&G Idaho at the IdahO 
~at1onal Engtnee~tng Laboratory (lNEL). The results snould be considered 
4 rt conjunction wtth GENO-tNF-084, "Examination of OebrH From the !..ower 
•eao of t"le ~!-2 Peactor ' , ana GEND-INF-075, ·· ~t-2 C_,re Debris Grab 
: amoles - ~xamtnatton ano Analysis, ?art 2~. 

:~PLlCATtCNS & USE : 

-,i s ::ata '"lav ':l e useo •: ,. "'Jel rneasurenent Cllculattons, "Jr ~"'le SUH 
accountaotlity ~tan, ano crtttcaltty analysts. 

AiiAC~ENT: 

:l . .- . ~ckers . "'-6 ano Lowe,. uead '/~ssel Oeorts n.,at ::xar.nn3tion 
:~sul t s :~&G : 1a~o ~emoran~u~ ·~WA-43-89 (1 2 sneets }. 

~EF£~E'lCE: 

:l. ~. ~ckers. ' -6 an~ Lower Vessel Debr,s ~ ; ~a 1 :,a,l rtat 1 ~n. 
~~~~~ranou:n •OWA-4j-M . .3ano r311s, iU : :.:i&C, toano •. 'lc . 
17 Novemoer 1389. 

PREPARED BY: 

APPROVED BY: 

APPROVED BY : 

·:cn• . .:t.L SUU.:II!IS AAE ISSUED BV TJJE i MI - 'eNGINEERING OEPARTMEPiT TO OUICKLY COMIIUNICATE TCCHNICAL 
•,r:Q~VA'TC~J THE INFORMATO~l WILL SE U?OATED ANOOR INCORPORATED INTO FORMAL OOCU~'ENTS AS APPROPRIATE. 
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=· o ~NO tOWER VESSEL ~£9R I S FI~Al EXAMINATION RESULTS OWA-43·89 

: car Sir: 

~ttacned are the resul ts for the R6 samole ana ly ses (Attachment A) and 
: ~e lo"er vessel debrls samci es (Attacnment 8). :t snould be notea that 
!t tacr.~ent 3 conta1ns oata for botn t he l ower vesse l l oose debr1s ana 
: ~ ~r 1 s aoJacent t o t ne lower neaa of the reactor vesse l. Data 1ncluded 
Gre t ~e cens l t y, w ran lu~ C:~tent. enr1chrnent , ana 9amma ray em1tter 
: :~ te n t . 3asea uoon our :rev1ous a1scuss1ons . th1S report ~eets ail EG&G 
;aree~er.t s to orov toe cata ~~ G~nera) Publ 1c Ut 1l1t1es on lower neao 
: a:::oles . 

[xam1 nat 1on of t~ e resu l ts of the loose oebr1s sample analyses 
~a 1 c ates t hat the aeor1s 1s s1m1lar to the earl1er lower vessel loose 

:eor·s exam1nations as d1scusseo 1n GEHD-INF 084 · Exam1nation of Debri s 
: r~- · r.~ > wP,r ~~ao o; ~ ~e i~l - 2 Reactor . -hree of the more recent iower 
.es se \ loose aebr1s samcles (3, ~. ano 7} wou ld be expected to be 
~eo re sen ta: lv e of most of the loose debr1s as Samole 2 (SO wt~ uran1um) 1s 
:j- :osec cf a s~a ll a ~ount of deor1s (235 g) ana 1s composed of smal l er 
:ar t 1cl e s1 zes . i he averaoe enr 1chment of t he t hree samoles 1s fro~ 56-65 
~ t~ ~ ran1u~ w1th an averao~ of 61.5 wt: . in cc~oar 1 son. the loose oebr1s 
: ~ ~~ l es 01sc~ssea 1n GEND · I ~F-084 had an averaoe uran1um content of 65 ~t~ 
4 1t n a range of 62-6S ~ t~ . ~1th1n uncerta1nt1es . t hese samcles all have 
··e ! a~e uran1um content . ~lso . t he fiss1on croduct concentrat1ons are 
. ery s 1 ~1l ar ·~r ootn grouos of samoles 1nc lu01na t he Sb-125 wh1ch has 
jeen suostant1ally re ieasea from the fue l . fhe samcies from adJacent to 
: ~e lower heaa of the reactor have not been 1ncluded in this compar1son as 
Jnly s-a ll orooaoly nor. representat ive samoles (100 mg) were anal yzea . 
· ~e s e co~oar1sons suggest that the comcos1t1on of the debris on the lower 
~ eaa 1s re l atlvely nomogeneous and that the sample analys1s resu l ts as 
~1s:~s sed i n GENO JNF-034 should be representative of the loose debris 
: resent on t~e l ower ~ ead of t he reactor . 

i ~e boron concentrat ions for the lower vessel debris as listed in GENO 
: ~F· C24 range from the aetect1on limit to .36 wt~ w1th an average of the 
rea l values of 0 . 1 wt: . ~s t hese samples were removed from the 1nterior 
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: f :art1cles uc to 6 c~ 1~ 01ameter. 1t 1s clear that the ooron ~as 
·nccroorated 1nto tne aecr1s aur1ng the acc1dent ana was not surface 
~eoostted boron . ·herefore. t~e boron content can oe cons1dered an 
ntegral part of the aebr~s. :t should be noted that these ooservations 

are based on the samoles examtneo ~hich are not a stat1st1cally 
~eoresentat1ve samoling of the oebrls bed. 

·~ :ou ~ave any c~est1 ons o1easc contact ~e at (209) 526-6118. 

::: 'i . :. Surre l~ C~~E .:: · 

Very truly yours. 

Oouo ias w. ~~ers 
~uc i ear S: 1ences 
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Exam1nat1ons comoletea on the R-6 samples include wetght. denstty, 
~rantum content. enrtchment and gamma ray emitter content for the 
aissolved samoles. ihe aissolved samole gamma ray em1tter results 
~ ncluded in this report are expected ·to be more accurate than the data for 
the undissolved samoles as those results are affected by the we1ght and 
denstty of the sample matertal. Table A-1 lists the pr1mary phys1cal data 
and Table A-Z li~!! the gamma ray em1tter content for each samole 
analyzed . ~ll gama ray aata for the dissolvea samples have been decay 
corrected to Aprtl 1. 1987. Comoar1sons with the ORIGEN2 calculated 
Ce-144 content (248 mtcrocurleS/9) indicate that the s~ples have near 
averaae Ce-144 content wtthin the uncertainties of the the data. It 
snould be notea that ~ost of the Pr-144 have counting uncerta1nt1es of 
1 0-2~ ana t hat : ~ere 1s a total uncerta1nty of 20-30~ assoc1atea w1th 
: nese aata . 

ihe uncerta1nt 1es assoctatea wtth the vartous analyses atffer ~ aseo on 
~ ~e analyt1cal ~etnoa useo . ·he wetght ana dens1ty data nave 
uncerta 1nt1es rana1na f rom 2-5~ . ·However. the enr1chment and uran1um 
content :ata nave . uncertatnttes of 10-15~ due to uncerta1nt1es 1n both the 
measurement and cal1brat1on aata for the deiayea neutron measurement 
system. :t should be notea that the presence of control matertals and 
other f i ss1 le mater1al (e .g .• Pu-239) can affect the urantum content and 
enrtchment data . 7he effect of contro l matertal would be to recuce the 
,easureo enrtchment for the samoles oy a small amount uniess larae amounts 
of control ,ater1al were oresent . (Elemental analys1s of the or1g1nal 
' ower neao samo les suaoest s tnat l ; ttle control matertal 1s oresent ). - he 
~l uton1~- content ~as .~ee ~ oeterm1neo to te 1~s1gn 1f1 cant r : • ~t i~e : : t he 
~- 235 content at t ne cur~ u o of the iur.z c~re . 

-abl e :. -1 . :qlNCIP~L ~~YSICAL DATA F'Qq HE ~-6 OESRIS S:.MPLES 

: a:r.oie I.:. .:e1gnt uens t q Jran1um content ~nncn-:-ent 
-g ! gt cr-- ' ~ Ura,, u~"'~ l a , .. Z!Sl a • 

R6·1A 468.2 7 . 1 74 2. 4 
~6- 1 8 204 .9 i7 2.4 

R6·2~ 399 .8 7. 1 76 2. 4 
R6 -26 255 -; 2. 6 

q6 -3A 347 .5 6.7 
_,.. 
. o 2. 4 

R6 -33 502 77 2.3 

:e.u 495 . 2 7. 5 -· 2. 6 , .. 
R6-.!B .:n .e 75 2.6 

a. Lncerta 1nt1es fe r the uran t um content ana enr tchment oata are 1 0~-1~~-
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~ttacnment B 

LOWER VESSEL CEBRIS ANALYSIS RESULTS 

i B 89-12, Rev. 0 
~ctmDer 12, 1989 
~age 6 of 13 

£xamtnatton of data from the lnwer vesse l loose debrts ana the hard 
~atertal aaJacent to the l ower head have Deen completed. The followtng 
Jata are tncluaed in tnis attacnment: 

i able B·l 
i able 8· 2 
Table 8· 3 

· Oens1ty and particle s1ze of the lower vessel debris 
Urantum enrtchment ana content for the lower vessel debris 

· Gamma ray emttter content for the lower vessel loose debrts 
solid samp les 

The uncertainttes assoctatea wtth the var1ous analyses differ based on 
the ana lyttcal method usea . ihe we1ght and denstty data have 
~ncertatnttes rang1ng from 2·51. However. the enrich=ent and uran ium 
content aata have uncertatnttes of 10-lSS due to uncertainties 1n the 
-easure~ent ana calibratton aata for the delayed neutron measurement 
: vstem. Other uncertatnt tes assoc1ated wtth the urantum content and 
:nrtcn~ent measurements are aodressed tn the footnote to Table 8·2. 

7he so ltd sa~ole gamma ray spectrometry oata ltsted tn Table 8-3 are 
~ correcteo for ~ass attenuatton Dy the sampl e mass . i herefore. the 
:~11 0 s a~oie oata are aoorox1mate and the results are most accurate for 
:hose sa~oi es wnose raatonucitde content 1s calcuiatea ustng gamma ray 
~ner;t es greater tnan 1.0 MeV (prtmartly Co·60 ano Pr·l44) . Hass 
attenuation corrections can be aoplied to ootatn better information for 
~he low e~ergy gamma ray emttters (i. e . • Ru·l06. Sb-125. Cs-134, and 
Cs-137). i hese gamma spectrometry data have assoctatea uncerta1nt1es of 
20·3~~. fer the n1gh energy gamma ray emttters. 



·able 8-l -

?art icle 
~ ,.~ 

:. 4 ""::1 

: .: -~ 

• - ' C'::l 

· ;~ · l C~~G 
- , , .. 0 :'1 

jQQ -710 
'"'1Cron 

: S:l-3CO 
- , cron 

?J - ; : :: 
- ,c r ~n 

; : . g:> 
- ,cr'"': 

38 '"' tc r on 

•e1gnteo 
:..,.erage 
:lens H ies 

-a 89-12, Rev. o 
JecemDer 12, 1989 
Dage 7 of 1 3 

PARTICLE SIZE AND DENSITY FOR THE LOWER VESSEL DEBRIS 

Dari1t1~ ~,~~ Qi~trlbUtign ('Ell 'Q~I"'~lh: g£s;rnl 
SSC-1-2 SSC-1 -3 SSC-1-5 SSC-1-7 

6.5 36 .6 i7.2 26.6 
(S.O) (7.2) {7 .8) (7 .5) 

!3 .8 -:-, ~ 

-~ .' 25.5 37.3 
(7. 81 I 7. 3 } {!3.2) ( (7 .8) 

:1.5 !8.9 :s . 7 23.5 
(6 . 31 7. 5) ,S.O) (7.8) 

5.9 l . 6 ~ . a 4.6 
(4. 6) (S.S) {8.0) (7.9) 

16 .1 : .9 8.5 : .z 
(6 . 3) ( 8. 1) (7.7) (6. 5) 
• • 1\ , .... 0.91 :: . 2 1. 4 
( 5. 7} {8. 1i ( 7 . 7) (6. 5} 

:1. 2 "' 1 . 0. 52 oJ • • I .. . 
(6. 5) ( 4. 6 ) i i. z) ( 7. z ) 

:3 . 4 0.07 : . 1 ') .48 
! 5 . 31 ( 3. e 1 ( 5.0: ) (4. 4) 

i . 0 '). 7 2 0.28 
{4.1 ) (4.0 ) (3.8) 

6.3 7. 4 7. 9 7 . 7 

a. ~ens1t i es below a part1cle s1ze of 710 m1cron have uncertaint1es of 
: o~ tecause of the small amount of mater1al ~easured. 



-able B-1 cont'd 

!amol ~» ! 1'). 

sse 1-s 

sse 1·9 

sse 1-1o 

sse 1·11 

sse l-12 

'1 
Oenstty tg/cln"l 

7.7 

9.4 

6.9 

S.6 

8.2 

a. Cens1t1 es oasea on tr.e an~lys1s of severai gram samples. 

TB 89-12. Rev. 0 
Oecemoer 12, 1989 
Page d of 13 



Table B-2 -

Particle 
llll 

>4 r::n 

:-.t 1!:':1 

:-2 -., 

710-lOOOa 
-, cror. 

300-ilO 
.,,cron 

lS0-3:0 
~,c~::., 

?0·15~ 
-,cr::n 

!9-SO 
·n c ro"l 

<38 m1 cron 

TB 89-12. Rev. 0 
Oecemoer 12. 1989 
Page 9 of 13 

URANIUM CONTENT AND ENRICHMENT FOR THE LOWER VESSEL OEBRtSi 

Urin1um ~oni~"! {~lLIEnr,~hm~nJ ~l 
SSC-1-l SSC-l-3 SSC-1-5 SSC-1-7 

58 62 i3 69 
(2.4) (2.6) (2.7) (2.4) 

.:a .ss 64 
' 2. 5) (2.8) (2.6) 

.!9 -52 .!3 55 
{ •• b) 2. 7) (2.i' (2. 8) 

H :s 50 56 
(2.6} (2. 6) (2.6) (2.5) 

~1 53 51 :a 
(2.9 ) f2.4) (2.9) (2. 6) 

:: :s 50 
( 2. 6) , 2.:) ( 2 . .;) 

:o 53 -. :. ~2 
' 2.E) 2.4) t 2. 5) I 2. 8) 

41 54 52 54 
( 2. 3) (2 .8) ( 2. 5) (2.4) 

46 55 
(-·b) (2. 5) 



·aole B-2 cont'c 

sse 1-a :s 
sse t-9 21 

sse 1-10 :a 
sse 1-11 :o 
sse 1-11. :z 

2.6 

2.3 

2.7 

2.4 

2.7 

TB 89-12. Rew. 0 
Oecemoer 12. 1989 
Page 10 of 13 

a. Uncerta1nt1es are 10-15~ for coth uran1um content ana enr1ch~ent data. 
Also. 1t snould be noted tnat the presence of control mater1als ana other 
&iss1le matertal (e.g .• ~u-239) can affect the uran1um content ana 
enrtchment aata. i he effect of control mater1al wouid be to reduce the 
-easurea enr1cr.ment for the samples by a small amount unless 1ar~e amounts 
of control mater1al were present. (Elemental analys1s of the or1g1nal 
lower head samples suggests that little control material i s present). The 
pluton1um content has been calculated to be insignificant relat1ve to the 
U· 235 content for the burnuo of the TM1·2 core. 

~- ~easureo enrtcnments h1gher ~han the 2.9St max1mum 1n the core are 
~notcated for tnese samoies. riowever w1thin a Z sigma unr.ertatnty, the 
: ata are w1th1n acceota~ le l\ ~ltS . A rev1ew of these data was oerformed 
:o assess coss1ble errors '" the calcul at 1ons or ~easurements. ~o errors 
~ere ;ouno. 
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CRITICALITY ANALYSIS SUPPORT 
FOR THE THREE MILE ISLAND UNIT 2 
FUEL REMOVAL OPERATIONS 
CECll V. P:\RKS. ROBERT M. WESTFALL and 
B. l. BROADHEAD ,\fartm .\f,m~ua Eni!ny ~ljtc'ms. Inc 
\uclt•ur Hnr.me~flfl~ ..tppltcattons Ot!partmC'nt 
I' 0 . Hnt 1008. OJA. R1du . Tt'rtnt!SS« rtU/ 

Re..-tl\ et.i O.:tobcr 1-;. 1988 
\,-:cr:~'\.1 :or Publlcauon ,\pnl .l. 19~1) 

/,•t:u:mnS? m f<J$4. the Three \l1le lliur.n Lmt : 
l>t!/Ut!llnS? Desrtn Tl!am requestt'd Oak Rrdr.e .\cmonat 
, &JOOfUWn· ro suppn• awcairn· sa]t!t\ anai\'Wl 111 \Uf}· 

" orr t; l the IKen.smS? 'lCII\'ttres }Or a/lwei rt.•mO\ at o(Wr· 

~·uowi. nu: compurauonal mer hods ana nastc u11ol1 uc· 
1111/flt•h t'mplu.H!d m the •H>r K lift' diScu.uea. lht! 11rcas 

' '"~·ri' a mrpuruuonul anai\SeS were ft!Quesred 11ft' 
' ''''lt!•,t'tl. 1111l1 tht' pt•rtrnent ri'SUliS clft' tabulatt!d 11nd 
, {;SCUSSt•ti. 

INTRODUCTION 

Bc.:au~e 01 un~:crtamty 10 the ~:ore~ cont igura!ll'n. 
' ttl' fhre~ ~hie I land Lnn:! tT~II-11 Cnt1cahtv fa~~ 
I •'rcc dec1d~d e:ul" in 198~ to U\C a unple boundmc 
tl'lproa..:h ior cnsurmg ubcrmcaluv dunng tuel re· 
mo,ai operation~. Since that ttme, ')taff of the ~uclear 
!:.ngmcenn~ Applicauons Department at Oak Ridge 
"auonal laboratory (ORNL) have supplied cnticality 
' alety analysis e'<pertise to the deiueling operattons. 
· tal l' from Bechtel Nonh American Power Corpora· 
rton ' 'orked wrth tlte Crrticality Task Force and the 
Dcfuelin!l Design Team to determtne the physical sys
tems requiring a criticality safety analysis. The ORNL 
' taif then worked with Bechtel to detemune the appro· 
pnate bounding computational model for each anal
~ m. This paper presents the analytic models that were 
used. Reference I provides a more detailed discussion 
o r the phy~ical relevance of the systems modeled and 
the programmatic significance of the results. 

~1odules and cross-section data from the SCALE 
~.:omputational system; were used for all analyses. The 
rt'QUired analyses included resonance crms-secuon pro· 
t:ffimg. mftnite fuel lattice calculations, depletion cal
culations. ~fon:e Carlo criticality calculations for 

660 

muir idimen ·1onal ~' 'items. and di~crete ordmates cal
.ulauons tor o ne-dimensiOnal iinite sy rcms. This pa
per CJiscus~cs the computational methods and describes 
;he appik.auon of each module peninent to the TMI-2 
.1nah ~- The modules "ere uulized to do the follow
tO\! : 

I Jc,dop ana charactcnze an acceptable: analytic 
m0<1el for the lo"er .. ~set rubble 

~- ~~tablish ~ate oper:mn~ limits for the soluble bo· 
ron m the reactor coolant ystem cRCS) 

3. c~tabltsh the hmns on lorc1gn mah:nals allowed 
m rhe RCS 

~. a~ ess the ern icalit~ satcty related to using a 
plao,ma arc torch in rcmo\lng the lower core 
.. uppon a~sembly · 

5. perform parametnc cntic . .-ality analyses for con
tamers "nh removed core material. 

fhh paper provtdes details on the analy~ pcnormed 
and the results obtained in each area. 

ANALYSIS METHODS 

Computational Tools 

The SCALE computational system was developed 
for the U.S. Nuclear Regulatory Commission by ahe 
~uclear Engineering Applications Department at 
ORNl. The SCALE system is modular in structure 
and enables a user to easily perform a variety of neu
tronic and thermal analyses by proper back-to-bade 
execution of well-established functional modules. In 
addition. easy-to-use control modules have been devel· 
oped to automate and standardize :mal>1ic sequences. 
Using a simplified, free-form input formal, a user is 
able to prepare a control module input with readily 
available engineering parameters and keywords. The 
..:ontrol module then automatically performs :my 

.._UCLE.\R TECHNOLOGY \'Ol. 87 !'OOV. 1989 



. ~.'i"~,.,ar, \lata prO\:e~tng (e.g .. ~ros'·'e~uon prepa
•,'\Ullnl. £cnerat~ the mput to the tuncuonal modul~. 
mmate' module cwcull<'n m proper '-cquence,' and 
!'<Ch)Cm$ an~ nt.'nl~ f'O\tpr~~.·v.ang ot the anal\uc re· 
•Uit,. l '>C \H .·CALEb turther ' tmphtied b' 10\:orpo· 
t.l!lon \ll a ho~t ot 'atidatcd data ba!>t>S te.~ .• matenal 
~ompo naons. thermaiJ"'rOperuc:s . .:ro 't.'\.1ton~l that 
.JIIo" c:.1w mput 1' ta ~C\'\\ord\l anJ d.lla .1..:c~o;1b1ht\ . 

. \a\lon} ~u the SCALI.: \\'Item \\:h u~cd tor the 
f~ll -~ JOJI\")~. four Ot tht.' maJOr IUnL'tiOnal moduk~ 
t:-.:IT ·\\\ l -S. '\S DR:-.:P\1 -~. ~ E:-.:0 , .. 1 • ..tnd OR I· 
GE~-SI and three: t'l the Cllntrol tn1.lduk 'ettucn\:C!> 
1CS.\ IX.(.. SA -~~ . and SA~~) ' ' ere cmplo,c\l. \ hnct 
•umm.uv 1 the ..:ap.1b1ht1~ ,Jt c..tch ml1dulc and ... on
HOI 'c~utncc ., prn' 1ded hc:lo'' 

I n1e '-.ITA\\ I ·S module .tophc~ we '-.1.1rtlhc1m 
mecral tcchmque w pcrtorm neutron ... r~.,,,_,ccuon 
procc\,tnl! tn the rc,onancc cncn:: r..tnl.!c. flw, 1\.'.:n· · 
ntque tn'OIH" J l!ne-encr~~-grour -.alculatwn o1 the 
lo"•ng Jo" n 1lu\ aaoss cacn rco;onan~c: '' tth \UOSC· 

,;uent tlu' ' 'CI2htmg 01 the rc:- on.tn.:L· ...tlh' '\.'..:11\'11'· 

~e matur tuncuon 01 :-.=IT\\\ I '> '' "' .:umcf'.IOn l'l 
~ :C'\ -·c:,uon hbranc' 1ra rn ..1 nmn•cnHnucrcm.h:nr to 
.J proolcm-t~cpcndent tllrm. llu"c'er '-.ITA\\ I·'> 3lc;,, 
..t')c;cmok' group-to-group tr.lmt~r :1rra'' tr 'm the 
da<,t:c Jnd melasu.: '..:anenng ..:omponcnt · and per
form~ other ta~~) 10 rroducml! the problem-Jc:pcndent 
., orion' I! bran 

= f~c ~E:--.:0 \ .1 module"., .t mulllgroup ~tor.. ~ 
larlo (Ode emplovcd to determine ctfcctt'c mulllph· 
.:auon iactors tk,,1l for mullldtmcn tonal s~~~em~. fhe 
Cl3\te ~~ometncal bod1c~ aiiO\\c:~ for dctmtn\! the 
model arc cubotd~. sphere~. q hndcrs. hcmt5phere-.. 
.1nd hem•cvhnders. KESO V.a d1ffcrs trom t\ENO I\' 
m that 11 Ill has an enhanced gcometrv package that 
.~llo" arraH to be defined and po5lltoncd throu~nout 
•he rnodd. (bl has 3 P. scattcnng treatment. lcl allo" S 
.:xtendcd u\e ot differenual albedo rctlc:ctton. (dl can 
generate pnnter plots for checking the mput model. 
(el ~upergroups energy-dependent data , cf) has an im
pro' ed resta rt capabtlit)', 3nd (g) allows the ongm 
locatton to be spec1fic:d for <~pheres. C\'linders, heml· 
..:yhnders. and hemiSpheres. 

3. The XSDRNPM·S module} is a one-dimen
,,onal discrete ordinates transport code for perform
mg neutron or coupled neutron-gamma calculations. 
The code has a variety of uses within SCALE: prepa
ration of cell· a\·craged cross sections for subsequent 
sy51em analysis, one-dimensaonal criticality <i3fety and 
radiauon sh1eldmg analysis. and generation of a neu
tron spectr um to dc:velop spectral parameters for 
ORIGEN-S. 

~. The ORIGEN-S module11 io; an updated vers1on 
of the ORIGEN code7 with tlexiblc: dimensioning and 
free-form mput processmg. One of the primary objec
tives an de\'clopmg ORJGEN-S was that the calcula-

!'it:CLEAR TECH!"OlO<iY VOL. 7 -.ov 198~ 
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110ns be able to uuliLe multt-ener~t)'·group neutron tlwc 
Jnd \:rose; ~:euons many group structure. Utilization 
\,( the: mulugroup da1:1 •~ automated\ ia the COUPLE 
.:ode. ORlGEN·S pertormo; poant depletion and dcc:ly 
.maly.,es to obtam 1sotop1c concentrauons, dec:1y heat 
,our..:e term.<~. and radiation source spectra and strengths 
tor u~c tn '>ubsequent sy~tem anal\'scs. 

: . CS r\SIX and CSAS2S arc sequences within 
1 he CSAS4 .:ontrol module.~ The primary product 
!rom CSASI X i$ resonancc-<orrected, cell-weighted 
mixed cro<t!. secuon~ an a worlong library format. The 
.lutomatcd computational 'lequencc: IS NIT AWL-S. 
'\SDR~P~I- . and ICE-S. whtch performs the cross· 
't.'Cl!On ma\Jng. nte CS:\525 ~"'Quence U\CS NITAWL·S 
..tnd KE~U \ ' . .1 m ~"-quen~c to J'(rtorm a ~tonte. Carlo 
.utal ... ,.ss w \.'bt.sm the '~~tern k,.,,. 

A. The · .-\S2 ,equence) employs the sequence of 
Fi~t. 1 w pcrtorm a depleuon 3nai\'SIS and subsequent 
,,ne-<tlmcnstonal cask shiddjng analyses. For the TMI-2 
t.:Jiom. the SAS! 'il"qUencc "a~ halt~ following the li· 
nal ORlGE!'I· hurnup and deca\' :malysis that pro
Jucco rhc ~pellt·tucltsoto(ltC~. The ORIGEN...S spectral 
;~.~ramcrcro; and nuclear data lihr:u y are updated by 
l OL'PLE u tn\! the flux c;pectrum and collapsed cross 
.. ecttons from an XSDRNP\1-S calculation for an in-
1 anne latuce n:pre~entauon ot a fuel assembly. 

fhc CSASIX. CSAS.:!.S. and SAS2 toquencc:s all 
u~e tt-e matc:nal anformauon processor to read and 
pro.e" 1he compos111on and geometry mformntion. 
I or the XSDRNPM -S cellanaly~. each sequence uti· 
liz.·s a tandard pre raption tor discrete ordinates 
~uadraturc type and order. scauenng expans1on order. 
'patial mesh specaficauons. and convergence criteria 
rlO-'l. For lattice cell gc:ometncs, mput mformation 
lm the latttce type (k~"'·ord sc:lectionl. the lattice pitch • 
and the moderator total cross stction is used to obtain 
the Danco(f factor using numencal integration routines 
trom the SUPERDAN program.10 Note that only one 
type oi lattice cell can be specified in the input . 

The CSASIX sequence was used exhaustively in the 
ThH-2 cffon to analyze various combinations of lattice 
type. lattice picch, fuel pellet diameter. and moderator . 
~1any of the finite system models required problem
cpcndent cross sections from multiple CSASIX cases. 
The AWL module of the A.\.fPX system 11 was used to 
combine the needed cross-section sets into one work
ing library. Once the desired working library was avail· 
able, the XSORNPM-S or KENO V .a module could be 
u<ied in a stand-alone fashion to obtain kr/1 for a finite 
~ystem . 

Cross·Settion D1t1 

The SCALE 27-group, ENDF/ 0-IV neutron 
cross-section library was applied for the TMI-2 anal· 
y~es . This library was supplemented with ENDF/ B-V 
data for fis<~ion product nuclides. This extension of the 
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SCALE 
::lRIVER 
~NO 

SAS2 

· I • 30NAMI·S 

I • • 'IITAWL·S 

I :IIEUTRONICS DEPLETION 
_,.NAL YSIS PASSES 

•SORNPM S ;)ROOUCING ALL TIME· 

I 
DEPENDENT CROSS 

SECTIONS ON ORIGEN S 
LIBRARIES 

I I .:DUPLE 

~ ·.al 
I 0- ' RIGEN S 

I I ~0sl 
I t ! 3URNUP AND DEC I. Y 

I 
.:.NAL VSIS . PRODUCING 

• • RIGH~ S SPEtH FUEL SOURCES 

I I I I .. . :!ONAI\11 S 

I I . ; ..JNIT CELL ANAL VSIS 

'HTA~"iL S 
!:QR CELL WEIGHTED 

I 
CROSS SECT:ONS ~ ~~ 

I FUEL ZONE OF T'"fE 

I SHIPPING CASK 
• f <tSORNP\1 S 

I I .: 
I . : 

!!ONAMI S 

'IITAWL S I SHIPPING CASK 

I 
SHIELDING ANALYSIS 

-1 I X.SORNPM·S 

I t 

l I I XSOOSE DOSE RATES COMPUTED 
END I FOR SHIPPING CASK 

Fi!l. I. Computational Jr:sl~\1\ 'chc:mc u~cd by S:\S2. 

· tandard E:-.:DF B·l \' library is necessary for dcpl.:tion 
Jn:ll\ ~ and ror cntt\."ahty analyses "here ri~'iiOn prod· 
ucts arc 1.70n~1dcred. The :!-·group hbrary has a p , 
•.:auenng expansion order and treats thermal unseat· 
tcr to 3 r:V. \ 'alidauon of the librar\' has been per· 
:ormcd through calculation of critical cwenmcnts 
.:ontatnsn~I the fud. structural m:ucnals. and neutron 

:\ summary of the performance: oi the SCALE 
.:-:. group ENDF B-lV library rn the analysis oi low
cnnched, \\atcr-moderated synems 1'1 gi,en in Table I. 
The 'iystems are ordered, left to nght, on the basis of 
1ncreasing moderation. T"o as~'Cts oi the C"<perimem'i 
'hould be noted and d1~cussed. The eo~ pin latuces 
\\ere designed to 'iimulate a 3 x I array of fuel as'iem
blies 'iepar:ued by water gaps and absorber plates . 
·\lso. the uranjum metal pin latttce experiments were 

• tb~orbcr'i commonly found an .:ask and storacc pool 
Jcs1~ns. ,; 
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:nulll rh-..Jlh)O IJ.:IO!\ \,If\ I H 'lll •PmC\\ 1\Jt ~h'ft" I h.ll\ 

I :r., ,l,. ,rm ! "~r the dncr '"tcm' In •f111r•'''tn:lleh d!l· 

:.:.11 : r '!lc 1\Cll-mvucr.ltl.'d ,..,,tl.'m'. 

2. T!:c 11\J\Imum de\ 1:111011 rrom !he .n l.'tat.:c '.tlue 
,,,r ..ttl\ p.Hll~ ular 'ct 01 c\pc-nment• '' quantll.lti\CI\ 
•n we wucr ''' the .l ,tand.Jrd dc:\latl•>n llll~cn:ltOI\ .h· 

,,.:l~ll'c.l ' ' 11 h ..1 1)1) .. .,.n ~.:on lldcncc lc\\:t. 

In 'umman. rh~ rc'>ull' lndt.,.ltc .1 P'"lti\C: trend 
''tth ncu1ron modc:!JIIOn. and thc1r dNrtbut1on ,.., .:on· 
·J~tc:nt "tt h c:\pccted ,tau ue-al bcha' 1or 

ANALYT ICAl BIAS 

The I!C:ncral pcrJorm3nce ut the ~~-i.!roup I:~Dr 
B-1 \ ' .. :ov •. ,~uon hbrar\' for lu" -cnr1ched. '' :\tC:r· 
moderated\) tems \\3S tndudet.l abO\c!. r,) \alidatc the 
lower ,e,~c:l rubble 'tud~ . .1 \ Cl ol tcn crut~al C'\flC:rl· 

menh "a' 'dcctc:d trom an c\ten"'c h'lt oJ "andtd3tC'> 
... omp1l<."d b\ \1urr:1"'' 1 sn coruultauon ''llh 'tall mem
ber'> oJ the Babcock~ \\ ' ilco' <..ompam• cB&\\ ' ) anc.J 
Occh1el. The: c: c\penment'> o,~,cre chmcn to empha~1J.c 
the rdall\cl\ h..~rd neutron '~trum rc<.uhtnQ trom the 
lugh \Oiuble boron lc\d and lo" o,~,:tter .:ontcnt oJ the 
T\11-~ fuel rubble at opumum modcrauon . Character· 
1\IICS oJ the elected c:'\pcnmenLS arc '>hoo,~,n m l.sble II. 

\01. '. 

tlvm: "''h th.: ~h.lra.:tcrs,tt.:' ut the Jama11cd and un· 
J.una11cU I \tl.: pm <.ell Tho! I \II -:: ptn cell .:a'c' 
•11\l\\ mm 111e O()ron. mo<kr .. lllnc r .. uw ..• nd \\,\lef·l\"1· 
'uel r.lllll -.tl mpart·J \\lin lhl! ' CICI.!Cu \.fltiC:ll C\pcrt· 

mcnh 
I he ten ~nllc.ll e\Pcrtmcm \\Crc 'elected from 1hc 

rc\ulh ot three .:\pcrsmcntal prot.:r:un,. In the B&\\' 
· peetr ..1 I ,luit 1 ' .111d ·\n:onnc: '-auonal Laboratorv 
1 \ :-.1 1 htch-.:on,cr,son '" c\pc:nmcnh. untform pm 
l.ltttCl~ "ere 'ubJC\.'1~ to 'olublc huron k\C:I or l:nuce
l"ltch '.&rtJtlOn'l to chamu: tile nc:utron 'PCCtrum. The 
l!..\. \\ d(l\e-pa~l.. ed m")dulc c:\pcnmcnt' · • smulatc ~~ 
•ud ..~ .. ,cm.,IIC"i at \..trtnu\ ,tJcl-.. \II .:mnpa.:uon and ..&rc.
dnH:n dltl~al b~ neutron moderation due to the\\<\· 
:c:r 1!.1{1\ PCt\\CCn the ..l.~~embhc, , f he J.ltiCf c.et Ul e\ 
rerun em' .tho mdudcd a \nlublc boron 'Jrtatton. 

l·ach ul the cwenment\ \\J' .. mJl\/ed \\llh the 
~-·croup E~DF B-1\' ~rov; \<Xtt<>n' apphcd tn KENO 
\' • .1 . l-our ol the e\pcnmentl> 1 •\~l -3 . ·II. -13 • .1nd 
0&\\' -~..S~~) ''ere modeled "llh hnmm:cnc:ou~ fuel 
rcgson') \\llh .:cll-a,cra~ed Cl"ln\tant~ ntuamed \\llh 
XSDRNP:'>-1· ~. The rc~ult~ ot the anah'c' arc St\en In 
f:1blc: II. 

fhc rc~ulls lor the untform latttcc ~:~Cpenment' 
1 n&W -10. - II. -1 ~ .. I.J . and .. \~l -~. - II. I.H arc: eon
,,~tent '"llh the carlter ob~c:rvauon\ bJ,l"t.. on the <,Unt· 

mary t11 analy ~ 10 TJble I. fhat '"· thl\ .:ro,,- cellon 
hbran y1clds cntscal 'alues lor "cll-m04.1erated )litem" 
..tnd ...1 ncgauve bia!l for lo" ·modc:r:ucl.l wstent\. fhc: 
hta\ does not appear to be aJ(cetc:d b' thc \Oiubk ho
ron lc' c:l. 

fhc: rc'iult'i ror the clo,c:-paecd modules tO&\\'· 
~..SS~. -:..sRS. :1nd -~~001 do not '"o" ..1 consl5tc:nt trend 
"uh ell her neutron moderat1on c r \oluble boron lc' cl. 
fhc pre\ence of the borated \\;tter gaps hetwecn the 
modules could be a !actor m the rdatt,el~ poor ana· 
l\1tcal pcrrormancc tor thc~c '>Y\tem~ 
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.nd i.lllt...-e pncn 

l.'r.;u .tlC ...l li.JI\ '~-'' \\Cfl.' r..:rtnrm.:u II.' \!JUgC the 
•11~1.'~\,tll •tn rr•l\tdl.'d ~\ •1•011: ,,, hi.' .\{ll)\1.' ..1\~ump

·'lh ! lC : .:•1111' lllllll .l:~' I 0.11 tn '111.' r .itiCC lll l5()t.) 10 

! •no ·' l'rm -oluhie l•L•r,,n til \\ Jtc:. • nc: ruc"C:Ill.'t: ul 
·:r.::.t .,l\ • .!J 111 we: '"''.Jd \\t•1nJ ra:.Ju.:c lh..: lll..t\lmum 
till•~· ~"' :11UI£IT'll~o.ttll'n :.td''t ~'' - • , .• .). .I, t ,m.,•d
·.u•o~n •'I ' ' 1.' :Ot:lr.'fl..II!Cit\!lllh l (). l'.:llcl \\.tll.'f n\1\IUTC 

tlllt:r • :1.11 • • ! nutn•'I.!I.'IIC:l'U' l , (J . ,, :th:r 'I urn· 111· 
.:.1~,, 'II; ·1:Utlli'I1~:11Hl0 (;t.,IC'\r r'!\ < .. , .iA '•ltC: thai 
n.•,Jt:t ' .... ..-u •'II Jll u11dJu ru,·: t tn ''I tnllmtc: nctcht 

ih.l .!.:,tea u'.lllt..:r:r ··'''t:lu l"c ,,,rtn -1 •·,, ..)./.. OHlre 

,tn · · :~· • rll~·~1..:.11 ;· dkt ·r.u\ld .l l'Pih:IJ 1:1 1h" 'tudv 
l l l'\\0:\ 1.'1. •:,..: 'J''IIIC:fl~o.il j"dkl IIHl..ld .CrfC\I'lHlUS tO .10 

l'lllnt:m .~::utblc .trr.liii!C:llll.'nll•l the !lid rcllel\. ~on 
dcrtn\! .l r.ti\JI'Ol '.td t.:.i"Cffitll\ lvll1l\\ Ill~ \.llfC dl~ · 
tplh•n 

r he(.' \'ll'\ llh1lhlk "·' " 11-l.'t.l ll' t•ht.un the 01!11• 

· ron:.: .... m,l:lnh lr<'rn .m mltnllc 1.1111~..: ... ~ll .tnal\'1' ot 
he ·ur•t>r.: ut,ldd l ' \ 1\ 1W' the: -.crFR0·\ :"1 

o~ tcnrll :1m' ,._, ,,h:,11n 1: Do~ II .. •\' 1 • .t~H'r tur 1 he 
1: •oucJ. J~,J~ ... :m~Jr.ll !1111 .... 11 ;tppucu .:1 the rl.'\0· 

.tn :. ! tlr.'!dlO~ ...lrt.ll\ ,, ;··:nnrmcu I"' ,, r \\\ l. 

-. 

-
665 



t RITI< .\IllY .\:"oAU ~IS I OR till: T\11 · ~ RE~tO\ t\L 

i :,c CUUI\ .llt:OI."C rct\\C~O th~ UOII .. dJ .10" tnc l\\0· 

.:~ton. •rncn~al umr \7Cll applied m the •uo~c:quent 
'\SDR~I'\1 . ..cll·,l\cra~ao · ~.th:ulauon cilme.; trom 
nc pr~.· .. ct\JIItln '''the tuel Hliumc lrJ.:IIon 1\ Fl. '' 
Jcrt\t~ll 1 rom L umh Jnd Rollctc .: ' · ~tc rud \'1 m the 
Jodt.'C'3hcdrai .:cil 1\ Cl\ en by 

.t , .., 
r ud \ F -= -:-= -u /'1 ' • 

.,, ncrc 

~ - I Uei pellet r;td::Oi 

!' = : . .ullt:c ;ltt~n 

\ alu~o."\ h . .\r rand P J:c mput t'-"' L' • \ I:\ . ' ' 1110:h then 
.:.t1~.u l.1 tc\ the outer rJJ1u' 11.e .. llll'ldc:r.ti .. H fl.'l!llllll ''I 
he NUl\ Jh:nt ltlh:OII.:aJ \'F) •f'OCrtC.Ii Ullll ..:.: .1. 

! •r p10 latt1.:c: l!comctnc:-. th.H .. -..n t'c •.:orc,cntcll 
\rl l~..tl\ 10 "E:-.:0 \ .1 • .:..>mpan''''" O.IH: r~o.·cn mauc 
·ct,,ccn Hlc u c: lll n~.:utrontc .:on,:Jnh tnJt OJ\c t-een 
.:ti ·J\I!T.l\l~o'O tn '\SDR~P~I·. a~o..:orulnl.! W the JOO\C: 

• rc\O:rll"IIUO .iOll l\CUI t OOl\. Cl'n't Jill' l'h'l. C 'ed !"'\ 
.. , r \\\I ..... !•lf tnc 'IX'1.1tk lattt~e. i 1\U • •• n "~lin ... ht" 

11: ci'IJ IOJI\•1' \\.1' \h.IOC \lllh f..l 'C)\ ... IW \\llh 

"I .JH~'.l~co Clln~t.lnl • ·ne other -•lln the :tocl t.ttltl.'c 
:rr~,•,cnt~J ~-\ olt,:rh fhl! :!OOU .il!fl.'~m~.·nr tn th .: rc 

•ult\ Odt..:.1tc• the cli~CII\COClt~ ' ' ' •he '\ DR,P\1. 
,.II .hcral!tlll! rrocl!uurc. '\oh! that the ~1.:~0 \ J L!c· 
rnc:r ' N~o.,3\!c .:annot rcNe<.ent the uodecah~ural ..:ell 

··uunUJf' C' p!!CIII\ . .100 thm I he .:CJI .1\CI:ll!llh! \ II IICU· 

wr.1~ .. iO\IJnt'l .,a, J nc.:e\'\11\ rN tm' runt'lc mmJel. 

.NFINITE lATTICE CEll ANAlYSES 

\• l!ni"'ll'.l .Jt'O\C, 'UO~TN\ \ll 11~ :11111~ . .1111-.~· .:~:1! 

• n.t •'·•C• . \ ~' ~1.' r.:rt.1rmcu m nrucr · ' N'-'' tuc .1 ncu· 
·,•::11: . :' ..tt .11. 'cll.:.Jtu . .m '" • r.c rut•nl~: ltlt) l.lCI .100 .:.:ncr· 
t~: ~1. I 1\I.'Lh!I.'U , f'-' '" , c.:t!Oil\ 'h.JI jflliJU-.CU tllc 
.:nc't t.•rr.muml "' • . .Jiues . ')rumum ~~., .car .. nc') 

' ere rr:normcu .• ,nh tSA:::,IX b' \.U\tnl! !111: pllch 
.tlll.l ,, the\ r. l\lr the p..tnt.::ullr rdkt Jnd moJcra· 
H ,:,>ndttiOO f .tblc Ill prO\ Ides 3 'umman ol r~.-.ults 

·rnm the .nrmnc l.lltKe .. ell anaiHt''· fhe tlblc pnmar-
1' 1:.'(1()ft\ th!! r<:'-Uit\ tor rubble ~onJIIIOO\ U\Cd Ill ti· 
\I ll" ' ''tc:m .tn.Jh'~' lto"e'er. man' more anal\'c' 
'~r,· n~.~·tii:J !O l..tl Jctcrmtne the opumum rud \'f, thl 
•tUI.l\ the ell~'' ,)1 temperature chant:t.~ on k,., . l.:) un
Jcl\t.:tn\.1 tne rclatl\ c el fC\:t of mOt\ n.lual ~pent -fuel nu· 
.. ltde un ~ ~· ..~nd tdl ..:hlractcrtlc th1: \anauon tn A" 
I N tud parttdc ~ILC!I other than that ~orr.:,pondtnc 10 

he di.'I.II!O rcliCI 
l·or bl'~Ton k ' el t'tct\\~cn c) and -N~fl \\ppm. 

carcnc'> tor tnc opumum tuc:l \'1· \\ere rcrsormed lllr 
·" t: cnrtehmcnt~ ran •tog irom ~ . II (3\ cra~c cnm:h · 
mc:nt N t-.u~hc."l I Jnd:! .111er dcplcuonlto ~.')6 "'"'o 
nmu.tl enr~~:hmcnt 01 ~atch 31. For batch 3 tuel. Til· 
bk I II rro' 1dc'!i :an tndtc.:tllon 01 1 he chance tn opll· 
mum \ f ~ .1 1un.:.10n o r 'olublc ~oron lc\C~I. The 
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ll tlllmum tud \'F 'afle) onh ;hchth \\llh cnnchmc:nt. 
for unoor:ued '>Y<otcms. the opumum \ 'F becomes 
more <oc:MIIl\t'to c.:hanges 10 c:nnchment . f\"p1Clll\". tor 
htghl\" borared Y'tems. the opumum \ 'F found for one 
cnnchmc:m \\a5 :U!IUntcd robe ~utlicsc:m tor other en· 
rschmems an the noted range. Bet\\etn 4JSO and -'950 
\\ppm boron. the opumum sue!\ F \ancs lrom 0.61 to 
II oti: at t) "ppm boron. the 'ar1atron '' 0 :!S to 0 .33. 
\n tmtt:ll ~tudy "as performed to demonstrate that lor 

lugh boron I~ cis, there was a change ot only -O.OS~~'o 
.lk1 lO f\ tRel. HU • .-\11-.ubsequent anal~')eS \\ere per
:l>tancd ar ~93 K. 

\n tn .tial tud,· \\:1\ also made to dcmorutr:ne the 
Jtllcrc:nual "onh ot sncluomc the maJor ~pcnt·tud nu
~hdc~ II\ the -.:ell analyses. fhc t~otopu: results I rom the 
r.at.:n J burnup .:asc \\ere:.! cd. fhc anah'~ \\ere done 
ll'lnt.! d~1~n pellet paruclc: ~~ze~ 1 I .O~:!~m diaml and 
;-~o "PPm ~oruble t-omn tn \\Jtcr fhe rt"ults oJ thoc 

.anaJ,,~ arc ~ummarw::d tn fable I\' T\\C:nt\'·ntne ac
ututic .lOU ti tOn prO<lUCt I~OtOpt~ \\CCC tnduded 10 the 
rno~t ..:omprcncrul\'e ,,:akulauon. ~.ase 'J. BasoJ on thoe 
.Uiai\\C!t, :he 0\Cf:liJ ratch ~ 1-urnup h:l~ 3 potenttal 
q\rtl": "' I. -ou-o .lk. 1\u .1ll ~ub,equcnt :maiH~o.'S '' tth 
J'ellt-IUCI I~I)IOpiCC., the OUCltdC) l)t ..:a-.e 'J \\Cre em· 

;•lo\cd. 'otc. hm\c,cr. that !tc:u~nc" tor opnmum \'F 
snd ''r p.:trtldc ,.,~ ''<'tc pcrtormcd \\tth the non
lramum .1..:untd!!!> and ti ~ton prooucts rerno~ed in or

Jcr to eltmmatc th~ ae~d for re,onancc proccssmg 01 

· :le'>c nudtde!> b\ SIT:\\\ L·S. T!lh pr:u:ucc enabled a 
oil.,.o rcdu..:uon tn central rroCL.-.!>tn~ umtt<..:Pl.Jl ume 
·'"h c' enuall~ no etitXt on ..:haracterlllng the opu
tnum Ct.IOdtiiOO'i. 

'' L\ldcnced b' f.tbk Ill. :he \.t t masn11ty ot 
Jttt.:c ..:akulauon~ ,, .. , t!one .~~ ... umtng a 'Phtncal 
i Q, J1ameter ti .O-~J "'"' .. orre~POnOI02 to the dt"t~n 
;-dkt ''7e. Ho"c' cr. I.Ju!c:r pant de diameter!> "ere;;.., • 
-umcd fl co~ meltsnL! ana re-;oltdlti.::luon \\CCC: PO'itU· 
·.u~ . fhu\, ..:unnL! the. uppon elton. ~'cral ~o.-arche) 
'II both p.1rttcle )tlc: and \ "f \\ere rcrrnrmcd tor 'iPI.'t"· 

died tuelt~~ and \olubh: boron Jc,cl . For htgh bo· 
l->n Jc,els f.19~0 "PPm I. the ornsmum panrcle diameter 
''3S J .Sto 3. ·\.ill. rh1s diameter detie3(cd to -1.1 ~:m 
for the unborated case. Table , . pro,tdcs an example 
nr tht: 'anauon to k,. a.s the pantclc di!lmcter changes. 
fhe .. cenario of meltmg and rcsolidifk:uson also im
plies that other matcnal tn the core ''ould be mtxed 
Wllh the TC~OJidified particle. S.1mpic taken lrom the 
lo\\er head debns sho"cd impurity materials. a~ listed 
m Table \'1 . An anrlnitc ~ell anal~)~~ u~ms opt1mum 
p:uucle "zc lnd \'F for thi!> mr~turc ytelds a k,. oi 
only O. -600. 

·\ \Judy of very )mall parucle 'ues "as also snru
;ued 10 ensure th:u a ~on enamc approach was bcsng 
used for muation~ "here small debns ''ere kno"n or 
ro~tulated 10 be prestnt. The !~mall partldt ~IIUation!o 
,,1 tntcrc~t 10 the T~ll-2 Defueling Dessgn Team sn
'ohed an unbora1ed water moderatc.lr. This ~"'ndit1on. 
tn .:ombtn3llon \\ Hh ~mall parucles ... szcs ( <0.-l-cm 
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P:uks ct Jl . t'RITIC,\ll TY t\~AL \'SIS FOR THE T:\11 -~ RE~10V Al 

1 \0LLill 

f uc:t Rubble 1 .lllt~c Ldl An3h'\C'\ 

I uC'I l'artn:k I 1 Soluble: I Hllnlltc 
\l.ucnal I (nru:hmcnt 1 Otametcr~ Fud I Boron j \luluphcauon 

l ,,Jc Fuel o~nptton· 1\\l.r~ • 'l I I t.:ml I \ 'F 
1 

f\\flpmt ! factor. J...., 

\ hcsh bJtch ~ :. ')(, 1.07~~ , 11.63• r~o 1).'1923 

B h~h bat.:n' :..•Jn I lP1.a ll.61 ' J~OO 1.0111 
, Fre!>h batch 3 :.96 1.07:-a II (-• 3 ~llO I.03S6 I .. I 

Frt'h bJtcn ~ :..•}6 I.Ot:.a 0.53' .:50() l .lii>:!S 
I rr~h b3tch 3 : •lt. I ll7~J 1 o.so- .:noll 1.1;:(.0 

Frc-.h h3tch 3 : •lt. 1on.a t).J;:' 11>00 I :1 'J7 
Frc h batch .\ : \ Jf't 1 u-;.:.s I IU~· ~.)() I 1911 
Fre~h b3r..:h 3 : ')h I 1)7:-a I {l.;:s· II I J009 
Frc\h bah:h .t rn ttr· : '}(\ I .Ui:J I t).::!6S· II I J020 

l 
\) Frr<h b:~tchc\ I .1na ~ : .'J 1 o-~-1 I O.M J'l~(l tl9199 
l rrc~n bat.:nc\ I JOIJ .: : !J I 11~:.: I) Ml' J<J<u IJ.'l:ll 
I frc'n b:u.:ne' I Jna ;: : ~J 1 u-:~ rl h3 . .:-~11 I) 'l2~J 

.... f·re<n bat.:nc\ I :mu .: : .. :J 1 u·.:.: ' 0.61 ..l;~o I . ')~S2 

it I f r~h batches l JOQ ;: : jJ 1 u~:.a • 0.61 J.:OO tl 9J39 
fr~n b:uchc'> I .mtl : : :J ! o-;:.a o .3u· I) l.J349 

f-rc,h h:ucnc' I. : . JIIU 
... .: - - : Nl' 11.61\• J'o(() 11.%82 

frc'h bJWl~ I. :. . . mu ~ :.- : ~I) IJ.66 Jl~O ti.~R82 

frc'h rat.:!lc:' I. :. Jntl ' c • : 1(1• ' tJ .. n · I 1 r::.a 

" rre<h l"at.:he<. I. :.. JIIU l '·ii'Pili\IIIIJ:I.'I : ~~~ 1 u-2.a I u.:s· II 1 JSJO 

I But ned bat.:h J :. t!- 1 Oi::.a I U.6)' ~·J(f) •1.9690 
\I Burnea bat~n .I : .6- Ul7::4 I ll.tiJ• I .r;~n 0.9747 

' BurnetJ b:u h ~ .: 6~ Uli2J 0.61• ~'~0 rl.98RI 
() Ourned b:ucn ' :. (,- J.o-:.s I ...... J:OO •1.9929 
p Burned batch 3 :. h~ I Oi::!-1 0. ~7 l~()O 

Q Burn~ batch 3 : .67 I 071-a 0.53' :~oo I 

R Burned b:uch 3 : .67 1 07~J o. so· :roo 
" llurnetJ b:ncn J : .h .. I.07:.s I t) .a2• lilt I() 
T llurnetJ tlatcn : : f) 1 u;:.a I) )~· 'UIJ 

l: Burned b3tch ~ :. 6- :.S" l 11.~~- ~1)00 I.IIIJJ 
.. Burneo b:uch 3 :..h- 1.07:4 1 u.2. II I 3667 
'.\ Burned bat.:n ~ ~ .6i : . J• I ll.J3• I) l.l"'411 ., Burnea bat.:n ~ : .6- I .071-a 1).63 II l. l-l21J 
) Burneo bat.:n 3 '" H F :.67 I .Ui::.s 1 0 .:!6S II 1.3fl80 
i. Burned batch 3 v.uh tmpunucs :.67 J.o · O.JO· II rJ.i600 

\.\ Burned batches I :md 2 : . II' JS 0.66 J)50 1).9594 
llB Burned batches I. : • .1nd 3 : .32' 3.6· 0.68' 4950 II. 'JS9S 
cc Burned batchts I. 2 .. md 3 .:.32 3.5· 0 .66' .n~o 0,')784 
00 Burned batches I. 2. and .\ 2.32 1.10• 0 .33' {l 1.3450 
[1:, Burned batches I. ::!. and 3 : .24• 1 .07~-a 0.:!8' 0 1.325J 
FF Burned batche:,. I . 1. and 3 1.2J t.on.a 0.66 J')C{) 0 .9287 
GG Burned b:uchr:s 1. ::. and J :.:.a J.8· 0.69' ~100 0.9J.t8 
HH 1 Burned b:~rches I. 2. and 3 :.2J 3.6· 0 .68' 4950 tl.94% 

'Sphwcal UO: p::uucles m full-dtnsuy water c'llcept as noted. Burned fuel compositions contam fisstOn products and plu-
tontum. 

·oe~tgn pdlet corresponch to \phencaJ parucle oi 1 .072~ .:m. 
· P:uttcl~ me andt or VF that ,·tc:lds tht httzhcst 1...,_ \alut . 
1HF = h)ldrauhc flutd modetiltor. t:CO~ WS·34: density= 1.029 gtcms. moleculilr \\Ctght = 78M •t mol. ~totchiometnc 
rauo carbon' hydrogenJo,ygen = 3918011 S. 
\ \Crage core ennchmc:nt IS actuallv 2. 5-S ""rCJ'~. Thts htRher value obramell and used pnor 10 obtatnlllf! .:orrect mforma· 
uon of Fig. 2. 

'This i1Hr3ge ennchment (and othe: burned tsotoptcsl ""a\ obt:uned I rom conscrvau,·c \caltng oi batch 3 depletion results 
pnor to depltuon :1naJyses of batch~ I and :!. 

'Ennchmcnt and burned tsotoptcs ""ere obtained from \cparatc depletion 3nalyses of all b:~tchc~ of futl . 
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t: RITICAlln· A="!Al YSIS fOR THE nu-: RBfOV,\l 

T.\BL E 1\' 

'~ ol l.llllC\! l\1 Batch J Rubble• "nh Burnup 

lkpletc:d ="c . . u ~.67 \,,.,., 
Ucplctcd :·•L' - 'am:mum 

llurnuo Producu 
ondudc:d m l.'Olh:ulauonl 

Depleted :"c. ~.1m.mum anu l.tntllanum 
Depleted ;J1L'. ~arnanum. IJntllanum. and ~enum 
Ocplctc:d ;"L' .... .~manum. IJnthanum • .:cnurn. and curop1um 

Depleted :J'U and !'()0'o •II •amanum. l.101hanum . .:cnum. :md c:urop1um 
Plutomum 1 otof'C' ,,nh t ~ 11 n !!~''" tucn 
Depleted • ' 'l'. plutomum. ,am.murn. lanthanum . .:c:num . .and c:urop&um 
Dc:plc:tc:d · .. l .. ~liUtlllllurn .... m.mum. l.tnthanum .... .:uum . .:urop&Um. promctn1um. 

neou\'mJUm. ami Pr.l\Clhl\ mwm 

0.9633 
11.9S31 
0.9530 
0.9530 
t).95~7 

0 .9579 
1.0100 
1).9768 
ll.97~7· 

' Dc·•.:n r;::kt pam.:le •lle m ''ater """ ~- <p ' 'I'Pm ''"''ut.lc b(JHlll 
1 "r : -~~n 1 ucl :n~·'' 1.:.<Jf\ "t ···,. 1 anu nu ' 1"1•lll "~ l\.111\.t. " • = 11 •N.:J .JOU <J '~ ~I..., = t1 •J92J - tl 97.17 .: I -6cro . 

r \111 != \ 

~rnc!c 1 )ptmlUm 
I ) &Jmc:o:r I ud u.: <lhtO I t:: . ~J 1\)· 

:rn• \t· .. 
I; t> I (.N}tW d OJ:".: 

J 1 oi til ~= I 'lJt-.: , ., o.: . tllfl I ')J~~ 

I (I~ o::J ,<- ! 

II hfl ' •• .:6!' 
II l'l- l ~~.:h <lflll 
•'.b') ' .II IJJ ' '15\.l 
t -.: w~~ I tl~_:-

' 0 : ·rn~:r:;:;~l rar11.:l.:' m \\;Iter ',\Jt!l J~~tl \\l'rm "''r~m. 
'";->hne .Jta:m:lc:r Jn\1 \ F .de.:tcu b nterp,H.lllvn ,,. rc:· 
•lilt ~~ .=.: - Jnd J .J . .;m particle '".:'. 
'"phc~c~ 1-'u.:hm~: ma\tmum pad.ml! tr.l.:tllln . 

T -\OLE \ ' I 

rucl Parucll! Compo~IIIOn tor ln\C\!ICJ!IOC !.:.I feet 
-. t lmpurtttes m Rcsohdtfu:d Rubble 
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Constituent 

u.:.6il0; tburned) 
Lircon&Um 
Iron 
ChromiUm 
:'\lolybUeoum 
Boron 
\lan11anese 

S3."9 
J.:.7o 
: . .l.l 

" -s 
11. 1 ~ 
f) II 
0.06 

• ham1 .:au)ed the: Oant.:ott Jactor .tlgoruhms u ed an 
"L\LE-3 to r..: tnadc:quate hccause they considered 
.mh throu!,!n thud-nearest nc1~hbors 10 :~pherical l;u
u.:t..-:.. ~for 'mall-pantclc. IO\\ -absorptton sy'itcms. outer 
nci!!hbors arc \cry important to an accurate e\'aluation 
'" J..· .... . Thu'i. the Dancotftrcatmcnt ior SCALE-3 was 
:nodtfic:d and compared agatnst an 1!\plicit point 
.: ro\r,.,n·tton treatment ;md latucc model as applied by 
the ~~C~P ~tome Carlo code.:• .:; The k .. results lor 
the cClmpanson are ~hO\\n m Table \"II :md indicate a 
J~."':rt.'~c: m k ,. .b the parttck 'I Ill! oecrea ~. The mod
If icd Dancoif treatment ha~ b.:(!n applied to VersiOn 4 
,,i the SCALE sy,tcm and has bc:en utilized in 'iub~t:· 

.tucnt anah'ic'\ ''here 'mall parucles had to b~ con
''ul!rc:d. 

APPLICATIONS AND RESULTS 

l ower Veuel Rubble Studies 

After 'it.'lecting the dotkcahcdral umt cell a~ the 
rubble model. the lirst application etfort was to cstab· 
lish a concentr:uion of soluble boron that \\Ould mam
tain the core in a '.&lUtdO\\n conligurauon for all fuel 
removal operauons. Several s1mple modds were devel
oped and analyzed for this task. 

Each of the models applied m the lower \'e.ssel 
~tudy included fuel / rubble and bor•ucd water regaons 
contained in a 20.32-cm (R·m.)-thid. Type: 3~ ~lain
less steel rctlce1or represenrauve of the hemi~pherically 

'The Dancotf corrccuon tactor •s the first-tlight trarumts· 
'100 f'lrOb:tbllity through the mter~llll:ll material bc:t\\CCO 
fuc:llum~. It ts applied by NIT AWL-S to the le:tkage from 
the smgle lump m order to appro,tm~ue the effect.s of alat· 
11ce of fuel lumps. 
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The: \:,DR'!P~I~o:.l'C~ .Jsd not .:on,c:rl!c 111 :~ .•ut~·r Ht:rauun• 

'haped 1\.)\\l!f pOrtiOn \>I the prc.;•Ufl! \ C\ d . rhc pre~
.: nee or qe-cl mcmb<rc; 101cnor to the \1,"\\d l'>ucn 3\ the 
lo"cr grtd and the tlo" dtstributorl \\3'1 umoreu 3'> .1 
.:omcr\ au' c: approxtmatton. 

fhc model'> ~haractcmed the tuel rcl.!ton :l\ h.1' tnt.! 

•tne ol three geometry shapes: sphcncal. knucular or 
lcn:)·,haped. and semtlenticular or tlattop. fhe tim 
rwo model are ho"n tn Figs.~ and 5. Dimensson'i for 
the \anous zone are determmed ba~ed on the tn\en
rory 10formauon )upplied by the Defucling D~sgn 
Team and the specified (or opumum) VF. For the len· 
ttcular modd. the outer spherical . hell of Type 30-' 
stainless \teet was always specified to ha\·e an outer 
dimen~ton of 2n.998 em. which "as the actual radiu~ 
of curvature for the pressure vessel. The' olume oi a 
lcnucular regson ts given by 

V=~::-h ;l r-1113). 

where 

h = re~ton 's half-hetght 

r = radius of curvature of the outer lenticular sur· 
face. 

The fuel \Oiume of the flattop model is one-half of thi~ 
'alue. For a gt\'cn fuel volume. leakage conssderauons 
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50RATEO VATEn 

I 
' 
f 

1'•1!. : : ,nll .. ut..tr ll<d m,• •. h:l 

~om ..:kmc:ntan· rc:a.:tor thcorv prcdtct th::tt the: 'rncr
.. ..tl fuel ~c:omc:try '' tht: mo~l fi!3Cti\C: . rhc: knllcular 
Jnd flattop tucl ~cometrtes produce progrt:N\cl\ more 
:c::1l.al!l.' Jnd are thcretore less rcactt\c. Thu,. the tdcal· 
:c:d 'Phc:ncal tuel geometr~ is the most consc:naU\C 

·rom the cnw:alit\ -;atet\' qandpoant. \\hile the other 
-nodc:b are lc~s consc:r\ au'e but more rc:altsuc . Also. 
·:ore that the ~phencal moJel is amenable to highly pre· 
• I'C .mal\ \I '' uh the one-dimenstonal di crete nrdt· 
~:.tc~ code. XSDR~P~I·S. 

fhe pramary results for the linite '~tern analv,~,.-s 
.t rc lmcd tn fable \'Ill. The lcnttcular model \\:IS <~e
\.-ctcd a~ the d~ign-basts model beca~e tt provtded the 
hc~t combmauon or realtsm. stmphcny, and conser
'amm. Case: I i the design-basis ca\e. sho"mg that a 
,oluble boron level of 4350 "PPm is JUSt under the ~o:al
.,ulationallimit oi 0.965 . The iuel arrangement for the 
~a.\c case and most or her cases of Table Vlll was con· 
,cn·auve but somewhat unrealistic smce batch 3 fuel 
\\as placed as the central fuel zone. Comparisons ot 
ca.~c:s 4 and 5. o and 8. and 7 and 9 indicate that the use 
•ll burned batch 3 isoroptcs provadc:s a reacuvity de· 
crease of 1.6 to t.scro .J.k in companson '' ith fresh 
hatch 3 asotopics. This linding is constStent "uh the: rc· 
"ults \hown in T::tble IV for an infinue lattice. 

Although not used as the design basis. the 'lphcrt· 
.:al model proved to be very valuable for ~copmg and 
p::tramt.'ter ~tudics. To be utilized effectavcly. it "a5 nec
c:~sary to dctinc the diffcrenual rc:acuvU\' '' · th be· 
t"c:en the hypothettcal spherical model and t 'llore 
plaus1ble lenticular model. Comparisons of cas:.. ·'nd 
~. 3 and -l. 6 and 7. and 8 and 9 of Table VIII a 
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O.Jcro ~;.., d«rcasc 10 rCJ~11\IlV tn gom~ trom the \phcr· 
1calto lcnucul.ar model. In addition. ~a.scs i and 9 "ere 
analyzed "nh XSDRNP~t-S and KENO \ ' .a to ~on
tirm that the '''o codes ~ielded 1denucal results \\llhiO 
1 he rausucs pro .. 1ded by the ~lonte Carlo anal\ SIS. 

The boron "orth is anorher ... anablc that c:m be 
.:haractenzed b~ the results oi Table \ ' Ill. Companson 
llf cas~ 4 and -:.shows a 1.83cro ~k mcrcase 10 rcacu .. ·-
11)' m gom~ rrom 4150 to 4200 "PPm boron . Cases 5 
.10d. 9 show an dfect of 1.68cro ~k. These values prc
Jh:t a boron reacuvny \\Orth of - ~00 10 .\30 wppm ' 
tiro ~k. The mfinite laUice data'" rable 111 predict a 
~oron Mmh m agreement \\llh these 'alues. Abo. on 
the bas•~ of a unn of boron conccntrauon. the data 
Jcmonstr:uc a oecrca.smg boron "onh \\llh mcreasmg 
boron lc' c:l. 

'\;c\\ ob~enauom made subsequent 10 the deslgn
~,ast 'tudy rc,caled large chunk ut Jpparcntly once
molten and resolidified t.:O: pre\cnt m the T\lt:~ 
!ll\\C:r \C'>"cl. .·\ --rudy \\as then undcrtal.c:n 10 deter
nunc 11 a larger. reconiigured pellet m1cht be more re
.tCII\1! than the pan1clc <~lle con tstcnt \\llh the dcs1gn 
·ud pcllcl. I inite sy .. tc:m model~ "ere dclmed to dem· 
'n~tratc the rc::tctt\lty crfect'l or \:lfiOU~ rnodific:mon' 
'0 the dcfuchn£ dC<ilgn-ba IS WSC. rhc ffi:lJOC tC:ltUtCS 
nt thl~e moddicauon~ ''c:r..: ba.sc:d on l.'arl~· (circa 1985\ 
.:ore damage assessments I hat mduded an estimated :!0 
·o 30°·o core md1 wnh a high likelihood oi the molten 
iuel bean~ irom batchec; I and:!. The approach taken 
an modtf\'tng the dcsagn-basts ~ase "as to Introduce the 
l.)pllmum-panidc:·stzc: tuelanto rhe -.:cntral. most rc::lC· 
ti\'e 1one of the models. 

Ca-;es 10 through 14 of Tablt! \ ' Ill 'ho" the: results 
1 the: analysiS performed ''llh ~pumum-pantcle·'\izc: 

tuel using the spherical core model Cto better obtatn ac
curate rc::lcll\ity diffc:renccsl. Comp:mc;ons of c:lScs I 
and 10 indicate a O. t9cro ~II. mcrea~c: using the ne\\ 
model of case 10. ProgressiVely addin~ burnup and go· 
tng trom 20 to 30a"o of the in ... c:ntorv ccac;c:s 10 ' " 12~ 
hows a sequential decrease m the multipticauon lac

tor. The: model of case 13 incorporates the likelihood 
that all of the molten fuel "as from batches I and 2. 
The model oi case t.a has the batch 3 fuel on the core 
periphery, corresponding to its actual location in the: 
reactor core. Both cases show substanual decrc::1sc:s 
an k,11• 

The o,·c:rall ~'Onclusion of the study ''ith opumum 
particle size is that while a larger paruclc size: is murc: 
reactive than the design pellet, ancorporauon of the 
larger panicle into rinitc: systems that are consistent 
''llh the core damage assessment le::tds to a rcductaon 
tn the system multiplication factor . 

limits of Foreign Materials 

Once the design-basis model and limiting !~Oiuble 
boron level were determined and approved. defuel
ing operauons were: able to begin at TMI-2. The first 
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I I II.!,.- • .: !· ,_.,, 
r ... :'t" ·• -' , • ._u:\lc:,, ,r ,\:t .~,- ~.,, 

\lllof'l .::t-.t 
I I I~: .!til 
r rc: •t \.-1 •'Jinlc:-- · rcc:t t1 ~: -.::, 

It~· ·c1. 't II' !)I ll 

(JIJ<J : . I 

i\ rc .lOJ •IJIIIIC:" 'lt:cl I 1• ~ (>I)) 

J -1onc: ·rhcrc. U .'f'i';' ·cl. 'ell' 601 
:u.r~ -:Me: rncll . t' urned , Clt15 ~ . • \ 

l.t.c: II. 
•rJcro .:ore: melt 

J -1onc: 'pnc:re. 
:or~ 1 .1nd : nu:lt . 
bt; rnc:o 

.!·lOne: \phc:rc:, 
~ocr, 1 and ~ melt. 
t>urncll. 3 \IUt\ldc 

• f,pe ~OJ .tarnlt>'' ~lct:lll-3 601 

<.:CIIOO .151. :-.tt ::.: .!J I 
(j(l~: 1\l 
T're 111.1 •t:tutlc~' ,reel ti-l :01 

., .,,., .1-.!1. ,, Ill) 0~1 

Gll53 ~31 
r, rc: ~OJ ltarnic" ~tc:c:l ,,. ~ • 51 

\t\c ·t;,.l.ll. l.jll)). ~II 

'-(I ~3.531 
r, rc JOJ ~tJmlc\' \led n·3 

' Sec Table Ill for tuc:l mat enal codes. 

Soluble: 
Boron 
Lc\CI 

("ppm• 

• .::uo 

•• <(I 

. ~:u 

\n:tl\'\1~ 
Code: 

\1 ulttphcauon 
F J•"tOr. J.. ,.," 

KE:-.:0 \ J t l 9t-.u, := O.Olll7 

'\SDR!'lP\1-. II •)671 

h.E'O \ .1 l.'lf>I!S • ti.OOI6 

\~OR:-.P\1.., 
!-\[' () \ .• 

1-.l:-.0 \ .1 

'\~DR' 1'\t .-., 
J...E:-.o ' , 

'\!-IDR:'\1'\I -\ 

XSDR~P\1 -'-1 

1 •rr:o 

I <J<J• 
C) •J<J • U,()I)J (; 

I <J•J fl 
II •1·;: 1 • tl ,tlc)J .1 

11.961R 

I),•JS76 

.13~0 XSDR:"-P \1· . 1),9385 

"Four dc:c•m:llf'lJCo arc lli\Cn tor companson. fhe ba\IC prec1~1on 1\ only one iigure an the thard dec1mal place or 0.1 cr, ~k. 
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.:rsucaht' concert. to .m)c \\35 tnc ctlccl t lt~lt ·• Jtlou' 
·~uc:tcn mJh:n;.~l~ "lluiJ ha\c tltmcnuonalh or ..r.:.:td::n· 
all\ tn~neo 101'' tnc RCS. fhc kmcr t•pcrauonalltmu 
'" 'l'lublc ~or on (J')~(} ''ppm 1 ''a' u.cd 10 e,tahl"h 

'he hmlltnlo! rC.lCll\ II\ \\Orth 111 tmeii!O nt3tCtl3h. 
l ·.N: I ,,1 T .able IX 'h""' the ~rncrr.:al cqul\ .alent ,,, 
·he dc\lcn·hJ'I" .:lloc tor the: ~IJ50 ' ' T'pm ~Non k\ cl. 
\ comp.tfl )l)O \\tth '-•~he ~ ul TJbk \ ' Ill tnOI.:.JtC:'> ;1 
I .':J1 11'o J.J.: m:ln:m I' ,1\olllablc tn m<'' mu tile liC,hm· 

h.a'" .. a~e I rom ~350 h.> J9~0 "I"Pm. fhu ... .1 imuunc 
.::llculated A,., ,,1lue lur the rorc1~n rnat~rt3l pheru.:al 
modeb \\J\ \ct equal to th~ k, .• 'aluc s.1r the 'f'nt:ncal · 
.:qUI\ alent Jc~ll!n-b.t'll 0:.1"! ,1( -1~~~) \\f'jllll f'(lf\10 t'iU'I 
.1 I.'J"'o J.J.: rcactl\11\ marum 11 • .: .. •J l).rl\ - 11 v J<l = 
I. 'Jtif'hl llo\\ e\Cr . 'ome .. pnert~:JI mN.tel' UIIIIIC.I 11.11 
·'"' ta-~ J1iterc:u trvm tnc oe'lll!O·l'J'" sud .Jrrancc
ment 10 :h.11 b.at.:h I .tnu : f1.1ei "ere r-ta.:eu m tn~o.· .:en· 
::r 11..3\C'I 'f. HI . .tno Ill thrOUilll l•l 01 f.tbk I' 1 :-.:n.:e 
ac,e ffil~<Jt:h \\ere: 'l l.!lllth:::aml\ •lltterem rr •m w e ul'· 
h!n·h:l'>l' tucl.arranccment. thev '.\l:rc: ~\·,tn..: t l'\1 "' tne 

.al.:ul:utonal hmn '" ...... 11 tJh: 
'e\eral 'flnC:rtCal l•lrCign mate!IJI 111•llld' ,\Crl.' Jl.'· 

dort:a tll c:'tabh\h the hmu~vl the: lll.ttc:n.al' .1' rc:il·.: 
.,,r, or lnter,llii.JI mm.ter3t0r'. 1.. .t-e' ~ rhr,,ul!n 111 ,,, 
fable I~ mdrcatc the c:rfcct 01 \.JrtOu' rc:tlccwr m;uc· 
rt:tb het \\ een tile 1 uel .mll the ')tamk" ,tl.'cl ~hdl. . \ 
m.1,1mum ret1cctor tnH.:kncS!t ol M .:m "a' ~.on~1dcn:tJ. 
Rcnthum IC:l'C: I'll I\ the be<it rellcctor. \\llh au.: trn .lA 
IOCrC.lSe \H C:r the b:t'C: \.:he. 11~)\\C\&:f, 11\lOC ,11 th~ 

rctlcctor\. mdudmc the 'pecularl~ n:tl\."\:1101! bt..'und:ln 
... ond1110n 11.a~c I . c:"~ccded the 'pec111Cd hmu. 

Ca~C"\ II throuch I~''' Table IX 'ummame the tn· 

tcr\UIIal mooc:rator .mal,~cs. Ea.:h ca'e reflrC\cnh a\!!· 
tiC' o r :mah c' to determmc: the lunum~ quanllt\' ot 
moderator tor that panrcular modd .. ·\)one \\nuld C'-· 
pect. ;he moderator 1\ mo~t crfccu'e \\hen fllaceo m 
·he .. enter ot the model. Rather th3n .a hmlltnl! 4Uan
' "'· the \\.Iter th1~kne~~ ror ca:!>e IJ '1cld~ thc ma\1· 
mum muluphcauon tact or calculated tor a model \\ rth 
the \\ater 'IC:paraung the batch 3 fuel. Thu~. there 1 no 
hmlllnt.! quanttty ol \\3ter tor th1s contigurauon. 

C3~es II and I:! of Table IX indicate the lrmtttng 
amount 01 fresh \\ater and hydraulic tluid. In the anal
~ ~es . these unborated moderator quanuues were con
~crvau,cly a~~umed to totally displace the borated 
.:oolant 10 the mo~l reacnvc ponron ot the core model 
tcenterl . Sme abo that opumum iuel \T~ \\ere used 
lor _each f~el zone. Case 13 indicates that usmg the 
opttmum \ F for the borated fud 10 all fuel zones tin
eluding the zone \\ llh unborated \\a ten prov1del\ a rc
acll\'ity decrease ol I A"o .lk. Cases 16 throuilh 19 
"ere pcrtormcd to ensure that the deslgn·b:t~IS iuel ar
rangement fbatch 3 centered) pro' 1ded the most con· 
~c:n·ati\e limits on unborated "ater mserllon. 

A~ a re<>uh ot the analyses pre ented m T .1ble 1 X . 
the Defueling Des1gn Team established the hmlls on 
forc1gn matenals allowed to be Introduced mto the 
core. Note that there was extremely slo" outer 1tera· 

672 

•ton .:nmcr!.!cncc 10 the \.SDR~P~1·S ,.lf.::ul:mono; tor 
:he l.m!c ~pncw:al models ot Table IX. In parucular. 
•he model!. ''llh unboratcd central rccson<; tool.. >XS 
''utcr ucratton:o to reach .1 .:onHuzencc crncrsa ol 
iO ·• The ,to" con,crgencc 1~ Jue m-large pan to the 
l.ar!!e chance m the 'pectrum between the unbor:ued 
.1nd hrchl~ boratc:d regtons. In manv cases. "hen the: 
. tHl\crgencc ~:ntcna ''as mc:t . 1..,,, "a' ull rs~rng at 
.1 rate 1ll11\ lt~htl\ k~ than 10 ~ rer outer nerauon . 
fhu~. ~:~ttmates ol an :lltymptotsc A. ~11 "ere computed 
tw c\trapolaung an a)sumed c:\ponenual error dcca\· 
•rom the con,erccd \aluelo. For the ca)C!S "llh unbo· 
r .atcc.i .:cntral rc~ton . thl' practice:' ptcall> produced 
.111 ancrca~c ''' 0. 1 •r, .lk oHr the ~.:on,erced" 1..,,1• 

Safety Assessment for Use of a Plasma Arc Tordl 

\., pan ot th t: elton to d1smamle the lo"er core 
-uppMt :t~~cmol' tLCS:\l. a \\aS ncce!t~arv to uuhze 
..1 rla)ma a rc tmch . To pro,1de adequate coohnJl. the 
'i'!rcn '"tcm need:!> -15 1 1-' gall ol H~O. Highly bo· 
•;:tti.'O .,, .atc:r "ouiJ n~H he c:mplo\ed 3\ a coolant be· 
•• llht: ''' "" 111~h ck'\'tnc:al.:onaucu'n~. \l,o. the hmit 
•11 unl'or.atc:o \l ater aiiO\\C\J in th• .:ore \lll'> 'er at i.5-
t: ..:::111 baltcU on tne r..: .. ult from ca e II ul Table IX. 

f hU\, .111 Cl fort \\ 3!1 bei.!UO 10 lleneratc a ltnple. )Ct 
.:on,cr\atl' c. model of the LCSA that "ould specifi
-:all\ .tJdrc!~~ uulizauon or the: plasma torch. The goal 
''a" to prov1dc an .1-.:ceptable model that '"outd un
Jcrgo J thorough Crlt' .. aht\' ~atety TC\ te\1. and Still al· 
1\m the hrnu on unboratcd '"ater to be r;mcd . 

\ one m1ght c~pect, th1s t~l. cntaskd a .:onstder· 
.tblc .1mount 0 1 bacl. and tonh 11c:ratton bct"een the 
.m.11\ t,. Ocludan~ 0~\lgn ream. operations person· 
rtcl. anlil(ltcrnal cnucaht\ ' atct\ re\le\\er'i. f::tble ~ 
' h0''" the rcllult.., that \\ere pcrtormcd smuallv to de· 
tt:rmme \\hat boron le\cl ·"as needed to ra1~e ·thc un
Jerboratcd moderator hmst to 15 I per the model 01 

c~ II m T.1blc IX . The :able r~ults mdic:ue rhc torch 
.:oohng \\ater would n~ lOCXl \\ppm olublc boron to 
meet the k,.,1 .:merion. Howe,er. the operauons per
'onncl then dctermmed that an~ boron le\el \\ilS un· 
acceptable ior adequate torch operauon. Thus, the 
Deluding Design Team began a thorough look at 
the LCSA geometry, snformauon (available: from the 
dcfuehng activities) on the iuel characteristics in the 
LCSA. and . ccnanos ior msening the cooling water 
mto fuel areas . Tiac: results oi these analy~c:s arc shown 
m Table XI. 

Case I or Table XI '"the spherical base case LCSA 
mollel.:onsto,tmg ot '''o fuel zones. The inner zone as 
humcd batch 3 fuel tn unborated \\3tcr \\ith opttmum 
pantdC: SIZe and fuel \'f . :\ 'itUd\" oi the fllasma torch 

The L P U ume :1'>\0Cialed "11h th~e large numbers ot 
''u1er ncr:luon~ ~o~.as reduced bv i:!"• tf a con"erged result 
".l) obtamcd \I:! I he XSORNP~t d1ffus1on theory opuon 
rnor to \~o~tllchmg to the transport theory opuon. 
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P:uks ct al. CRITIC.ALITY .·\NAU'SIS FOR THE ntl-2 REMOVAL 

i\RLEIX 

Reo;ult~ ot Forcum ~latenal Studv wuh fmue Sphertcal S\'§tems 

1 "'umoer "' 
LJ.~c 1 \lodcl D(Scnpll('n Lones 

O~tgn 035tS. -N~O "PPm ll<'ron. 
~phencal equt~alent 

l::ad rcrlecuon J 

Iron retlectton J 

~ C:n lmn retlt"l:tton .: 

L'nbor:uc~ •~ :ucr rc:t1t':ll1Jn J 

,, lkn lhurn rctk.:tton .: 

" 

II 

.. 

Pc:nc:.:t :-:tlc:.:u,,n 
h'Utc:r counaan ·ll ~•'ft:t 

Ba'c C.J~C: "II h bJtC!lc' I .HIU : 
10.6~ tud \ Ft .:::merc:u 

Bcnlhum n:tlc.:tmn. I:'JII:nc' 
. .Jnu .: , .:nt ereu 

'< s.: t' ..:t unbor:Hct! ":lte: 
rtl .:. tuel \'F) cemr:red 111 Cl.l!-.!1 : 

u l'J r ,,, unoor:uc:o Jo:,d rJull.: 
'lUJd .:c:ntcn:d m oal(!l ~ 

•I l\1 I ,\1 UllON:IIcd \\,itC:r 
IIJ.63 I uel \ fl .:c:ntcrc:t.t Ill oat..:n 

.! : ~ .rn Ill UrltlNJtctJ 1\,ll.:f 

•no rudl ' 'tth:n t"Jtch t 

! • .!lt6 9:! 1 ot bcr\'lhum 
"rthm vatch 3 

If! !latches I Jnd :! centered. 
' 160-l r M unboratcd \\3tc."r 

rn outer edge oi l-atch ) 

B:1~c: case: wuh batches I .unJ .: 
10.66 fuel \'f) centered 

I and .: (0.66 iucl \'f) ..:~:mered. 
1576 1' of unboratcd \\31\:r 
10 outer edge ot' batch 3 

19 r 15.18 1 or unboratcd water 
(0.30 fuel VFI centered 
rn batchc~ I Jnd 2 10.66 htcl \'Fl 

'C)ee fable Ill ror IUCI matcnal codes. 

\latcn:ll Coc..le Sc:qucncc• 
(Outer Hadtlb ccm11 

ll106.26l. Del ~~AI 
T~ pe JOJ 'r:unlc:~s ''eel tl :-:. i:l 

Lt106.26). DCI~.:!AI . lead 12P . .:1 
T\pc 31.).$ ~taml~s steel c237.i:!l 

I 1106 26i. Dt152.J), Iron t217.Jl 
T\f'C 3~ ~taanless ~tcele237. -:l 

U106.26l. OCI52AI. L.lrbont21- .:1 
T' re ~t).l 'ramie.;~ 'tccl c2~7 . -:1 

Lrl06.261. OCI~:!AI, II:Of21-AI 
T' pe Jl.).$ ,t ;unlc~\ qcel c:!r -:1 

ll1116.:!61. Otl~:! . -11 
lkl\lhum c:t- .11 
f,rc _:0.1 ,IJIOIC:~' \ted t:!r.-:1 

trl06 .::61. on~.: .. n. c .. H.:C:::r:- Jt 
1 \rc .10.1 ,r.1mh:\~ ,tcc:lc.:r .-:1 

1 1 1\tfl . .:llt. Del <:A a 

DtLl: - f>l. 111~2..11 
r\rc .11).1 •t.1mlc,~ ,,cc:l rt-.: .-:1 
Dcl3.! .-(t), lti~:!.-H 
lkf\lhum t.!I- .Jl 
T \ rc )f).l ;t.liOIC\!o .reel I :li -::) 

\'(1.1 _;), lt106.3 1l. 0(1~2 . .12) 
T\pe l().l •t.unk'' \tet:III-2.-JJ 

\H-141. ltiOldll. Dtl52 . .1.:1 
[·, rc J(}.l '>IJIOle\\ \ ICef 11·:.-J) 

\:1 I. .:31. I dtlfl .!61. Dll ~: .11 
T\ rc tt).l ,tatnk\~ •tet!l c 1·:. ·:: 1 

lt~3 . 13l. 11 ·01~5 6JI 
111~. ')1) , 0!15.: . -;:, 
T:. re j().l 'tatnlc\~ ted n·J OJJ 

1 Lt53.1J). Dcr~lhum 1M 33} 
UJQ<J.59\. 0115·Ul51 
f~pc J()..l ~t.llnle\S. ~tee! !1-J rl 

01132.76), lC1.18.'131. \'11~6 . 531 

T~ pc 3().1 'Iamie\' 'ted 1176., ~ 1 

El130. 1:1. U 150.861 
r~ ~ J().S ~tamles~ \ICC I n·u Rl 

Et1J0.7.!1. 1.11.17 .391. \'115.S.99) 
Typi! )~ \l:tanlc" \ICCI n-~ .3 1) 

Hli.3), 011~0.771. UI~O.lJ<)) 

Type 3Q.S 'taanlc'\ 'tcelll71.2.!l 

\lulttplicatton 
Factor" 

C).IJ.178 

tl.IJ.S!i I 

11.9.S93 

1).9.S9J 

d.9.S86 

0.9487 

II. '}()iS 

" 93:!6 

1).9657 

I I ')(155 

. , l)~J9 

l 9tihS 

0.9090 

11.9647 

1).9636 

· Four decimal places are gl\cn tor compamon. fh~ bJ~IC precmon IS on I~ one II !lUre an thc·thml dccamal place or U.l 0'o 
0i 1.:,,,. 
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1 RITIC :\LIT\' ·\:-.: o\l'l SIS fOR THE T\11 .: RE~IO\' ·\L 

'\Ul I \ 

~l!~lllh h': i ' ~:: I ~ ~ \!311 Ul \\ .llcr """ \ .1!\ln\! LC\e,'l\ (ll 13llrOn ln Sphc:w:al o~~~~n· Ba''' \lm1c:l 

J 

... ,,luotc Bo ro n l .;\ .:1 

'" f1Pinl 

::ll() 

:'OO 
:nflo 
IOOc'l 
~,,., 

'ce r ..lt'lu: Ill l•lr tud m:.llcrtJ i (Ll() ~.., 

P I . l). f •. pc 30J 'taanlc:~' ~~~~ 
•.t. I . 1>. f, pc .H"' 'tamle s -.eel 
1.\. I . D. I' re 30~ qamlc. ' ''~! 
.., L. l>. f,pc: Jt).J ,taanh:<>s ~teel 
'!. 1.. IJ. f, pc: J{l-1 \tamlcs.s 'ted 

\I ult mlt~.lll('ln 
fJ~:h>r. ~ .. 

I I ')~IJ() 

•I ~~19 

II •)~~() 

I d b 53 
t1 ~R:J 

1'\'Uf ..Jc.:tmJI pi:JCC:'I .II:! .:t\ Cll t••r . .. ,mr.Hh n , : l' !'..1'1' ~rcchtOn ' ' <'0(\ 110c lli!UfC :11 IOC :111rd Jt-.:tm:l( p(J(c.' ''r 
I '• ~ ... 

' l J 1 unbor:.s:co ''atc:r m 
'''r~·.l \ cr .JI!c: ! ud •'t'lll mum 
'ILe 

~ tl ~ I ll!IO(If:llCU \ \ ,IIC! .1\ 

: t-urned. ,,rttmum 

q ~~~I , unborJtc.':J ".Jio.:r m 
~ r urnc<i. ·• rt:mum 

I I · ~ ~ 1 untloratca ' ' atc:r 
m ; t' urncd. ' 'f'!lmum 

•I '~ 1 1 unboratcd .. ,atcr 
m .: 1-utnc.'<.l 

Ba~e , ..~,c "llh op1:mum 
pJrlldc.') tn o uter 

,, ( J,C:- \\tth 5100 "PPm 
boron m ,,utcr 

•l ~ln:mc model 

\llll: '' 

'llll'~t.H t .•,,11: "cuucn..:c:· 
I 0\•IC! K .l\l lll' , .. m tl 

\\I I ~ - IJ ~l. UBI!~ ·9~1 

II t) >' llh ~Q<() "PPm l'llf<'n t ,-. ·•).11 I 

\\1 1~ !o.Jll. URO~S . 51)-I 
H 0 "nh .1<~<1) "ppm ~~Hon ,, • ._ ,,,-1 

\\ t 1 ~ <lJ <), HBII.ll\ flO I 
II .<J " ll h .N<O \\l'flm roron 1 t•'\ .Wt 

\ !1.11\Bl. llRII ~0 . ·q-l 
H o ·."u' .w<o "l'f'm hou•n •1"0 -q-, 
\\ tl ~ <~1~1. HHtiJ~ . N.II 

H :O "llh .1'}<0 "pf1m b<H•Jn 11·. N)l 

\\11~ . 9~~~. (iGIIJ- R!H 
H:O \\t!h 5 100 "PPm boron tl i7.SSl 

\\'(6.961. V!:L~~I. FFOSO.ORl 

() '}66 • 11.001 

(I crJ : I) (JOI 

o.•rt: :: "om t 

11.%-~ H 1}66S ~ 0 .0013 

0.9:~ ~ 0 .001 
1 

H lO >Atth ~950 "PPm boron tiRO.OSI 
L__~----------~----------------~----~------~ 
'Sec Table Ill for tucl matc:nal code~ . 
"Four de.:1mal places arc ~I\ en tor ..:ompamon. fhc ba'itc prec•~•on tS o.>nl~ one 11~urc: m the thtrd dcc.:tmal pla~c: or tl.l o·o 
ot' J.:,.,. 
\II KE:-.:0 \ '. a c:tSc:s \\ere run ""h :00000 htstonc' and a central )tart bo~ e-ctendtng 10 em IntO reg ton 1. Ca,es 3 through 6 
and ~3.SC 'J "Acre run ''llh ~00 parttclcs per gcncr:mon ant:: JOO ~cncrauons ; .. -as~ I.·. and S \\ere run \\llh 1000 paru
.:lei per ~eneratton and ::00 ~cner:Jt:om . 

· Tht~ \aluc t \ the mean and rc~pe..:tt'e t:lndard dc\tatton ootatnell from ten ~ep:1rate KE~O \ ' 3 .:~hCi •100000 ha~toncs 
rer c~cl "'here on I\ the random number "3' chan'!C\.1 . 

as 11 \\OUid operate '" the \CS\el found that 11 \\a\ 
hydraulically rmpmstblc to ha\'c more than 11 .355 t' ( 3 
gal) of water dram from the IS . J.l.,' ;;y tern . TIIU~. the 
mncr zone of ~asc I as azcd to contam only 11.355 t' 
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1li unboratcd \\3ter . The outer zone ot the ba_ e case 
model io, the rcmammg mventory Ill burned core
.t\craged fuel \\ath the desittn pellet Jiamcter. Any 
01 her outer zone ~hnractenzat1on was constdercd 

# 

'fllCLEAR TECHSOLO<J\' VOL . l!7 



:mne..:t.-..,anh ..:on~en am·c b:l)cd un the a' :~tlat-h.• .:•~ r.: 

.!:ltJ ana late t a..:.:tJcnt ~..:enano. 
l he mnc:r .:a!)c~ m Table \.1 ''ere: done: pnor hl nr 

~lmcurrcnt '' tth the: ba e .:~l' m()(Jel anai\\C'> to ~U.lfl· 
II\ the ctlc..:t "' 'anou~ .usumpuom. l.':l)c ~ .:on

tl rmed that I~ 1 0 1 unborated ''ater an tlfltlmum 
.:orc:-.ncra~c:d tud "ould \till C:\Cc:ed the cakul:tuonal 
.unu (In A,.,,. Ltkc:" t~c • .:asc'i } to tt ,:,1n1trmea the 
nc:cll tor better ..:haractc:nt • .Hton ol th~: burned ..:orc
.t•c:ragcd IUCI. At thiS pOint. II \\3\ •kt.:Jdcd tO .i..:tu:tll\ 
rcrtorm dc(llcuon anahm ol batch I Jnd ~ fuel rathn 
rh:m c:on,cnatl\cl\' e\trapoiate trom the batch • Jcrle· 
•ton .::he. L\101! complc:te hurnup anah~c., .I IJ\) \\1..'\J .m 
unponant Jc..-crea~e m the burned .:me ·:t\cr:u~c ~·nn.:h

mcnt "'' · 't• !trom an e\lr..tpolatc..'\.1 .: . ;~ " ' ,." \..tluc 11.1 
. I ..::tlcul.llcd ! .:-l \.\t 11'o \;J(UC:I . Ca'c' - .IOU:- 'hu\\ 111..11 
•• ~m~: 'lpllmum paruck ,lln 111 111e l'Utc:r ..:1•tc·.1'er.u!e 
·one: \\\'Uhf r;uw K_., ..lbO\C :nc: a1lm•..aok ..::Jic..ul.uwn:ll 
1rn1t H) %~ 1 c' c:n Jt the: htl!na om n le\ ct 15 ltlll "Pfll111 
'p1..:all' maantatncd m the cool..tnt , 'tern 

fmalh . .::He tJ or Table XI u'c' J ,pncn..:a1 moucl 
Jc\ dopco I rom a .:on en :JIIH' tnl\11!1! ,~_cn.lrJ•l Ill ..It 

.~·~umc' .Jn uo[)orat~-d ".ttc:r tel <'nh:rrnc r nc r-.tt..·n .~ 
rucl rcc111n fhc: 1nnc:r :\.'llC 111 thc 101\tl\1! tlltlllt:l !u .. 

'' 9~11 ' 'l uooorated \\.lter m rurncu r:u..:ll ~ ':td 
fhc OC\l TCI!IOn h:b 1• - ~~ I I.) I \\.I ter ., II 0 ~I)C)() \\ rrm 
bmon .,, ''mu!Jtc the rnt\lnc ,,: the rcm:uotnl! uo
I"'O ratc:ll \\ ,I!Ct \\tlh \\:Iter .11 .:lJ50 \\ f' r'nt bomo r ite 
mt\101! mullcl rc,ult ,ho\\' a ; fl···~ ~ Jccre.J'c 111 rl· 
.s..:ll\ II\ .mll .:onurm' 1 he (Jrcc decree t'l .:1m,cn J tt'rn 

..l'\01.131Clf \\llh neclecllOC 1111 \101! Hl the r.t C ,J\C 

'llOllcl 
( lth,;r •• >t:,cr-..ttt'-nl '> In l~t l( ').\ rJ\C ,.,J,~ \\CfC 

1!\0 '"'""'l'.ucJ \13 .tu\tlt..ln .t:t.ll, ,,., l:nrH!IIIIl"' I'·P• · 
. . 11 Ill ".l ldl ~ 'Ucl "h.it lneliC>.I .IIIl-I IC:'I) lJl.IJiteJ .\efl: 
un,h.h:n:u :1 ,., r .m:tl\ \1\ Ill rnaterl..ll ... . HJC I tt l I .1· 
•lc Ill : l' •c,ulttnc 1... = •I -,, trhlh .. ..ttc' .t ,urhl~lll 
.. tl rt..';l . lt\ 11'· Jc.:rc:l\c rro\JJc:J h tr.•: :mPtHittc' I 11.' 

• IJIIl lc" 't ee! that <)..: Up!C\ .1 l.1r~C ('Orttllll Ill ltlC 

!. <..~.·\ rcc10n ·'·h aho ·~m.ncd m the na.,e .... .,c .11131· 
' '1' . fhc J.tri!C:'t ptccc Ill .,, ~,~1 \\ttlun lite l<..~.\ . :he 
.md ft)rl!ml! . . ,,a\ u\cd ar, 1hc ba'" l <"lr .1 mod.:l Jc:,ci
'Pc:-d It> J'>~C)' the rcactl\11\ \\tHlh 111 thl~ \l;llnlc\'1 
' tccl. fhc end !or~mg 1\ J , tccl pl..atc. - ~5 ..:m th1d •. 
Jnllcd "-'llh -lh.5-crn-dlarn hole' tn alatltcc ...~, ~ho"n 
I ll fl\! . fl 

\ model Ot the: gnd forrmH! " a' dc\cloped tu ncr
rorm the 't:.tlnle\~ 'teel \C:0\1!1\11\' .tn:tl\\1\; Oll\\ c\ er. 
each or the hole' "as a ~umed tore only 1~ .:-l ~.m 
.n dtamcter. \ddmonall~ . the ' "e or the !.!r:d lnrl!tnl! 
\\3 ~ ..t)'umcd to be: rnfinue tn the rauml dJrccuon Jnd 
~5.5 ..:m htl!h a"'all~·- E:tch hole \\a<o :.t\~umcd to 1 e I tiled 
,\llh .m opumum tnl\!Ure oi unboratcd \\;ltcr .tnd fuel. 
fhc tucl u\ed tn tlm c~c \\as opumum-\1/cd fuel r ar
t tc..lc ... \\llh an cnnchmcm 01 ~-J~ !l·o ltn..ltcnaiDD 1ll 

f.1blc Jill. On the top and bottom or the \teet "a' an 
:nlin11e lhtcl..nc')~ 01 borated \\:ttcr rc1lcctor. fhc rc· 
\ UitS obramcd from KENO \" .a ' hO\\Cd kr•l = o.-9-t-

'IIUCI E.A R lfUI !'ll)l ()(,, \C)( 1\. 
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... -... 

--. 

-

-. 

--S 08 em -. 
'. 

• <;T .\INLESS STEEL 

- BURNED CORE 
:.vERAGE FUEL 

Oi>TIMUM . IN 
u NBORATEO 

.VA TEA 

- • - 15 2.: r m 
1 

- L 
<EFLECTI~G 80UNOARY ON All SIDES 

I •11 . " l rnu::~ht \ •aiel\ model ~:on"dcum: rrc~encc Ill 
:Jmlc\\ .,~,~ , -..Jthtn L cc;.\ 

" I)U:: . fhis e\trcmch lo" 'alu\.' \)I J. ., ' upports the 
, ,mctu~wn that the prc~c:nce or the ')tamless llt~l tn the 
l CS:\ ha.s a ,,gmiicant nc:gau'e etlcct on A-.. ,1. 

1 lnc mtere ung I ..teet to the 1-:ESO \ ' . ..l .Jnalv<~e<o 
I ·~rturmt'tl lllf lilt: 'lf)llcnc:tl m<"Klel ... ,,, r.tblc XI )hould 
•c 1111tc:d. fl:e outpul lfl1m ..:a't:' ; throuch 6 1ndu.:att:!l. 
·hat thh pan~t.:ular .:akulauonal model 'au~c:s the 'ourct: 
i'..lrtldc Jt:.mbuuon to mmc -.pauall\ tur "dnt't"l be
'\\t:cn l!cncrattom. In an crion to remedy this prob
:ern ...... ,co; I • -. and .~ "ere run "11 h 1\\ 1cc as many 
rarudc!> per ~cnerauon. In .1ddiuon. 1 hc'le case!) were 
.tl") run \\llh XSDRSP\1-S. The: tn111al 1-:ENO V.a rc-
ult IM callc I j, ~ho\\n :1~ ..::1\c Ia o t T.tble XII . The 

d1\t:rcnaocv hct\\~o.'Cn the XSDRNP\t-S and KENO \ " .• t 
:'-ult' .. ,a, t..lr be\OIUl that C\PI.'\."tcd 1-a.,ed \10 the 'ltan· 
!.1ro Jc\lallon e'umatcd b\ "- l: \,() \ '.a .-\ ~o.arcllal 

·c\Jc\\ ot h11th the \.SDRSP\1 -~ .mu "-E:-.:o \ ' .t .mal-
' '-'' -.hO\\ ca no apparent problem "11 h ell ncr ..:a kula

. :l1n fhu.,, ru ne :tadm,>nal 1-: E:"\<) \ ...1 ..:a1culauon' 1H 
•. 1\c 1 .. ,~:rc run to obtam •• 'let ot ten numcn..:al "mea· 
- uremcnt~ " '' I k , ,, rrom "h1ch :t mean and vanancc 
-.l)UJd be Obtatned. rhc fC!>UJh I) I thl~C ten anal}'~~ arc 
, ho" n m Table XI I. fhe mean' aluc notatnl!d from ra
bleXll is reponed in Table 'I for..:a'c I :md prov1dc c:<
.:cllent acrcemcnt w1th the :XSDRNP\1-S re~ult. 

fhc concluston drawn rrorn fable XII j<, that. for 
tht~ mode!!. KENO\' .a pro' uk~ a Ptl!Jr c'ttmatc of the 
true \landard dc\latlon . fhc: reason for the poor ap
pro\lmattoo ts not clear. It ..:ould be ucd to the \Ourcc 
Jrift bct\\c:en ccncrauons. 1hc fact lh..lt rhc 1-:ENO \' .a 
procedure 1 or C"ttmaung ... tandard de:\ 1auon assumes 
no Lorrclauon b~o.·twccn gcnerauons. or other unkoo"n 
reason,. The 'ourcc drift ..:ln probabh be aunbutcd to 
t ht: dras11c change tn the: boron lc\ d bet" ccn regron!l. 
fhe 'cry \mall central rcgton ha\ a htgh rc:tCtl\'ity 
\Hlnh compo~mon . The outer rccmtt. "hich ill 6(X) time~ 
IJTilcr tn ' olume. ha .. .a 1.:~11 that '' ,!Jghtly lower than 
1hc ,~stem total. ~ole that prc\IOU\ models that em
plo~cd adjacent horatcd and unborated luelzoncs 'uch 
.t\ tim \\C:rc onl~· analy7cd ."llh XSDRNPM-S. Since 
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~.ll I.\ Cl .I I RITICALITY \ , ,\L 'SIS fOR fi!E T\tl~:! Rl:~10\" -\L 

r \BLl: \.II 

• .:-ut:, ,,. l.:n r-.l "() \ .1 l.tl.:ul.llll.'O' •'I the rl.l't' \. ·''c 
(. . \ \h-dcl tC.t~C i I,,, r .lhk ~I 

l· t fe\.tt~ t> \1ulupth:.Jtllln 
.1'0: r.a..:ttlf\, ' ... :- . 

(j '}nti; • II 011111 
:\ I <1~5(1 - II l\011 

•I '}hi~ = 11 l~llll 
.j (I '}6JJ' - p l)(lll 

.: II llNJ:\ - •I UOI_; 
•1.')5-J • " fl(}l 1 

. - I IJ~SJ .. •Iiiii 
•J Y5-(• - ·• Pl. II: 
•l 'i~Nl - '' UJII 

1 j\ qfll ll - ' I ~II i --
.t:J•l •• ~~<l) • I 1 ~11 ! 

• J·•"' ..1 .•:. · 1:1' 10 ·~.: :n111..1l rJnlh'lll r .lll: r'o: r 
: 01'11 ~1 't-loJf!C, :'0:~ ~.ht' 

'I ·.tn • • 

- , 

. _, - - ;:: f. 'J ( l)t ) 

I 

, .. 
- ~ "' . - .. --- -

l j 

•'.Hh!.ll<l .:lO: \!,Il ll' ll ,IJ :r.I.'..IO :: , \ Ill = " •1!11 1 

.,1\ ""HI.. rc.JtllrmcJ the: \:lhdu' nr th:: \<-iDR,P\1-' 

.. u.:ut.slll'll . tncrc "•' no rc.J~on to rc\lt:\\ tnc t:.lrlu:r 
\ . "'DRSP\t- .:akulauon' ''lin •lmtlar rn.,dd' 

Other Tasks 

~!1c: :nrce .toplt..:o.~uon are:1~ Jt:'\.:rtoctl a no' c r~·· 

.111rcd the larccst :~mount ol anal vue support. tlo" · 
;.:\ cr. lnalvuc ~upport ''3!1 also 'upphed for a \:lrtet\' 
" ' 'malkr tasks. One 1.uch ~et of anal~ ses "a~ per
wrmcd for the ~tora!le contamcrs med to store iucl 
•~sc:mbh c:nd fittmgs at T~ll-~ . Lack ol .:~:rtamtv re· 
~arding the amount of fuel a.:companym~ the end 
lilting m the contatner necessitated cnucaltty ~alcty 
analv~e~ . The cyltndncal con lamer model is 'lhO\\ n m 
hg. - . .1nd the 1\E~O \' .a analysts n:suh'l arc \hO\\n 
m T..1ble XIII . In addition • .:.Jsc:c; \\tth polyethvlenc 
moderation '-'C:re analyzed . The results oi the analysis 
pro,tded adequate .:onlirmauon that the contamc:rs 
1\0uld be mamtatncd m an adequate subcmical <otate 
Junng normal and abnormal (ca~c ~) 'tora~e cond•
tton~. 

f.1blc: XI\' provtdcs the crstu:al and limttmg fuel 
mas~ quanutt~ developed for se\'cral unboratcd "ater
moderated o;y~tcms "nh and" tthout a reflector. The 
~phew:al models were analyzed C:lStly by dotng auto· 
mated searches to locate the iMer wne radius that pro-
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v1ded the demed k~11 \aluc. The cylindrical models 
were analyzed '-'ith KENO V.a and required manual 
iteration of the cylindrical dimensions. The purpose 
of cases I through i \\as to :1ssess the degree oi con
'ervatism inherent m the mglc:-parameter safe fuel 
mass limit of iO kg utilized at the T~11-2 sue. Cases 8 
throu!lh 11 of Table XIV were done to obtam informa
tion o-n the cmical mas.s limit for core-a,cr.lged fuel in 
unborated water. 

CONCLUSION 

Criticality ~fcty analy .. es tor the: TMl-:! defuc:ling 
operations ha\e been an important part ot c tablish· 
ing defuehng procedures. maintaining sate operations. 
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