
Nuclear 

Nuclear Regulatory Commission 
Attn: Document Control Desk 
Washington. DC 20555 

April 8, 1993 
C312-93-2021 
C000-93-2050 

GPU Nuclear Corporation 
Post Office Box 480 
Route 441 South 
Middletown, Pennsylvania 17057·0191 
717 944-7621 
TELEX 84·2386 
Writer's Direct Dial Number: 

(717) 948-8000 

Three Mile Island Nuclear Station Unit 2 (TMI-2) 
Operating License No. DPR-73 

Docket No. 50-320 
Response to NRC Questions on TMI-2 RV 

Criticality Analyses and Post-Defueling Survey Report 

Dear Sir: 

NRC letter dated March 22, 1993. requested additional information concerning the Thfl-2 
Reactor Vessel (RV) Criticality Safc:ty Analysis Report and the TMI-2 RV Post-Defucling 
Survey Report (PDSR). Enclosure 1 provides a response to each of the seven questions 
contained therein. 

EDS/dlb 
Enclosures 

1 ; -! .,r: J", .... 
~ t. . .\ ., 
' ·t.. u 

Sincerely, 

) ~ /'} - . . =--/ 
I,·,.,"" ~,. ~ (_-r:t/J ,-, 
R. L. Long 
Director, Corporate Services/TMI-2 

cc: T. T. Martin- Regional Administrator. Region I 
M. T . Masnik- Project Manager, PDNP Directorate 
L. H. Thonus - Project Manager. TMI 
F. I. Young - Senior Resident Inspector, 1Ml 

930415~~ ~~gg20 
~DR A PDR 

GPU Nuclear Corporation Is a subsidiary of the General Public Utilities Corporation 



ENCLOSURE I 

1. Criticality Study 

"Criticality Safety Arullysis 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 also consider Pu, since the fud had experienced 
burnup? 

Ala. Yes. The fuel composition uSt.--d 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%. The assumed burnup for the batcb-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 panicle sizes were changed, searches were performed to ensure 
optimum moderation (i.e .. highest k,. value) conditions were maintained. 

References: 

1. "SCALE: A Modular Code System for Perfom1ing Standardized Computer 
Analyses for Licensing Evaluation," NUREGiCR-0200, 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 1984). 
Code system available from the Radiation Shielding Information Center at Oak 
Ridge National Laboratory. · 

2. Cecil V. Parks. Robert M. WestfaJl. and B. L. Broadhead. "Criticality Analysis 
Support for the Three Mile Island Unit 2 Fuel Removal ~rations." Nuclear 
Teclznology, [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 
zonl!. The study listed the quantity that would be loose in each zone. but did not e."<plain 
the methodology by which the value was dctcnnincd. Additional information is required 
on how these quantities were detcnnined. Our particular concern is Zone 9 , the bottom 
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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 this value 
dctennincd. and what is the justification for considering the other 36 kg as "'neutronically 
decoupled" from the postulated pile of relocated loose fuel? 

A I b. The intent of the accident criticality analysis was to conservatively estimate the amount 
of residual fuel that could non-mechanistically relocate to the lower head of the RV. The 
original analysis (References I 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 resolidified), a ratio of 
the amount of loose fuel from the earlier analysis to that detennincd by the passive 
neutron mc!asurements 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 fud 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." TI1ercfore. 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 Thbe Suppon 
Plate (IGSP) to and including the lower head, a distance of about 4. 7 feet. Tile "pile" 
of loose fuel that was postulated to accumulate on the lower head reached a maximum 
height of less than 8 inches (sec 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 vcnically from the bottom of the RV 
is neutronically dccoupled from the postulated pile. The fuel from Zone 9 presumed to 
be available to relocate consisted of: all of tht.: loose fuel located between the IGSP and 
the flow distributor; all of the fuel on the head surface (this assumption was conservative 
by approximately 10 kg); 98% of the fuel in the incorc instrument nozzles (2 % or 0.6 
kg was assumed to be distant from the pile): and none of the fuel in the incore instnament 
guide tubes left suspended from the flow distributor (they are 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. 

Pll!ase note that although Zone 9 is the area where loose fud is nonmechanistically 
assumed to accumulate. the accident criticality calculations prove that no criticality would 
occur. even considering extremely conservative assumptions. Titerefore, 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 
anywhere else for that matter) of the Thfi-2 reactor vessel. 
1ltereforc. the total quantity of loose fuel that is assumed to relocate to the lower ht!ad 
is about 620 kg. detailc!d as follows: 

References: 

2 
3 
4 
5 
6 
7&8 
9 

Loose Fuel Ckgl 

10 
225 
ISO 
99 
45 
28.8 
2.6 

58.7 
619. 1 kg 

1. GPU Nuclear letter 4410-90-L-0026. "Results of Post-Lower Head Sampling 
Program Cleanup." dated April 12. 1990. 

2. Thfi-2 !Xfuding Completion Report. 

3. GPU Nuclear calculation .J249-3211 -91-019. Rev. 0, "Dry RV Zone 5 Fuel 
Results." October 1991. 

4. Technical Evaluation of Thfi-2 Post-Dcfueling Monitored Storage, Fcbmary 
1992, transmitted by Jetter, 1\·tichael T. Masnik, NRR, to Dr. Robert L. Long, 
GPU Nuclear, dated Fcbmary 20, 1992. 

2. Reactor Vessel Post-Dcfucfing Survey Report 

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



Q2a. In the review performed by the "Rasmussen Committ~e." several biases were ascribed 
to the passive neutron measurement study. Two of these biases. boron variations and 
UO: particle size. were auributed to zones I through 5 only. The Committee reasoned 
that the biases were restricted to the~ 5 zones based on the nature of the: fuel melting 
during the accident. A substantial amount of work has occurred inside the reactor since 
the accident possibly causing a considerable amount of fuel relocation. Provide a 
justification for the limitation of the biases to zoncs I through 5 that is consistent with 
what is known about thc distribution of fucl debris inside the reactor vessel. 

A2a. TI1e 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 as 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 proportional 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) to prevent criticality. Unfortunately. as 
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 drit!d is unknown. 
and thus contributes to the uncertainty of the passive ncutron measurement. In addition. 
the number of neutrons produced by the boron (a,n) reaction is greatly affected by the 
size of the UO~ particles. The range of an a particle of this general energy is about 50 
I" (l~.t = w·o meters) in water and about 1/ lOth of t~t in UO:. Thus, in large (>50 1-') 
UO: particles. very few of the os emitted will get out , but if the UO~ particles were 
approximately I ~"• essentially all of the as would get out of 'the UOz particles and 
potentially interact with a boron nucleus. Measurements have shown that this effect can 
be as large as a factor of 100 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 'iua calibration are similar 
in character to the kind of material that remains in the lower half of the RV. TI1ereforc, 
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 estimated by the original (video) analysis and the amount determined 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 particles or a thin film deposited on metal surfaces. These finer fonns 
of UO: would significantly increase the number of neutrons produced by (o .n) reactions 
on boron. i.e., the neutron measurements would indicate too large an amount of UQ:. 

Most of the fuel n:maining in Zones 6 through 9 is similar to the samples used to 
dctcmtine neutron yield. (For Zones 6 and 9, the passive neutron estimate greatly 
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exceeds 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.'CS since 
there is very little "visible" fuel debris. Therefore, there is a significant positive bias 
(i.e. , counting mtc too high) in Zones 1 through 5. To be conservative, the boron 
thickness and UO: particle size effects were not applied to Zones 6 and 9 although an 
arguemcnt C(luld be made for at least partial inclu~ion. 

Q2b. Tite passive neutron study included computer calculations that modeled fuel at positions 
ncar 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 averaging? · 

A2b. 1l1e "close and far positions" were locati(lns where fuel debris was observed in the vidoo 
tape data from the video inspection l!ffort. Since the video 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 :;mall est 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 
methodology. 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, neither the 
avcrdgc nor most probable distance was used. The average was the arithmetic average 
of the calculated fuel quantities using the "close and far" distances. 

Q2c. One of the identified biases was inscattcring of neutrons (20 percent). If an inscattering 
cfkct occurred. it should be partially accounted for by measurement of neutrons emitted 
by the calibr.ttion source that was lowered near the detector. Explain the justification for 
assuming that this bias was not accounted for by the use of the neutron sour\:e. 

A2c. In the calibration measurement, the detector was placed in the central axis of the RV with 
the source hanging next to it about 110 em off the axis. In this case. there is almost no 
stn1ctural material in the vicinity of the source to scatter the neutrons; thus. no in-scatter. 
Therefore. nearly all of the counts would be due to din.-ct path (i.e., line of sight) 
neutrons. 

Suppose we now count the neutrons from a fuel deposit next to the core baffle plate. A 
d~tem1ination of the material located ht!twcen the source and the detector would be made 
and the micro-shield computer code would be used to dctcnninc the direct path 
ancnuation. 1l1c counting rate would b-! divided by the total attenuation both from 
geometry and material attenuation to get the number of neutrons from the source. Using 
the calibration m~surement , this would be converted into gmms 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 emitted 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 
dctem1ine the neutron emission rate (these samples are now stored at INEL). The masses 
of uranium in these samples are 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 stt .. 'CI or boron. 

A2e. The data is reponed in the following documenrs 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. "TMI-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, "Thfl-2 Core Debris Grab Samples ... E:<amination and 
Analysis," GEND-INF-075. Pan I. US DOE, 1986. 

~) G. Hayner. "TMJ-2 HSA Core Debris Sample Examination, Final Repon." 
GEND-INF-060. Vol. fl , US DOE. May 1985. 
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~UBJEC"' : ~-6 ana Lower Vessel Debris Final Exam1nation Results I 
.: 
iii 
i 

SUMMARY: ~ 
This ttennical bulletin distributes the attached letter (~ererence 1 l i 
~n1ch reoorts the results of the analysis of R-6 and lower head core I 
aebrh samo1es. 7l'le sa:not"es ~r"t' analyzed by EG&G Idaho at the Idaho 
Hational E~g1nee~tng Laboratory (INEL). 7he results snould be considered 
4

, conjunction wtth GENO-INF-084, ''Examination of Oebr'lS From tne Lower 
•ead of t .,e N!-2 Reactor·•, and GEND-INF-075, "~I-2 Core Debris 5rab 
: amoles - ~xam1nat1on ana Analysis, ?art z·. ~ 

= 
:~PliCATICNS & USE: I 

-"; s =ata nav :>e useo f~ ,. ·~el 'l'leasurenent c.alculati ons, "J r :~e SW1 
~ccountaoi li ~y plan, ana crt ttcal i ty analysts. 

~ 

I 
..\iiACHMENT: i 

I 
. 
I • 

J . J . ~ckers . n'-6 ana Lower ueaa Vessel Oebr t s rt ~a l ~xam1nation 
:~sui t s · . : ~&G !1ano ~emoranoum •DWA-43-89 (1 2 sneetsJ. 

~ = 
) . •· ~cters. ' -6 ana Lower Vessel Deb,.,s ~ · ,al : xanl nat,~n . 
~moranou:n •OWA-4j-M .• dano ,..alls, !D: :..:;&G 1aano •• 'lC. 

~ 
EG&G ~ 

i 17 Novemoer 1389. 

PREPARED BY: /7. j) 1'<(~/ . ,; , <./<;?I 
'1: ;:; . Re1 sey'/· 4o54 1 
I' ·i tr fj 
- :rl ... t:::.-1~ tLin/.119 

tstenr 8954 i 
APPROVED BY: -~~..., /W[/~ I 

~ :;; 

APPROVED BY: 

§ 

I 
·::cn• .. C.t.L 3L.U£i~lS AhE ISSUED BY ru: i MI- (ENGINEERING OEPARTME~i TO OUICKL Y COMMUNICATE TECHNICAL 

•,;:Q;;VATC~~ THE INFORMATON WILL SE U?DATEO AND..OR INCORPORATED INTO FORMAL OOCU~ENTS AS APPROPRIATE. 
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~·6 AND LOMER VESSEL Q£8RIS FINAL EXAMINATION RESULTS OWA-43-89 

:ear Sir: 

~ttacned are the results for the R6 samole analyses (Attachment A) and 
:~e lower vessel debr1s samoies (Attacnment B) . !t snould be notea that 
!ttacr.~ent S conta1ns aata for botn the lower vessel l oose debr1s ana 
:~or1s aaJacent to tne lower neaa of the reactor vessel. Data 1ncluded 
Gre t~e cens1ty. wran1u~ C~ntent. enrlchment, ana gamma ray em1tter 
: :ntent. 3asea uoon our :rev1ous 01scuss1ons. th1S report meets ail EG!G 
;oree~ents to orov1ae cata :o G~neral Publ1c Utllit1 es on lower neaa 
:amoies. 

Exam1nat1on of t~e results of the loose aebr1s sample analyses 
,a~cates that the aeor1s 1s s1m1lar to the earlier lower vessel loose 

=ecr•s exam1nations as d1scussea 1n GEND-lNF 084 - Examlnat1on of Debris 
=r~- :~e lOwer ~,ao oi ~~e iM I-2 Reactor. Three of the more recent lower 
.essei ioose aebr1s samoies (3, 5. ana 7) would be expected to oe 
'eoresenta:1ve of most of the loose debr1s as Samole 2 (SO wt~ uran1um) 1s 
~~-:osec of a s~all a~ount of deor1s (Z;S g) ana 1s compQseo of smaller 
:art1cle s1zes. ihe averaoe enr1chment of the three samoles 1s fro~ 56-65 
~t~ ~ranlU~ Wlth an averaoe Of 61.5 wt~. in CC~oarlSOn. the loose aebrlS 
:a~~Jes 01scusseo 1n GEND. INF-084 had an averaoe uran1um content of 65 wt~~ 
~ 1tn a range of 62-6; wt~. ~1th1n uncerta1nt1es. these samoles all have 
:-e sane uran1um content. ~lso. the fiss1on oroauct concentrat1ons are 
.ery s1~1lar ;or ooth qrouos of samoles includ1ng the Sb-125 whlch has 
~een suostant1ally reieased from the fuel. The samoies from adJacent to 
:~e lower heao of the reactor have not been 1ncluded in this comoar1son as 
)niy s~all prooaoly nor. representative samoles (100 mg) were analyzeo . 
-,ese co~oar1sons suggest that the comoos1tion of the debris on the lower 
~eaa 1s relat1vely homogeneous and that the sample analys1s results as 
~is~~ssed in GENO 1NF-Oe4 should be representative of the loose debris 
:resent on t~e lower head of the reactor. 

T~e boron concentrations for the lower vessel debris as listed in GENO 
:~cF-C84 range from the aetection limH to .36 wt% w1th an average of the 
real values of 0.1 wt~. As these samples were removed from the 1nterior 



: ... ~ .. :3-o; 
up . ~ - ' · 3ucnanan 
'•Jv;:-oer ! 7. : :s; 
: ace 2 

-: 89-12. qev. 0 
~ecemoer 12, 1989 
::1ge 3 of 13 

: f :art1cles uo to 6 c~ 1n o1ameter. it is clear that the ooron was 
·ncoroorated 1nto tne aeor1s aur1ng the acc1dent ana was not surface 
~eoos1ted boron . -herefore. t ne boron content can oe cons1dered an 
•ntegral part of the aeor~s. ! t should be noted that these ooservations 
are baseo en the samoles exam1neo wnich are not a statlstically 
~eoresentat1ve samoling of the oeor1s bed . 

:f :ou ~ave any ouest1ons oieasc contact me at (209) 526-6118. 

Very truly }ours. 

-uouo ias w. ~~ers 
~uc i ear Sc1ences 

::: 'i. ~. Surrell r:::;E-:: : 
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Eximtnattons comoleted on the R-6 samples tnclude we1ght. denstty, 
urantum content. enr1chment and gamma ray emitter content for the 
aissolved samoles. i he dissolved samole gamma ray em1tter results 
~ ncluded in this report are expected ·to be more accurate thin the data for 
the undissolved samoles as those results are affected by the we1ght and 
denstty of the samole matertal. Tible A·l l;sts the pr1mary phystcal data 
and Table A-2 li~~! the gamma ray em1tter content for each samole 
lnalyzed. All gamma ray aata for the dissolved samples have been decay 
corrected to Aprtl 1. 1987. Comparisons with the ORIGENZ calculited 
Ce-144 content (248 mtcrocurtes/g) indicate that the samples have near 
averaae Ce-144 content within the uncertainties of the the data. It 
snould be notea that most of the Pr-144 have counting uncertatnttes of 
1 0-20~ ana that t~ere 1s a total uncertatnty of 20·30: assoctatea wtth 
:hese aata. 

ihe uncertalnttes assoctatea wtth the vartous analyses atffer oaseo on 
:~e ana lyttcal ~etnoa useo. -he we1ght ana denstty data have 
cncertatnttes ranatna from 2-5~. ·However . :ne enrtchment and urantum 
content :ata nave " un~ertatnttes of 10·15~ due to uncertatnttes tn both the 
measurement and caltbratton oata for the delayed neutron measurement 
system. !t should be notea that the presence of control matertals and 
other fisstle matertal (e.g., Pu-239) can affect the uran1um content and 
cnrtchment data. 7he effect of control mater1al would be to reauce the 
~easurea enr1chment for t~e samoles oy a small amount uniess 1arge amounts 
of contr~l ~atertal were oresent. (Elemental analys1s of the or1g1nal 
'ower ~eao sa~oles suaoests that l;ttle control matertal ts oresentl. -he 
~luton1~- content ~as·;een oetermtnea to be ,~s1 gn 1f1cant r:i~ti~e ~= tne 
;.2;: content at tne cur~uo of the T~l-2 cere. 

-able . . ,.. . I . ;RINCIPAL F~YSICAL DATA FOq THE ~-6 DEBRIS s.;MPLES 

~ a:r.o i e I.:. welQnt Dens1t1 Jran1u, content ~nncn":"ent 
' ~g l g/ Cr"'.: I ~ Ura•nur"l) a , .. 2351 a . 

i<6-1A 468.2 7 . 1 74 2.4 
~6-18 204.9 i7 2.4 

R6-2~ 399.8 7. 1 76 2.4 
qs.za 255 ~~ 2.6 I 

R6·3A 347.5 6.7 ~ ... 
1 0 2.4 

R6-3S 502 i7 2.3 

:e-4t. 495.2 7.5 • I , .. 2.6 
R6-.!B 477.8 75 2.6 

a. Uncertatnttes fer t~e urantum content ana enrtchment oata are 10:-15~. 
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~ttacnment B 

LOWER VESSEL DEBRIS ANALYSIS RESULTS 

iB 89-12. Rev. 0 
Oecemoer 12, 1989 
~age 6 of 13 

£x am1nat1on of data from the lnwer vessel loose de~r1s ana the hard 
~atertal aaJacent to the l ower head have Deen completed. The follow1ng 
Jata are 1ncluaed in tnis attacnment : 

i able B·l 
i able 8·2 
Table 8-3 

- Oens1ty and part icle s1ze of the lower vessel debris 
Urantum enr1chment ana content for the lower vessel debris 

- Gamma ray em1tter content for the lower vessel loose debr1s 
solid samp les 

The uncertainties assoc1ated w1th the various analyses differ based on 
the analyt1cal methoa usea . The we1ght and dens1ty data have 
~ncertalnties rang1ng from Z-5~. However. the enrichment and uranium 
content data have uncerta1nt1es of 10-15~ due to uncertainties in the 
-easurement and calibrat1on aata for the delayed neutron measurement 
:vstem. Other uncerta1nt 1es assoc1ated w1th the uran1um content and 
~nrtcn~ent measurements are aadressed 1n the footnote to Table 8-2. 

ihe solid samole gamma ray spectrometry data lt sted in Table 8-3 are 
!Ql correcteo for mass attenuatlon by the sample mass . Therefore. the 
:ott o sa~oie aata are aooroxtmate and the results are most accurate for 
:hose sa~oi es wnose raatonucitde content 1s calcuiated us1ng gamma ray 
~nerg1 es greater tnan 1.0 MeV (pr1mar1ly Co-60 ana Pr -1 44) . Hass 
attenu at ion correct1ons can De appl ied to oota1n better information for 
~he iow e~ergy ga~~a r ay emttters (i. e .• Ru-106. Sb-lZS. Cs-134. and 
Cs-137) . These gamma spectrometry data have assoc1atea uncertalntles of 
20·30~. fer the h1gh energy gamma ray em1tters . 

i 
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PARTICLE SIZE AND DENSITY FOR THE LOWER VESSEl DEBRIS 

e>ar!1s; l~ ~,;~ gi~tr,bytiQn !"'!lL t Q~n~, h: gLs;nJ 
SSC·l-2 SSC-1-3 SSC-1-5 SSC-1·7 

6.5 36.6 ';7 .2 26.6 
(8.0) (7.2} (7. 8) (7 .5) 

!3.8 ':") ~ .,..;., 25.5 37.:! 
(7.8) ,7 .:n (9.2) ((7.8) 

:1.6 !8.9 .5.7 23.5 
{6. 31 7 . :i) (S.O) (7. 8} 

: . 9 .! . 6 .: .a 4.6 
(4.6) {8.S ) {8.0) (7.9} 

16.1 .: .9 a.s 5.2 
(6.3) ( 8 . 1) ( 7. 7) (6.5) 

i .!. 5 0.91 :! . 2 1. 4 
( 5. 7) ( 8 . 1 i (7. 7) (6.5) 

!1.2 0. l i . ·- 0.52 
{6.5) ( 4 . 6) {i. z) ( 7. z) 

:3.4 0.07 : .1 0. 48 
{5.!) (3.e ) ( 5.•:) ( 4. 4 ) 

i . 0 0.72 0.28 
(4.1) (4.0) (3 .8) 

6.3 7. 4 7. 9 7.7 

a. ~ens1ties below a part1cle s1ze of 710 mtcron have uncertaint1es of 
:o~ because of the small amount of mater;al measured. 



'7ab1e B-1 cont'd 

Sampl D ! . n. Oenstty 
, 

!g/cmX-1 

sse 1·8 7.7 

sse 1·9 9.4 

sse 1-10 6.9 

sse 1-11 9.6 

sse 1-12 8.2 

a. Oens1t1 es oasea on tr.e anilysts of severai gram samples. 
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Page d of 13 



Table B-2 -

Part icle 
llll 

>4 r::n 

2·4 = 
;. 2 -., 

71 0·10004 

":'11 cron 

300-ilO 
.,,cron 

150-3:0 
'"'1Cr:::n 

?0·1 :~ 
-,cr:ln 

!9-90 
-:n c r o:1 

<38 m1 cron 

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

URANIUM CONTENT AND ENRICHMENT FOR THE lOWER VESSEl OEBRISi 

Urjnl um !:O"~~nt l~lLIEnc,~hm~nt ~1 
SSC-1-Z SSC-1·3 SSC·l-5 SSC-1-7 

58 62 i3 69 
{2. 4) {2.6) {2. 7) (2. 4) 

:a .ss 64 
l 2.5) (2.8) (2. 6) 

:g 62 ~3 65 
{·-b) I 2. 7) {2. i) (2.8) 

4.7 ss so 56 
(2.6} (2.6) (2.5 j (2. 5) 

51 53 51 58 
(2.9) (2.4) {2.Sl (2.6) 

~::l .... :s so 
( 2 . 6} ~ 2. 5 ) (2.4) 

'SO 53 -. ::: .. :z 
, 2. 5) 2.~) \ 2. 5) , 2 .8) 

~1 :4 52 64 
(2.3) {2.8) ( 2. 5) (2.4) 

46 55 
(--b) (2.5) 



sse 1-a 55 
sse 1·9 21 

sse 1-10 ~a 

5Se l·ll ; ~ 

sse 1-11. :z 

2.6 

2.3 

2.7 

2.4 

2.7 

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

a. Uncerta1nt1es are 10-lS~ for oath uran1um content ana enr1ch~ent data. 
Also. 1t snould be noted tnat the presence of control mater1als ano other 
&iss1le mater1al (e.g . • ~u-239) can affect the uran1um content ana 
enr1chment oata. i he effect of control matertal wouid be to reduce the 
-easureo enr1cnment for the samoles by a small amount unless large amounts 
of control mater1al were present . (Elemental analys1s of the or1g1nal 
lower head samoles suggests that little control material is present) . The 
plutontum content has been calculated to be insignificant relat1ve to the 
~ -235 content for the burnuo of the TM1·2 core . 

~ . ~easureo enrtchments htoher than the 2.98~ max1mum in the core are 
, natcated for these samoies. However w1thin a 2 sigma unr.ertatnty, the 
:ata are w1thtn acceotab le li~tts. ~ revtew of these data was oerfonmed 
to assess poss1ble errors ' " tne calculat1ons or ~easurements . ~o errors 
-ere founo. 
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CRITICALITY ANALYSIS SUPPORT 
FOR THE THREE MILE ISLAND UNIT 2 
FUEL REMOVAL OPERATIONS 
CEClL \' . P.-\RKS. ROBERT~!. WESTFALL and 
B. L. BROADHEAD .\farun ,\furu~ua En~rt'' ~'St,.mr. Inc 
\.ucl~ur l:'nl!lnt't*flfl~ ..tpp/u;atlons ~partm('nt 
P 0 . /lot !008. Oak R1du. Tt!nnm« r8j/ 

Rn-ri\CU O,"tobc:r F. 1988 
\,.:er:'--d ior PubhcatJon Apr:l .1. 19'1q 

Jl•r:mmnS? 111 /iiS.s. the Three \file lliuna l',w : 
U t'IW!Itnfl Dt>Stfln Tt>am requesrt>d Oak Rtdl!e ,\arwnat 
i ''ooruwn• ro suppn• arrtrai/H' sa}el\' anaii'H'l 111 )UIJ· 

;•orr ot the /zcenstm! '1(11\'/lli!S ;or all fuel remm al of)t'r· 
.:/10115. Tilt• compurauonal mnhods and nasrc una/lttc 
"Wtleh t!mpioH!d m tilt! •HJrl\ tJre dtscu~ea. rlre tJreas 
'''"-''I! computaltona/ analues here rr!questetf urt• 
r l'l' tt! ••etl. tJIIIi the Jh!rtment rt!Suus are tabulaft'd and 
.!;scu.tSefi. 

INTRODUCTION 

U1!1:au~e ot un~:crt:unty m the core: configuraw,n. 
'hl' f hrec: ~hk bland Ln11.! IT~11-:!l <.:nucahty fa~k 
i'nrce UCCidl!d carlv in 198.1 to tm: a Simple boundin~ 
1nproa~:n lor en unng ~ubcnticality dunng tuc:l re

!!lO\ai OP<'ranons. Since :hat umc:. staif of the Nuclc:u 
l:.ngmcenng Applications Department at Oak Ridge 
'lauonal Laboratory (0RNL) have supplied criticality 
._atcty analysis expertise to the defueling operations. 
' tat f from Be1:htel North American Power Corpora· 
rion \\Orked wnh the Criticality Task Force and the 
Dcfucling De ign Team to detc:rmme the physical sys
tems requiring a critic:tlity safety analysis. The ORNL 
,talf then worked with Bechtel to detennine the appro· 
priate bounding computational model for each anal· 
~ m. This paper presentS the analytic models that were 
used. Rekrence I provides a more detailed discussion 
o t the physical relevance of the systems modeled and 
the programmatic significance of the results. 

~lodules and cross-section data from the SCALE 
~omputational system: were used for all analyses. The 
rr.oquned analyses included resonance cross-sccuon pro
~essmg. mfinite fuel Janice calculations. depletion c:tl· 
culat ions. ~ton:e Carlo cruicality calculations for 

660 

muhidimen tonal ~\ ~tems. and dic;cretc ordmates cal
-.. ulauon!! tor one-dimensaonal iinite sy tems. This pa
per d1scusscs the comput:monal methods and describes 
;he apptk:auon of each module peninent to the T~11-2 
.mah .:s. The modules \\ere utilized to do the r'ollow
lnl! : 

de:' elop ana charactenze :~n acceptable analytic 
model tor the lo"'er \~sci rubble 

:. establish ate operaung limits for the soluble bo· 
ron m the reactor coolant y~tem (RCS) 

1. c~tabhsh the: hmus on lore1gn matenals allowed 
!n the RCS 

~- a~<>ess the cru icality safety related to using a 
pia rna arc torch in rctno\ mg. the lower core 
-.upport assembly · 

5. perform parametnc cnticality analyses for con
tamers "u h remo\'ed core material. 

fhb paper provtdes details on the analy~ pertormed 
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 1he 
~uclear Engineering Applications Department at 
ORNL. The SCALE svstem is modular in slructure 
and enables a user to e~sily perform a variety of neu
tronic and thermal analyses by proper back-to-bade 
execution of well~tablished functional modules. ln 
addition. easy-to-use control modules ha\'e been devel
oped to automate and standardize anal;,.1ic sequences. 
Using a simplified. free-form input format. a user is 
able to prepare a control module input with readily 
available engineering parameters and keywords. The 
.:ontrol module then automatically performs :my 

""UCLEJ\R TECHN(JLOGY \'OL 87 !IOOV. t989 



P.ul• ct 31 

.11 .. '\:t'~~f\ \lata proce~smg (~.g .• ~rO'i'i·,e~uon prepa· 
r.1t10n1. ~cneratc-. the mput to the tuncuonal modules. 
IOHIJtt~' module e'ccuuon m proper 'cquencc: and 
~~norm~ any needed rmtproct: 'itng or th~ anal\11~ re
, uno;. L '>t' or C.-\LE is rurthcr '>lmphtied bv ln!:orpo· 
•:mon or a hmt o1 'alidatt--d data bas~ 1e.g .• matenal 
.:ompo\ltlons. thermal properue~ . .:ross '>~'\:tlon~l that 
.11!0" e.1w mput '' 1a ~C''"ord\l and d.ua a.:cc<t'ilblht'. 

. \ 't:r'>IOn 3 \ll the SCALE '''tem ''a' u'cd lor th.: 
f:\tl-~ ln31\'>CS. four 01 the maJor rum.11on3l moouk~ 
c'liT ·\\\ L·S. :\SOR:-.:P~t-~. ~E:"O \' .. t .. md O R I· 
GE~·Sl and three or the .;,,ntrol moduk '-C:Qucn!:e~ 
1CS.\ IX. CSA :!5. and SA~:!) "ere cmplovc:J . \ hncl 
-umm.try o l the ~apab1htt~ or ca!:h m()duk and ..:on· 
trot -~uem:e ., pro' 1ded bc:lo" 

I n1e 'IT A\\ 1.-S moduk .tpphe t!lc :-.,m1hc:lm 
mecral te~hmque hl pertorm neutron .. ro"·'c.:uon 
:•rocco;.,m~: 10 the rc,onan~c cnerc~ ranee. fh1' tc.:n- · 
usque '"' ol\ e a rtne-ener~y-group ..:at~ul.ltlvn or the 
to" 10~ ll0'' n tlu' a~ ross ca.:n re(on.1nce "uh \UOSc· 

,tuent :1u' "e1gntmg or the re onan.:c .. ~o'' ' c.:ll''n'>. 
fhc maJor tunct1on ot SIT ·\\\ I ', 1' 11, .: .. m\er,ton ,,, 
~:0\'·'I:CIIOn hbran~:., lrllltl ~ rrN"~'cm·lnlh:l"'l'n<.l~nt h) 
.1 prl'Oiem~t1)<:ndent lorm. Ho\\C\l'f . 'ITA\\ I · a!~) 
.h'>emole~ group·to-group tran'>tcr :ura\' rr\'nl the 
d:lSt:c and :ndasu.: .. .:atttnn~ .:ompon<nt' .md per· 
form) other t:Uio..) tn productn~ the problem-Jependem 
·' orktn • ltbrar~ . 

: The t\ESO \ .1 moduli.!·., .1 multagroup ~lor. .~ 
('arlo ..:oJe <mploved to determine el fe..:tl\ c multlph
..:atton iactors tk,~) tor mul11d1men 10nal !>~stems. The 
ha''~ £COmetncal bodtes aiiO\\c:U for det1nang the 
model arc cubo1d ... c;pheres. q hnders. hemispheres. 
.tnd hc:m1cyhnders. ~ENO \' .a dtffcrs trom ~E:"O 1\' 
m that 11 tal has an enhanced geometry package that 
JIIO""' arrav'i to be defined and posmoned throunltout 
·!'Je mode!. lbl has a P. 'icattenng treatment. lc) allo"'i 
extended u\e or differential albedo reflecuon. (d) can 
generate pnnter plots for checking the input model. 
(e) ~upergroups energy-dependent data. If) has an im
proved restart capabtlity, and (g) allows the ongm 
locauon to be spectfied for c;phcres. cvlinders. hem•· 
..:yhnders. and hemtspheres. 

3. The XSDRNPM-S module~ is a one·dimen
~ional discrete ordinates transport code for perform· 
mg neutron or coupled neutron-gamma calculations. 
The code has a variety of uses wnhin SCALE: prepa· 
ration of cell-averaged cross sections for subsequent 
system analysts, one-dimensional criticality c;afety and 
radiauon shielding analysis, and generation of a neu· 
tron spectrum to develop spectral parameters for 
ORIGEN-S. 

-' · The O RIGEN-S module'> i'i an updated vcrston 
of the ORIGEN code7 with flexible dimenstoning and 
free-form input processing. One of the primary objec
tives in developmg ORJGEN-S was that the calcula-

~VCLEARTECH~OLOGY VOL. 87 SOV t989 
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uons be able to uulile multt-cnergy-group neutron tlux 
and ~ro 'i ccuons 10 any group structure. Utilization 
ot the mulugroup data t!l automated \ ia the COUPLE 
.:ode. ORIGEN·S pertorm~ pomt depletion and decay 
.tnaly\e~ to obtam tsotoprc concentrations, decay heat 
'ourcc terms. and radtauon source spectra and strengths 
ror u em sub'iequent S)''item analvses . 

~- CSASIX and CSAS25 are ~equences wuhin 
the CS:\S-' control module.$ The primary product 
!rom CSASIX i) resonance-corrected, cell-weighted 
mixed eros<> ecuons in a working library format. The 
automated ~omputauonal o;cquence ss NIT AWL-S. 
'\SDR:o-:P~t-S. and ICE-S. "hsch performs the cross· 
,~-cuon mtxmg. The CS:\525 ~-quence U.'\CS NIT AWL-S 
JnJ ~E~O \ '.a sn s~uencc to p<rtorm a ~tome Carlo 
.malv~ss h1 obtatn the '>Y"tem k,.,1• 

fl. The SAS2 :.equence·J employs the sequence of 
Fi1t. I to pertorm a dcpleuon analv~is and subsequent 
,,nc-<itmensJOnal c:l.\k shielding analyses. For the TMI-2 
ctfom. the SAS2 ,t.-quence ''a'i halted following the ti· 
r!al ORIGE~-S hurnup and decav analysis that pro
Jucco the 'pellt·lueltsotOf'ICS. The ORIGEN-S spectral 
parameter" and nuclear data library are updated by 
<:Ot;PLE u tnlt the !lux 'ipectrum and collapsed cross 
.,l!~t1ons !rom an XSDRNP\t-S calculation for an in· 
11n11e lattsce representation of a fuel assembly. 

fhe CSASIX. CSAS:!S. and SAS2 cquences all 
u'e ti-e matertal mformation processor to read and 
pro.e.,, the composauon and geometry mformntion. 
!·or the XSDRNP~1-S cell analyses. each sequence uti· 
lil•'S a standard prescnption tor discrete ordinates 
4uadrature type and order. scattenng e.'pansion order. 
..paual rneo;h spectficauons. and convergence criteria 
t 10 -~) . For lattice cell geometries. input mformation 
on the latuce type (keyword selection). the lattice pitch. 
and the moderator total cross section is used to obtain 
the Dancoif factor using numcncal integration routines 
trom the SUPERDAN program.10 Note that only one 
type of lattice cell can be specified in the input. 

The CSASIX sequence was used exhaustively in the 
nti-2 dfon to analyze various combinations of lattice 
type. lattice pitch. fuel pellet diameter. and moderator . 
Many of the finite system models required problem· 
cpendent cross sections from multiple CSASIX cases. 
The AWL module of the AMPX 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 XSORf'j"J>M-S or KENO V.a module could be 
used in a stand-alone fashion to obtain krt/ for a finite 
~ystem. 

Crou·Seetion Data 

The SCALE 27-group, ENDF/B-IV neutron 
cross-section library was applied for the TMI-2 anal· 
yo;es. This library was supplemented with ENDF/B-V 
data for fi~c;ion product nuclides. This extension of the 
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A·o T"--' 
'RIGEN S 
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J c:s 

RIGEN S 

I 
· ~ ~ONAMI S 

I I ; 
'liTAWL S 

I 
I I '\SORNP\1 S 

I . ; 
i . : 

20NAMI-S 

~ITAWL·S 

XSORNPM·S 

XSOOSE 

'IEUTRONICS DEPLETION 
ANALYSIS PASSES. 

;,ROOUCING All TIME· 
DEPENDENT CROSS 

SECTIONS ON ORIGEN S 
liBRARIES 

3URNUP AND DECAY 
:..NAL YSIS. PRODUCING 
SPENT FUEL SOURCES 

-.!NIT CELL ANALYSIS 
.:oR CELL WEIGHTED 
CROSS SECT:ONS ~~~ 
FUEL ZONE OF THE 

SHIPPING CASK 

SHIPPING CASK 
SHIELDING ANALYSIS 

DOSE RATES COMPUTED 
FOR SHIPPING CASK 

Fi~ . I. Computational aral~"'" ~ch~m~ ~~~~d bv S:\S2 . 

· tandard ENDF B-IV library is ne~cssary for dcpl.:tion 
.1nah ~cs and tor cntu:ality analyses "here ti~sion prod
ucts are con idcrcd. The :!i-group hbrary has a p , 
'.:attcnng expansion order anci treats thcrmaluoscat 
tt:r to 3 cV. Validation of the librarv has been per
:ormcd through calculation of crmcal c\pcnmcnts 
.:ontaimntt the iucl. structural matcnals. and neutron 

.-\ summary of the periormance oi the SCALE 
.:7-group ENDF/ B-IV library 10 the analysis of low
enriched, water-moderated systems 1\ gh·en in Table I. 
The ~ystems arc ordered, left to nght, on the basis of 
increasing moderation. T'>'o asJX-cts of the experiment~ 
-.hould be noted and discussed. The lJ01 pin lattices 
\\ere designed to o;imulate a 3 x I array of fuel assem
blies separated by water gaps and absorber plates . 
Also. the uranium metal pin lattice e~periments were 

• tbsorbers commonly found 10 cask and storage pool 
.iCSI~ns. 1; 
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II I .11\lffi f.IIIO, ,.ctJ . 1,, :! .. .:~, :'ll\ ~()9 h) ~- , ·~lto ltffl 

; ':11111101 .11 ltl() I! c 

i ·.pc ;c•-11 •t Jtnk'' •tcc:l. ,t.unk" ••l·~t - · , • .,n . ~.hlllltum. U,•r.tl. ··•rrcr . n r.:t•ntum, Jlununum 
\1tn: :"~'-';P .,.,,uno:n.! ' uu~·, .t .. ,unur'.! :nl1'!:1t : l'!:,L·" 

l.'l!ormt..'U ·,, ph 'anou' nauern ... •'t , ,ucr c.tr.., .. rl·;ueJ 
,._ tam~-: ... ll:.tn.::tc~ l hc 11\cd Jt1'-llfr'l'r l' ! .t:~·,. ··' '<l'tl 
·' Hlo: r'u~.•nnc ... uc not d'n'u.Jo:rcll · 'll.tH" .t 'tl!r.tl:,.tll' 
·tt~.:: •'!l :ho: ncutron cnl!rc' 'rc.:t:~:n !1•)\'0:'o:r. '•>r 

...1 1\\ pJrtii:UI,tr C\pt."f lnlCOl. tbc .ll.lthlltllhtl ·' ,Iter ..J UO: II> 

·.mh~o: • .• 1.:an.:tt:'> ''til tncrca'c tht. ll • ·· ' .Hom r.uto 
.1bo' c ! he '.t luc~ ,ho" n rn fa bit: I 

(il\o:n t~c I! l.jU3itlh .. athJn,, tl!c rc,uih :.tr ai! 114 
~nu..:alc\ccnnH:nt\ \Upporr t\q .) ccncr.tl ,ll',l!f'..ltll'n'. 

fht: ..t\ Cf31H! \ a( uc:._ 1\'f th o: ~:li.::Uf:th.-d " •ll!nl 

:nulurl ~<.:.tttun tJ.::tor' '·II' twm '''tnC\'IlJt mt'rc rh.tn 
}!ro ~ .. ,1)\\ tor the dr\Ct \\'>h:m' tn .tpprtl\llnatc!\ .. m
.::ll ! Jr :~c ' 'dl-rnullcrato:d ,\ ,lcllh 

: . T!:t: ma'\tmum dt:\ tat ton trorn tho: ;n c:rllll! ':lith: 
·or .JO\ r;ttii(Uiat \Ct Ot C'\pt'flffieOt\ I\ quantiiJtl\d\ 
, ,n till: t•rocr l' l the .l -tandard do:\l:ut,m un.::cn:llnl\ .tv 
.. ~.,crated ' 'tth a 9'J "'"'o t.Onll~kn~e k \CI. 

In 'ummar~ . the tc\Uih tndtcatc a J)Chllt\t: n~nd 
' ' tth neutron moderauon. and thctt dt tnbutton •~ .:on· 
'rstent \\lth ewccred ,tau ucal bcha' tor . 

ANALYTICAL BIAS 

fh!! I!C:nl!ral pertorman.:e ot the ~~-croup t:.=--:DF 
B·l \' c:o"s·,t."CIIon librar\' for l<l\\ -cnnched, "ater
moderated ~} terns '>'as tnduded abo,~ . fc) \alidate the 
lower 'e~~el rubhle qud~ • .1 '>Ct ot ten crutcal cxpen· 
ment\ \\3\ \elected trorn an c'\ten,l\c ltst of t.Jndtdate'> 
, omptled b' \turray : ~ in consultatton \\llh 'italf mem· 
bers ot the Babcock & \\'i lco'\ Company ( B&\\' ) .1nd 
Bechtel. The e expenmcnt\ "ere cho~cn to cmpha~llc 
the rdall\d~ hard neutron 'IX"'trum rt.-sulun~ srom the 
high 'oluble boron lcvd and low '' ater content ot the 
T~tl -2 fuc:l rubble at opumum moderauon . <.:haractcr
l~llcs ot the -.elected expenment.s arc \ho"n m T.tble II. 

tlunc 11 .rh tho: ch:uactcrt,IIC'> ut tho: J::una~ed and un
J.tma~:cll I \tt.:: ptn ~.ell. Th~ I \If .: pm cell .::a~c' 
'110\\ ntl\\ tnc borun. modcraunc t.ltlu. ,,nd 1\;Uer·IO· 
·uci r.Jttu ..:ornparc.l "llh the 'dc...:to:ll crmcal c~pen
m~nh 

I he ten cnta:JI cw~nmcms \\ere ,o:Jectcd irom the 
rc\ulb ut three c'\pcnmcntal prol.!tam,. In the U&\\' 
-pcctral ,tuft 1

' .1t1d .-\r~onnc :'1-auunal lahor:nor\' 
I \~1 ) lugh-..:on\ cr\JOn 1" npenmcnto;. untform run 
l.llltCl~ ''ere 'UbJ ~"tt'd to olublc horon fo:,·ef or lattice· 
pttch 1anauons to chan~e the neutron spectrum. The 
&~\\ do,o:-pacl.~d module c\pcmnent,:· tmulate :5 
1ul'l .J"'cmhhe-; at '-lrlllu., ,t31.!l..., ut .::ompactton and an: 
dn,cn .::nucal b" neutron moderation due: to the \\a· 
:l.'r PP' bct\\een the .l))cmbhc: .. . I he l.tuer "et ut c\· 
r cruncnt\ Jl'io mcluded a o;nlublc boron \Jrtauon. 

Each ol the cwenm~ntli \\J' anal\/ed \\tth the 
~~-group E:'-JDF H-1\' ~~o~o; ~C\:Uonco applu:d 10 KENO 
\ '.a. Four of the c'\pcnment.!. tANI.-3 . -II. · 13. and 
0&\\' .~..t5:!) \\t:re modeled \\llh homol!eneous fuel 
reg tons "llh .:ell-a' era~ed con'itan" nbtamed "uh 
XSDRNP~t-S. The rc~ult~ ot the: anah-,l~ are gtven 10 

Table I I. 
fhc rc~ults lor the uniform l:lltl~e e~<pertment' 

IB&W-10. ·II. -1:!. -13. and A:"-11 ·3. -11. · 13)arecon
''stcnt '"'llh the carhcr observation~ ba!lt."C.. on the 'um
rnar~ ol anal)·ses tn Table I. That t\, tim .:ro"·~ecuon 
library )1clds cnucal 1alues for \\Cll-modcrated ~)~tern" 
.tnd a ncgauve bias for Ia\\ -moderated \ystem,. fhe 
hias d1>es not appear to be aifected bv the .,olublc ho· 
ron level. 

The results tor the do\c·pa~cd modules tO&\\' · 
:!..t5:! .. :..t8S. lnd -2500) do not 'ihO'>' .1 conststent trend 
\\ u·h en her neutron moderauon cr 'oluble boron level. 
The prec;ence of the borated "~uer gaps between the! 
modules could be a !actor 10 the rel:tll\el) poor ana· 
lyucal performance for thc~c: ~y~tems . 
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i\.\. \\ ' l'C• lr .ti •hilt •'' ~ n: : .r- I I~ I 1.0062 : 0 .0038 
II j o: II ~2 :.o: l.i~ I 0.9961 : O.OOW 
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: ., .... : : .Jil ll <(, : .£1- 1.01 ! O.'JS35 :::: 0 .001-

\II - r-m • .::1 I lhl..! nt.t.:CIJ : - : ~ tl(l : .9~ 1.65 ·1~92 
U.un.s.:cl.l 'l~()(l .. l'J o.-: .:.'}913 

'-< \II :· •wur l :"-DI R-1\ l:t'l: .• r, ,'\ rd '\,( • \ ·' · ,, . .:unu .:uul\'" ,,, U&W-:~ss "3' p<norm((J "'"h the SCALE 
:: .·l Jt'( , \\1 fHfR\IO~ I.h:.s:' 

i!tc !: en-. ,,, ;h" .unucd \CIII."> l•l J r:Jh 'C' 'UI"f't'rt 
' , .• .l .tn:ll\l!Cat t:-1.\\, talo.m.: t he ''or'' .J,~ ;tiHl 

·t l~l · !l~.ll un~crt.ltnt\ .t' .1 bounomc ,,,luc. fht' .wa· 
.. ,._ .~. r1:1, '·h !l'lc..'d thwul!ho ut the I \1! . ; .!~tuchnl.! 

!!1.1:( i! \l'. 1;11..:.' J ' • <.fliC!Illll • II ' II} \\,1~ C'IJt'l · 

r:c..! .,,r " ' C t{( ~ • Ret IL :he.::' J .l.o.. 1:'14' •llllllcd 

l C , J ,,;Jl.J<cl! '\ • · ,t i UC Ill .1 :ll o~\111\Unl 1>1 0 'Jtl' 

GEPLETION ANALYSES 

\ · .hem:m..: ' " the l \tl-:: mJtt:.al .:ore loadtnl! " 
th.'''" 111 h.: ::. Dcrenatnl! on the ph\'11.7al ,,,tern re
ne Jn.m 11."\l. 1: "a' ullen de~trablc to U\C the l'>OtOptc\ 
.on'1'l'-':lt .qth the burned ~tate <'I the rud .ts opj)O\cd 
,, tltt: unrt.thsuc but .:t'~::~ c:nau,c. :r~h tud l'otorl~o'\ . 
f hu' . .:n ' ·\ s: calclllatlon "'h pcrrormed tor c::scn 
~".ll..:h ,, , rud ba'lcd l l O the reactor rmtor' and batch 
,, 'cracc c f'O\ure 'upphed b' the Ocr uehn~ De, lim 
rc:tm • 

The .tnah e<> "ere run to burnup'l of::-J5 ~I\\ d 
·o"lnc L tnr batch I . .305 I \1\\ d tonne L tor bat.-:h :. 
!IIU ::~ H ~ 1\\ d 'tonne L for ~~nco 1 . The bat..:h 1 .tnd 

.:: c':rl''Ufc\ .He \Jiue~ tor \larch I'J , l'J79. rhe bat~.h 
~ burnur (I I ::535 \1\\'d tonne l; "a' ootamed tor the 
•tmc o t the .JI.Cldcnr 1 \!arch ~SI t-,· 'cahnu the ~lar.:h 
llJ \,tluc: r:~o: \1\\'d tonne L') on the ha\1~-or the l\Cr· 

.u.!c: t-urnup tur the: t'·'O dat~ . E:11;h or the ~:\S~ .tnal· 
· 'C\ u,c:d J ' 'mphttcd exro~urc hmor\' con~t,unc 
,, , I\\ I) tud burn ~~~: .1nd ~9 ~ d:t\\l3nLI an mtcrtm 
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SPHERICAl RUBBlE MODEl 

~r~t>,en•;:o :h .1 rwmo1!t:n.:1•u ml"\l tum :,,r .,, 'H~n ·: tt: 
. ~u·• -·c:~: :vt. ~:l:J ... , rrt'' r"'"U "' .1 t ~ : Jr:.:.u 1.1 r l..illkc •'I 
;•nc••.;-.l,h •IUI'~U lud rdkt· . ,\ ~tll.'!ll.\l h.: • lt ' I.\' r:ll' 
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•.: norcu. f,, turtncr m:t.XIffiiZI! rc:li;U\'11\. the deOStl\' 01 

' lc LO· •rnerc~ was taken as rhe pdlct dcstgn dcn,ttv 
' I ttl . ~ ..: .:m·. \ ear~n \\3') t\ph:all~- pcrtormed lor 

..:.1d1 rnoul.'rawr ..:nanl!c: 10 determtnl.' 1 hi! l:uucc puch 
c.tnd ,o the corrt">ponttml! 1 ucl 'nlumc I r acuon 1 1 hat 
~J.' c t nl.' ma.\lmum 11. ,. ' .tlul.' tor tn~· lam..:c ol ~pt.-c.., tied 
r hcn.:a l rdkt~. r o r I hi.' \ 3~1 matontv o l the anal\' cs. 
ac: , urta..:c·h1·nt<h-' rauo or the ~'llnartl:al d..:~t~tn pcl
..:t \\.!' r r..:~Cf\CU :·t ,pc.'~'ll\111!:! the \ plli.'IIC:ll pellet ~1 7C 

, l .o-:::.t .:m 1. Howc\t·r . l ~'r orne ' ' \tern analy<,c_o,, the 
·n..:crtamt' tn th~ J..:tual rubble: o.trm:k Sill! reqUired 
Ill llJ'IIlffil 73tiOll Il l ~ , \l\ •I.'JfCI\Il\1! roth pellet '-Ill! 

.. nJ i.uu.:c: pttch 
'1.'11~H.H I.' .Jti.tl\•1!'> \ \C: f e rcrtorm.:U I L1 l!aUge the 

•n~c:H ,a tl ~o tn rrm tded b\ ' l'nl\' \ l l : hi! .tt'IO\C a~ump
,llh. : !u:: :•ull utdi~;Ht.' tn.tt 111 !t1~ r.tn1!c u l 3500 to 

- · OH ·-'I'Pnt -ol uhic l•l' I \Jil 111 \\ ,ilc~. :n\.' pre~c:n..:c ~ll 
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1111.: .. • .. ~II :Ullll lf'! ll,·;uwn t.h.lM f'\ -: ,.,, .). .'. ( •Hl\ld· 
• .11 h lll • ' I ' ' H.' lil.'ll' t lii!~Ol'•ltl\ l (), I'~IICL \\ Jll!f 0\l \I UfC 

1111.:r "l.lll .1 hu tn.H!cncou, l 0. ' ' :lll'r 'lurrv tn· 
~ .:.1'.: ' 'II'.: :1~UIIl~II,.Jll•Hl I :t.:tor I'\ <·' '11 ~A . ' •IIC I hat 
t:i•lud l',;'<.'U '-'11 .lll Ulh.l.td !Ut'l 1'111 1\l l rl ti 011C hcteht 

.ill.! J .:, sca o:.llnc:c:r o.\ ,ll!IJ t'c ,_, ,,n n - 1 r,, j,J. milfC 

•,m : ·:~· -rn.:r h:.ii rclkt ·t~uud arPIIt'U 1:1 tim ... tudv. 
! hm .;\ n .. :. ~· 'f)llt'!llo.J i rl.'ikt !lll'..td .. ~Jr re,ponds 10 ..tn 
tpll!nl!tn ~ ~~i,ltblt: atratl i!CIIl~'nl I•( lht! !Uc:J peJlt!l\, ~00· 
u.lcrm c ..1 t.llhHim t uc:l r.:.t" cmv h :ollu\\11\1! ~~..1 re dl~ 

'l rt~<'n . 

I he<. ' \ "' '\ Uhldu k " , , .. u•cl.l tu (•htatn the nc:u
r•ln:.: -.llll'>lanh :w m .10 lll l ln tt ~ I.Htl.: ... -:~11 ;mal\'" or 
t1c · •st ~k m,,dc! <. "' \~ 1'\ 1l ' c:' the ...., C PERD ·\N 

..h!l' f ll nm' iL' ,,h:a1n '1•: D.tn~•lll ~ .t ... tor rur the 
1.: •1ucJ . J r,.l l.k~o.l h ~ J r. t ! 111111 ~.ell apruc:tJ .a the rcw· 
·'"':: •rueiJttH! .ifl.l l\ '1' i'~nonnt:u I'\ ' ll -\\\ (..<; 

-· 

,J 

l , _. \ :-.flncu~al rut-hie: mo1.1cl 
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1 '.1! 1.~ C:l .J.I t RITIC .\1.1 rY .\NAL '\ S IS I OR rttl: T\11·2 REM0\'1\l. 

~e cuut\ alcn~..-c t'lt:t\\CC:n lim unn .:ell .tn<.J tne t\\O· 

.::!IOn. 'rncrt~:ll untt ~ell apphcd m the '-UO~cquent 
\.SDR~f>\t- ~ ~ell·.t\c:ra~m~ ~.lkulatl(ln ~omco; rrom 
·nc prc~en:.tllon ,,, the tucl \Oiume lr:t~tton 1 \'Fl. A' 
J t:mcd lrom Lund' .tnd Rolleu .-·1 ' he lllci \ ' Fin the 
.Jodccahcdrai cell IS l!l\ en b" 

,.1 , ... 

rue\ \ r = ~- "r\r /'1 ' . 

•,\ here 

~ -:: tucl relict r:td!~~ 

:•; !.tuu.:c pttcn. 

\ aluc\ r,n rand P .uc: ltlput w L'S \SI:\ . \Htt..:h then 
.. ::u.;ul.lte) the outer rJJ1u~ 11.c .. :tllHh:raror rcl.!tUIII ol 
he c~UI\ aknt ttdenll~al \'F) 'pncrt~.JI untt .:dl. 

h'r ptn lam.:c l!comctrtCS th.H .:.1n l'c r;:prc,cntcd 
: \PII..:ttl\ an i\ESO \ .t . .:ompam<Jrh n.J\c t"ccn maoc 
·ct\\ccn tne u~c ot ncutrontc .:on,tallh trl:tt OJ\.: t-een 
;:tl· :ncra~I..'U m XSDR:'-:P:O.l-S ac.:orUtn\! w tne .Hl0\1..' 

"re\cfl t"!II.Hl :.tnd neutrona' ~"'"'tanh t' f''ce,~cu h\ 
... , r \\\I •• hlr the 'PI..'I.:ttic iauu:e. f 1tU\ .• n t"\.lln ca ~') 

te ~:!Ill JOJI\'1' \\.1~ d0nc \~llh "l '() \ .1. ,,n~· '' llh 
.!!i·J\I!r.t:!t:<.l con~tlnl, . t!1e other \\ ltn ;he : u~:ll.tttt\.'1..' 

:rr ~·,cnc~J ~'\ Ol11:: :h fhe good Jl!fl.'eml'nt m tnc n:· 
·ult' lnuiC:.tlt:' the cnet:tt\COC!>!I lll tl:l..' '\SDR,P\[ . .., 
,cl!·.l•~·r:u~sn~ rroccuurc. 'ote that the " E:-..0 \ . .t L!t:

,•nH::n r.td.a\!1.' c.umot reore-~c:nt the uod~..-canl..'ural ~ell 

~\lUnuan t:\ph.:ttl\ . ...1nd thm the .:etl ..t•cr:u.nnc ' '' ncu-
mr.l.. ~ l'll'l.lnt\ •,, a, a nc:c~\~11\ IN t:m runb!e mm.lcl. 

.NFI NilE LATTICE CELL AN ALYSES 

\, 1mr- t·l·J Jt'U\c. :·unurcu' "'I n :HIItc :.mt.::: .:ctl 
.:1.11'- •1.'• .\ c:l.' rerrormcu m orucr ' l ' rro' tuc a neu
• 'HI\. .; ..If .1\.tt:rl~.lllllll Ill tnt' fUN1Ie 1110oJci JOU !.!I!OCf· 

tl .. ~t..:tl·. l\ I!T;li! CU .Tv" 'c.:t!Ofl., th ..JI r rouu.:co t!\C 
l i!!1t:'ll l••pttmttm I .io,, • a lues . l )pltmum -". r \t:ardlCS 

\ ere rcrrormcu \\tth lS.-\!)IX b\ •.tntng the pttch 
.ano 'u the \'Fl ror rue p.trucular rclit.'t and modcra
.M .;,,ndltlon. flhle Ill prmtdes a 'umm:try or rc)uhs 
•;om tt:l..' mtmttc latllcc r..:\.'11 anaiHe<i . fhc t:tblc pnmar
l\ report~ the rc.,ulto; tor rubble condlltOn!l u t:d Ill li· 
1 11~ )\ )tern .anal\'::'. Ho,,eH:r. maO\ more anal~"c" 
'l..'rl' ncc-.Jcd to t.tl dctcrmmc: the opttmum !ud \'F. tbi 
•tUU\ the crfcct or temperature dtanct:~ on k ... ll..') un
der\tanJ tnc rclatt\C: erfc:ct of indavit.lual ~pent ·iuel nu· 
-.It de on II..,. Jnd td 1 l..'haractcrl/c the 'anauon in k ."' 
·, r tud parudc .,,L~ other than that corre pondmc to 
• he dt:\ti!n reilct. 

!·or boron k'el bct\\t:cn I) and .JIJ~O "PJ1m. 
' eardtc:'> tor the opumum lucl \ 'I· \\ere pcnormed for 
:··c cnrtchment~ rangtng irorn ~ . II (3\Cra~e cnr~~.:h
mcnt (If h:uch~o-s I ..1nd 2 .attcr dcpkuon Ito 2.')6 ,q "'o 
\IOttlal enn.:hmc:nt ol batch 3). For batch 3 tut:l. Ta
ble Ill rro' tdes an mdacation ot the change m opu
mum \ F a~ a tun..:. aon or 'oluble boron k\cl. The 
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o;mmum tud \'F \3rt~ onh· ~hghth "tth cnnchment. 
For unboratc:d '>Y<items. the opumum VF becomes 
more c;cruame to changes m cnnchmc:m. Typically. tor 
highlv borated sy<otems. the opumum \'F found for one 
t:nnchmcm "as assumed w be surfictem ior other en
richments m the noted range. Between 4350 and 4950 
y.ppm boron. the opumum fuel \'F \ancs Jrom 0.61 to 
rl .6~: at tl "PPm boron. the \artauon '" 0 ~g to 0.33 . 
\n uuual !ltudy "as periormed to demonstrate that lor 
hagh boron lt:vels. there was a change 01 only -o.oscro 
~ki lO 1\ tRer. HH. All c;ubsequcnt anal~ses \\ere per
:or.ned at ~93 K. 

\n an.tial study "as also made to demonstrate the 
J11terenual "onh oi mcluding the ma)or o;pent-luel nu
~.ltd~ II\ the ceil analyses. The isutopu: results I rom the 
batcn 3 burnup case \\ere U cd. nte anah'iCS were done 
u'mc dec;1gn pellet parucle srzec; c 1.0 .. ~-h:m diaml and 
.;':'50 "ppm '-Oiuble bohJn m water. The rco;ults ot these 
.tnah·~es arc ~ummarllcd an r able l \ '. T \\ emy-mne ac
L!llldc ano ti) aon proouct tsoto~ "ere mduded 10 the 
rno'it comprcnensa,·e cakulauon . ..:ase 'J. Based on th~ 
.111af\,e~. the u'erall \'latch ~ rurnup h:1s a potcnual 
.. mr. ur :.-n~r!l .J.k. Fur all ubsequent anal\·ses wnh 
i'CIII ·I UC:I 1 otoplc~. the nuchde!> ot .:a'c I.J ''ere c:m

;'lv\eU. :'-.ote. hm\C\cr. that ~earcnes tor opumum VF 
.md ur partlcfC 'Ill: \\Cie pertormed \\llh the nOn· 
.Jramum .a..:umdt.-s .and tis~ton prooucts removed in or
Jer 10 eltmtnatc the :tec:d ior re,onancc processing 01 

·hcr,c nuchde~ b\ :--=IT :\\\'L.s. This practice enabled a 
nll 0 'o reducuon m ..:.:ntral pro.:eo;~mg unn t<.:PUl umc 
;, 11 h c~'cnttall) no et iect on charactcnzing the opti
mum Ct.lOdltson'i. 

\' e\H.knccd b' f.tble IlL ihc \;:t~t matortty ot 
tJUt~e cakulatton~ \\<l\ done ...l~'>ummg a 'phera.:al 
L O.: J1amctcr 1 1.0~~~ .. m1 corre~pondttll.! to the d~1~n 
~eskt '>tze. HO\\c\er. l.tr2cr parttde ~.Jtameter~ "ere a'>· 
, umcd ti L'O: melun~ an<.J n .. "Sohdtih.::mon "ere I"'I~tu
~.ucd. rhu\. uunnl! the. upport ct tort. -,everal !ll..'arches 
' II both parucle saLe and \ 'F "ere rcrrormcd for ~p..~
ll'icd iueltypcs and o;olubh: boron kn:b. For hagh bo
tvn leH~Is 1.1950 \\ppm I. the optimum panicle diameter 
\\a$ 3.5 to J.S ~o-m. rhis diameter dC\:rca.:cd to -::.1 ~.:m 
for the unborated case. Table\' pro\'idco; an example 
o t the 'anauon m k,. as the partacle diameter changes. 
The !lccnario oi melung and rcsolidific:uaon also im
phes that other matcnal an the core \\Ould be mixed 
wuh the re'iolidified particle. S<tmpie~ taken lrom the 
lo\\er head debns showed impurtty materials. as listed 
m Table \'1. An inrlnite cell anal})t~ using opumum 
parttcle saze and \'F for this maxturc yields a k 011 of 
only 0. 7600 . 

:\ \tudy oi very small parttde ~ales was also imu
:ned to emure that a ..:onsenati\'C approach was beang 
used for muation~ "here small debris ''ere known or 
f'05t ulated to be prestnt. The small particle sttuatiom. 
nl interC!>I to the T~11·2 Defuding Desagn Team m
'oh·cd an unboratcd water moderator. This ~-ondition. 
m ~ombination with ~mall parucles 1zes (<0.4-cm 



P:ul;s et :11. CRITIC,\LI TY t\:'IIALYSIS FOR THE n11-~ RB10Vt\l 

I \ULL Ill 

ruel Rubble L.aut~c Cdl Anah·~cs 

~ I ucl l'arttdc I i Soluble I lnlinuc 
\l.ucnal cnw:hmclll 1 Dtametcr~ Fuc:l I Boron I \luluphcntton 

l ,JJ.: Fuel o~nptton· 1 t\\l,.o ·· 't:l I t.:ml I \ ' F . l\\f'pml . Factor. k-. 

\ rre'h b.uch ~ .: . ')(t 1.07:!-l I 0.63· 4750 I c).9')2J 

B 1 Fresh bat.:n 3 .:.•)tt I 07:!4 11.61' .s:oo 1.0111 
l Fre~h batch 3 .:.'.16 I.O'i=-l l ll.Si' 3500 1.03!!6 

Fre'h bat.:n ~ .:.% 1.07:!4 I 0.53' -=~oo 1.(1')25 
l Fr~h bat.:h .1 .:. •.lf> l .tl7:!4 o.so· 10()0 1.1:!(,() 
' Frc<.h batch 3 .: .•}h I .On-l tJ.J~' I t)tlO I :!197 

Frc\n batch J .: ''" I Oi:!-1 I IU~· 500 1.:!911 

1 
Fresh ~at.:h ; .: .tJh I 07:-l j o.::s· " U009 

, Fr.:\h ba11:h .1 rn Hr~ :.% 1.07:!-1 1 1) . .!65• II IA020 

l) I Fre<~h batcnc:\ I .1110 .! ::.~ .1 I t);,:., i 0.63 ,£'}~() 0.919') 
l Frcm batcnc' I ..111U .: : :~ 1 u~:-l O.M · .l'j~l) 1).9:!11 
i frc:'n hat.:ne' I ..1110 .: : ;.t I 11~:!-l 11.63 J-~~~ tl ,9:!~J 
,_, l- re<in bat~nc\ I a no .: :.JJ I 117:4 ' 0.61 .HSll ' ' · ')3S2 
!I . f rcsh b;ltches I .1no .! .: . j4 1 ui:4 1 0.61 J:OO 0 .9439 

1 Fre~n batchc:~ I .100 .: : . .: ~ ! 07:!4 I 0 .30' H i 1.3349 

rrc'h bat~nc:~ I. ::: .. mo ~ .: - - ~ ()(I• 0.6S· 4'>50 11.1.ffi8:! 
J Fre\h bat<:rle<; I. ::: • .100 ... c• : ~tl i O.ft6· .n~o tl.IJS82 

rrc\h rat.:!lt!\ l . .:. . .100 
.. ~ ; .I o· t).JJ · . I I 1 r:4 

!-,. frc<h hat.:h.:\ I. : . .1nu I.J;"P!O\HII.Iil: I ' .: .~H I tli:!4 I n . .:s· f) 1 • .35-W 

L Bm ned bat~h J I .Oi:!-l 
I 

-N~t) .:. .n- I 0 .63' •1.9690 
\I Burneu bat:;n _, .:..6'; l.lli:4 I o.63· ~7~0 0.97-l7 

' Burnea batch j .:.o-; I .Oi:!-l 0 .61 ' J'\50 tl.9881 
0 Burned batch 3 ::: 6'i 1.0~:!4 I 0.61• J:!OO 1),9')29 
p Burned batch 3 ::: 6~ 1.07::4 I 0. ~7' '500 
c) Burned batch .l .:.67 I 07:!-l 0 .53' .:~oo 

R Burned b:uch 3 ~ . 6i 10724 1 o.~o· ~000 

" Burnell batcn .l .:. .6- l .Oi:!4 l t) 42• It)()() 

r Burned batch .: :: .bi I Oi:!4 i 1) , 3~· 5011 
t. Burned bat.:h 3 .:. .67 ~.S" I I).~~- .:.noo 1.11'14 
'. Burnco batch 3 .:.. fri 1.07:!-l 0.2S' 0 I 3661 
\ \ Burned batcn J I :: .6i : . I' 1 o.33' II l. 374R 

' Burn.:u bat~n 3 I : .67 I .Oi::4 0.63 0 1.1429 
y ; Burnca batcn 3 111 HF .:..67 1.07:!4 I o.::6S' cl 1.3680 
i. I Burne:<! batch J ~uh tmpurn1c:s I .:.6i 3.0' o . .w· I) tl. i600 

·\A I Burned batches I and 2 ' :::. II' J.S' 0.66' J)50 0.9~94 
BB Burned batches I. 2. and 3 r 2.32' 3.6" 0 .68' J950 li.9S9S 
cc Burned batches I. 2. Jnd 3 

I 
.:.3! 3.5' 0.66· 43~0 0.9iS-t 

DO Burned batches I. 2. and 3 :!.32 2.10· 0.33' 0 1.3450 
[E Burned batches I. :!. and 3 ::: .2-t• 1.07:-l 0.28' I) 1.3254 
FF Burned batches I. 2. and 3 

I 
2.2-l 1.07:!4 0 .66 4950 0.9287 

GG Burned batches I, :::. and 3 2.:-l 3.8" 0.69' ~100 0.9448 
HH Burned batches I. 1. and 3 : .24 3.6· 0 .68' 49SO 0.94% 

'Spherical UO! parucles m full-density water except as noted. Burned fuel compo~itions contam fisston products and plu-
tomum. 

~ Des1gn pellet corresponds to ~pherical parucle oi 1.0124 em. 
• Partrcle me and/or VF that y1elds the htghe$t k .. \alue. 
1HF =hydraulic llutd moderator. lJCON WS-3-l: densuy = 1.029 gt cmJ. molecular "e•ght = 181! gt mol. stOtchiometnc 
ratto carbont hydrogento')'gen = 39180/ IS . 

• ·\\erage core c:nnchment 1s actu:slly 2.54 ~~ot"'~ . Thts htRher value: obtamed and used pnor to obtammg -:orrect mforma
uon of Fig. 2. 

'This a\eragc ennchment (and other burned rsotopiCSI wa~ obtained from consc:rvau,·e scaling oi batch 3 depletion results 
prior to depletton analyses of batches I and 2. 

'Ennchment and burned isotOptcs "'ere obtained from ~eparate depletion analyses of all batche~ of fuel. 

:-JUClEAK TECHNOLOGY \'Ol. !17 :o-;ov. 19R9 667 



i ':u~~ c:t :11. CRITICAlln· ANAlYSIS FOR THE ntl-2 RBfOVAl 

., 

... 

T.\lllE 1\' 

.. ~ Ul latltc..: 01 natch 3 Rubble• \\lth Buruup 

Depleted : J•u .. u :!.67 \,,.,.G 
Dc:pleted ;.;•L' - -amanum 

l.lurnuo Products 
nndudcd m ~-;th:ulauonl 

Dcplctc:d ;.." L' . ~.lmJnum JOO lant hanum 
Dc:plc:ted ;11L' . :unanum. lantnanum. and cc:num 
l>cplctc:d ~·· IJ. -.1manum. IJnthanum . .:c~IUm. :md curap1um 

Depleted :l'lJ and ~oa·l'l •H , Jmauum. l.mthanum . .:crium. and curaptum 
Plutomum hOtooc' ~mh 1" itn 1 n.·, n tuc:h 
Dcplc:ted :•' t·. plutomum. , ,un:mutn. lamhanum . ..:c:num. and c:uroptum 
Dc:pktc:d ! ' 't ' . ;1lu10mum. -.un;mum. l:lnthanum .... .:num. curop.um. prornctlltum. 

m:oaymtUrn . .1nd or.1~c:oo' n11um 

0.9633 
0.9531 
0 .9530 
0.9530 
0.95:!7 

0.9579 
1.0100 
1).9768 
0.9747• 

· !)c:,tcn rt: :k t partlde 'llC m ,, ;u..:r \\lin .1- 5fl '' l'nm ,._,aubh: boron . 
!"nr :•::)n 1ud J ) (:l\ t:!.'Jtt " '""·' ' .mu Ill) •t,•mn "~·•Ou.:t. "' . = 11 ')9:!3 ..tnu ·~"~ .l.L., = t l .992~- t\ 97Ji' = l.-6rro . 

r \BI E \ 

'rn;!~e ()pttmum 
' ) IJ tnc::.:r l ut:i Lf:!. ') (I 10 . t t: . .: J lU · 

..:m J \f ' . 
' 1-~..: ll t>l i {)C~ d '} :1\:! 

: .1 II () j i.ou: • I ')Jto:! ., ••.n: , 0 11> , I ')J')J 
.. t'>~ o:3J • o)C :' t 

: ' lt. f>6 l ,l )::fl~ . 

ll 6:' ! l~:.:h · • <lf\ II .. , 1,6') ' .O IJJ I '#~I J 
11. - ,:~ • .f/()~.! 1 •IJ:-

' 0 : ·rncn;.:~! rarttd.:~ m "at..:r \\ 11!1 J .!50 ''Ppm l'oron. 
'-~her~ utamctcr anu \'F •de.:tcd b:- mt..:rpoiatwn ut re
'ult ~ at .= .2- .:~nd J .-1-.:m parttdc "'..:'. 
" Ph<~c~ t\lu;htnl!: ma\lmum paci.tnc t r~1.:11on . 

fuel P:uttcle Compo~Jtion lor lmemgatmg Effect 
" i lmpurnies to Resolidified Rubble 
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Constituent 

L'l~ .6il0 · lburncdl 
lircomum 
Iron 
Chromtum 
~1olybdc:num 
!lor on 
\lanqanese 

S3.79 
1~.70 
: . .u 
n. ·s 
o.t ~ 
0.11 
11.06 

,hanu .:au:>cd the Dancotf factor algornhms used 1n 
-:.CALE-3 to j.c anadcouate tlccause they considered 
,mlv through thmJ-nearcst neighbors an !>pherical lat
u.:~..-s." For ,mall-panicic.lo,,·absorpnon syc;tems. outer 
ndghbors arc \cry imponantto an accurate evaluation 
l'' 1.:...._. Thuo;. the Dancoif treatment for SCALE-3 was 
modtficd ~nd compared ag:un~t an C\plidt point 
..:ro)s-~n:rion treatment and latuce model as applied by 
the ~tC:--JP ~tome Carlo code . ~ s.:; The k..,.. results for 
the .:omp:mson are shO\\n m Table \'11 and indicate a 
J~..~rl.'a!lc in k , .1s the paruck ,jz~ decreases. The mod· 
11icd Dancoif treatment ha~ b.:en applied to Vcrston 4 
L'i the SCALE ystcm and has bl.'en utilized in o;ub-.e
·tucnt analvo;c!; "here ">mall parucle.s had to be con
,adcrcd. 

APPLICATIONS AND RESULTS 

lower Vessel Rubble Studies 

After o;clecting the dodecahedral unit cell as the 
rubble model. the tirst application et'fon was to estab· 
lish a concentration of soluble boron that would main
tain the core in a ~ilUtdO\\n configuration for· all fuel 
removal operattons. Se\·eral simple modds were devel
oped and analyzed for this task. 

Each of the models applied in rhc lower vessel 
study included fuel/rubble and borated water regions 
contained in a 20.3:!-cm (8-in. )-thid. Type 3~ ~lain
less steel retlecmr representative of the hemispherically 

'The Dancoif correction factor~~ the firsHli~ht transmis· 
'ion probabality through the mtersuti:ll materi:ll betwc:cn 
fuel lump~ . It i.s ;:~pplicd by NIT AWL-S to the leakage from 
the single lump m order to approxtmate the: effects of :1 Ia t
rice of fuel lump~. 
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l \Lil [\II 

l l'lllt'.HI~on ,,, ". \ ,lluc .. tor· Luu.:c ot O.xic.:ancdral Cdh • 

I ud \ f 

• .33 
'~3 
l J3 

1) ~ 3 
t} 3; 
,, J: 

l ~: 

"rhcm:al P:m:.:lc 
Otamctcr 

t.:mt 

I ll 
(I.(\ 

11.5 
·l . .l 
d .. t 
o~ . .: 
II 1);: 

•l .llil: 
,ll!llllh: illllllllL!Cill:l'U• 

!.11 
•l.tl 

·).: 
11 -l 
,, 3 
IJ :: 

111110111! 1!0111\ll!\:lll'l'tl' 

·~phcn~JI 1;(::.3: 10: rJrtJ.:ic m unbor.ttcll \l,ltcr. 

I .~ ::6 

I JO~ 
!.~91 
! ~--
:. ::56 
.. .::o 
1Ui!il ~ 

n.s -n· 
I :5 . .: 
1.1 3 I 
• I 115 
! ~t9J 

· liS I 
' h;: 
0 .11 

The '-~DR~P!\1 ~.l'<:'> .:Jtd not con,crl!l.' 111 ;:~ .mtc:r t: crat•on' 

"hapcd lO\\ Cr pom on oi the prc.,,urc \C\'lcl. fhc pre\· 
.:nee ot ~ted mcm~ro; mtcnor to the \CSsd l<,ucn as the 
lo" er gnd and the tlow diS!ributon '' a'i umorco as a 
..:onsen 311' e approx1matton. 

rhe models t:haractenzcd the !Ucl rc~ton 3'! ha\101! 

one ol three geometry shapes : sphencal. lenticular or 
len:.· hapcd. and cmtlenticular or t1attop. fhe tirst 
two models are sho\\n tn Figs. -land~- Dimens1on~ for 
the 'anous zones are determined based on the tn\'en
tory mformauon .. upplied by the Defueling Design 
Team and the specified (or opumum) VF. For the len· 
ticular model. the outer spherical shl!ll of Type 3~ 
stainless steel was always specified to have an outer 
dimen~1on of 237.998 em. \\hich ''as the actual radius 
of curvature for the pressure ve!i.sel. The 'olume oi a 
lenticular region is given by 

V=~:rh;Cr-1113). 

where 

h = re~1on's half-height 

r = radius of cur"aturc of the outer knricular sur
face. 

The fuel volume of the nauop model is one-half of thi'i 
value. For a gi\·en fuel volume. leakage considerations 
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CRITICALITY ANAL \'SIS FOR THE n.U-2 RE~IOVAL 

BORATED WATER 

I 11.! . : l ..:nt~o.:ulJr a :..:l m,•.J..:I 

: :om .:lemcntary rea..:tor theon predact that the -;pner
:..:altucl geometry ''the mo)t rcactt\c. fhe kntacular 
.md rlJttop tud geometnes produce progrc~mel\ more 
:l!al..age Jnd arc thcretorc less rcactt\C. Thu,. the tdeal· 
.: cd <,phencal fuel geometr~ is the most conservatl\c 
:·rom the crmcalitv o;atety ~tandpomt . ''hile the other 
:nodds are less conservative but more realistic. :\l!>o. 
:10te that the sphencal model i~ amenable to highly pre· 
.tse anal~ ~ts \\ 11h the one·dimenstonal discrete ordi· 
:::ues ..:ode. XSDR:-.lP~t-S. 

fhe pnmary results for the r inite !ly tern anah·~es 
.trc hstcd tn fable VIII. The lcnucular model \~as ~c:
i ~o"l.:tcc.J a~ the design-basts model because it provtded the 
hcst combination of reahsm. stmphcny. and conser
\amm. Case I i the design·basis case. sho\\tng that a 
;;oluble boron level of 4350 wppm is just under the cal
.:ulationallimit oi 0 .965. The fuel arrangement ior the 
base case and most other cases of Table Vlll was con-
en·auvc: but somewhat unrealistic smce batch 3 fuel 

\\aS placed as the central fuel Lone. Comparisons of 
cases 4 and s. band 8. and 7 and 9 indicate that the use 
of burned batch 3 isotopics provides a reacuvity de
..:rease of 1.6 to I.Scro .lk in comparison with fresh 
hatch 3 tsotopics. This linding is consistent with the re
-:. ults \hown in Table IV for an infinite lattice. 

Although not used as the design basis. the spheri· 
~al modc:l proved to be very valuable for ~copmg and 
parameter studies. robe utilized effectively. it was nec
~~sary to dcline the differential reactivity '' -th be· 
tween the hypothelle4il spherical model and t. 'llOre 
plaus1ble lenucular model. Comparisons of~ ;\nd 
2. 3 and.&. 6 and 7. and 8 and 9 of Table VIII a 
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0.3cro .lk d~o"l.:rca.sc m reacuvatv m goan~ trom the: ~pher
a.:al to knucular model. In addition. cases i and 9 "ere 
analyzed \\ith XSDRNP~t-S and KENO \'.a to con· 
rirm that the two codes ~ielded identical results \\llhm 
the statistics provided by the ~tonte Carlo analysis. 

The boron worth is anorher vanable that c:1n be 
char:lctenzed by the results oi Table VIII. Companson 
oi cas~ 4 and i $hows a 1.83cro .lk mcrease m reacuv
ity in gotn!! trom 4750 to 4200 "PPm boron. Cases 5 
.:tnd· 9 !>how an effect of J.68cro .lk. These values pre
Jict a boron reactivity wonh oi -300 to .l30 wppm t 
I Wo .lk. The miinite lamce data in fable Ill predact a 
t•oron \l.onh m agreement \\ith these values. Also. on 
the basts of a unit of boron concentration. the data 
Jcmonstratc a uccreasing boron "orth with increasmg 
boron k\ el. 

'kw obsenation~ made subsequent 10 the d~ign
basts ~tudy rc\'caled large chunl..s oi apparently once· 
molten and resolidified l:O: present an the f\1 J:~ 
l ~J\\er ,e,.~cl. .-\ tudy \\as then unacrtaken to deter
mine ti a larger. reconfigured pellet mtght be more re· 
.lCti\C than the parttcle slle conmtent \\tth the destgn 
: ucl pellet. rinite syc;tem model~ "ere de tined to dem· 
,,nstratc the re:u:m ny cifcct!l or 'artOU!o modificatlom 
:o the dciuelin!; dc~tgn-basts case. fhe maJor leatures 
nf tht~e modtficauon!> \\ere based on early (circa 1985l 
.:ore damage assessments that mcluded an C!Stimated 20 
:o 30cro core mdt wnh a high likelihood of the molten 
luel bemg irom batches I and 2. The approach taken 
m modtfvin'l the dcsien-ba IS .:asc '~as to mtroduce the 
o..>pumum-panicle-sizc tuel into the central. most reac
tive Lone of the models. 

Cases 10 through 14 of Table Vllll!how the results 
1 the analysis performed with o_ptlmum-pamcle-c;ize 

fuel using the sphenca.l core model (to better obtatn ac· 
curate reacti\ity differences!. Compansons oi cases I 
:md I 0 indicate a 0.19cro .lk mcrea!oc using the new 
model of case 10. Progressively adding burnup and go· 
mg from ~0 to 30cro of the inventOr\" ceases 10 t~ 12~ 
hows a sequential decrease an the multiplicauon lac· 

tor. The model of case 13 incorpor:ues the likelihood 
that all of the molten fuel \\as from batches I and :!. 
The model of case 1.& has the batch 3 fuel on the core 
periphery. corresponding to its actual location in the 
reactor core. Both cases show mbstantial decreases 
in kdt· 

The overall conclusion of the study with optimum 
particle size is that while a larger parucle size is mure 
reactive than the design pellet. incorporation of the 
larger panicle into tinite systems that are consistent 
with the core damage assessment leads to a reduction 
in the system multiplication factor . 

Limits of Foreign Materials 

Once the design-basis model and limiting soluble 
boron level were determined and approved. defuel
ing operauons were able to begin at TMI-2. The lirst 
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h.E~O \ ' .1 O.•J(\!!S - 0 .0016 
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.:ntl.:aht\ conccCJ , to .trhc \\3!> tnc c:llcct tll.lt \ .u tOlh 

:orcum matc:rtab ''ould ha\c tl intcnuonall\ or J.:.:td:n
·alh m~ncd mto tne RCS. The kmcr l'pcrauonal hmu 
.m 'l'lubh: 1-loron t-l'J~O \\ppm1 "a~ lhL'd to c'tabh,h 
•he hmumc rcactl\11~ ' 'orth l)l toretl!n matcnals . 
CJsc I'"'' T.1blc IX ~no"' the ~pncn.:al -cqut,aknt '-'' 
·he de\lcn·b:t~l' .:a)e tor the ~lJ50 ' 'flPtn boron level. 
\ compan~on '' 1th ~a c Z vl r:1ble \ 'Ill mo1.:..1tC'> " 
I. 'J3 17'o ~k mar~m I" J\allablc Ill mo\ In\! tnc ll~'tl!n · 
b;~!ll'> ~a~c trom -l350 to -l950 "ppm. fllll'>. J ilmlltnl! 
..:alculated "~·~ 'alue ior the ton:1gn matcnal , phcnc.:al 
modcb ''a~ ~ct equal to the k ..., \Jiuc wr the 'rncw:al · 
.:qUI\ alent l.i.:~ll!n-ba">l) .:.t'le :St ~')~0 \\ppm t\Clr\'n niU'I 
.t 1.')11 'o ~k rcactl\1!\ rnart.!m 11.c .. 1J.'J-l~S- •• l) Jll = 
>.•)66 l HO\\e,er . 'orne ... phem::tl model' u11111cU tM 
:1m ta,~ ,.hlferc:d trom we uc:"cn -o.hh tud .arr:lnl!t:· 
mr.:nt 10 th.lt b.u..:h I ;.~no : iucl "ere :-t:t.:e~ m tn~· .:cn
· ~r 1.::1 c~ •J. 10 . .tnd Ill througn 19 ot f.tbk "' :-:n.:c 
·ttc"~ tn\H.Ich \\CCC 'll!nllicantl\ •llth:rem tr>'ln we llL'· 
n:n-t>a 1 tud Jrr:.tnl!cmcnt. the\ ._,o:rc ~~,u~e:~'\.1 ''' tnc 

... akulauonal hmu 01 k ...... o. 965 . 
'-c\ccal 'pncncal :orr.:1gn matl!nal llli'IU\.'1, \\ere ..tc· 

-. dorco to t:\taoh~h the hmllhJt the m.ucnal~ ,,, rc:k.:
. llf\ or t ntec~tmal moocrator., . ~ .he , ~ lhn,ul!n 111M 

fable IX mdtcatc the cticct ot '"rtou .. rctlccwr m:uc
nab bet\\CCn tne tucl and the -.tatnk)'> ,ted ,hdl. .\ 
mJ"\tmum rctlcctor tnlckn\.~) oi 65 .:m \\:I!! '-on~tdcn:d. 
Ber\'llium 1ca<.c 61 '' the: best retlcctor. \\ nh a u.:"'o ~J.. 
mcrca~c o'er the b:hc: \.l!>C. IIO\\C\cr . nnnc t'l the 
rctlcctor~. mdudin~ the 'tpccularly rcth.'\:ttnc boundarv 
~.ondtttOn IC.:aSC ). ~~\.Ceded the 'ipCCtlled limit . 

Ca~C'i II throuch JIJ \)t Table IX -.ummame the tn · 
tcmlllal moderator anal,,cs. Each c~c rcprc-.cnt~ a ,c. 
nc' ot :mahcc~ to dctcrmme the hmmng quantttv ul 
moderator tor that pantcular model. .-\~one \\Ould 1!'-· 
pcct. the moderator " most eifectl\ r.: \\hen pta ceo 1n 
the .:cntr.:r ot the moael. Rather than .t hmum~ quan 
my. :nc ''atcr th1d..nc)s tor c:t:,c IJ \lcld!o the ma\1· 
mum muluphcauon tact or calculated ior a model "11h 
the \\atc:r '>Cparaung. the batch 3 fuel. Thus. there tS no 
limaung quanuty ot \\ater tor thts contigurauon. 

Ca!>es .11 and 1:! of Table IX indicate the limmng 
amount ot fresh water and hydraulic tluid. In the anal· 
~~es. these unborated moderator quantities were con· 
ervau' ely a~~umed to totally displace the borated 

coolant m the most reactive poruon ot the core model 
(centerl. Sotc also that opumum luc:l VFs \\ere used 
for each fuel zone. Case 13 indicates that usmg the 
optimum \'F for the borated fud tn all fuel zones tin· 
eluding the zone" tth unboratcd \\a ten provides a rc· 
activity decrease 01 1 Aero ~k. Cases 16 throullh 19 
''ere pertormed to ensure that the destg.n-bam it~el ar
rangement I batch 3 centered) pro\ ided the most con-
ervati'e limits on unborated \\3tcr insertion. 

·\sa re ult of the analyses pre entcd in Table IX. 
the Defueling Design Team established the hmtts on 
forctgn matenals allowed to be Introduced mto the 
core. Note that there was extremely slow outer 1tcra-
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!!<ln .;t)n\Cf(!t:nce :n the ~SDR:-.:P~t-S ~·:1kul:mons tor 
the l:1r~c: sphc:ncal models ot Table IX. In pawcular. 
:he model!> \\llh unboratcd central rcgtonc; too~ >!(5 
l'Utcr ttcrauon-." to reach a .:onHr2cnce craterta ol 
i 0 .-~ . The ,to" con\ crgcnce 1~ due an- large pan to the 
!.trgc chance m the o;pectrum between the unboratcd 
.md hal!hly borated regtons. In manv cases. \\hen the 
.. on,·c:rgcncc cntena ''as met. /...,,, "a~ still rt~ing :n 
.1 rate nnl~ ~hghtlv k-ss than 10 .. rer outer iteration. 
fhu~. c::.tlmates or an a~ymptotlc k~11 ~.~ocrc: computed 
by c:\trapolating an :1~sumed e\ponc:nual error dc:C3¥ 
trom the converged 'alucs . For the ca!.cs "uh unbo
rated central rc~10n . th1 practtcc tvptcall) produced 
.1n mcrc3\C ('i O. t •r~ .lk O\ c:r the ".:On\ergcd" k , ,1• 

Safety Assessment for Use of a Plasma Arc: Torch 

\~ part 01 the c:tlort to dtsmantle the lo\\Cr core 
-upport :w.cmoh t LCS:\ l. a "as ncce~san to uulize 
.l pla~ma arc torch. r 0 provide adequate cooling. the 
·oren '' tem need.!> -15 t f~ gall ol H:O. Highly bo· 
·a ted '·' ater \.OulJ not be emploved as a coolant bc
, .IU'-C l'l II' h1\!h dc:ctnc:al.:onouctt\ll\'. :\bo. the limit 
•n unoorateo ":ncr allo,,C\.1 in th • co~e was 'ICt at i.Si 
. ~~~:all ba~cu on tnc r\.-sult from case 11 ol Table IX. 
fhu) . .111 ct fort wa!o begun to generate a )ltnple. ~ct 
.:omcn·atl\e. model ol the LCSA that \\Ould specifi· 
.:all\ ~.h..ldrc)) uulizauon 01 the plasma torch. The goal 
., as to prondc an .lcccptabk model that would un
Jcq:o a thorough crm.:ality ~atety re\sew and still al
lo" the hmu on unborated \\ater to be ra1scd. 

\) one ought c~pect. th1s t.uk cntatled a consider
,,blc amount o r bad. and forth ttecauon between the 
.mal\ \t'i. Ocluchng De~1gn ream. opcr:mons person· 
nel. and imcrnal ..:ruscaht\ ' atety re\ IC\\ers. Table X 
~hO\\ 'i the re)ult!l that \\CCC pertormcd iniuallv to de· 
tcrmme \\hat boron le,cl ·"as needed to ratse.the un
Jcrborated moderator hmu ro 15 i per the model ol 
case II m T ..1blc IX. The :able n.-sults andic:ate the torch 
.:oohng \\atcr would need 1000 "PPm olublc boron to 
mc:et the k,.,1 criterion. Howc\'er. the opeTattons per· 
'onncl then dc:termmed that anv boron level was un· 
acceptable for adequate torch ·opcrauon. Thus. the 
Defucling Design T earn began a thorough look at 
the LCSA geometry, mformauon (available from the 
ddueling activities) on the iuel characteristics in the 
LCSA. and sccnanos ior msc:ning the cooling water 
mto fuel areas. The results of these analyses arc shown 
m Table XI. 

Case I of Table XI is the sphcric:al base case LCSA 
model consming oi t\\O fuc:l zones. The inner zone is 
burned batch 3 fuel in unborated "'atcr "ith opumum 
particle sue and fuel \'F . :\ study ol the plasma torch 

~The CPU ume :l '>~<KI3ted ~uh these large numbers 01 
I.)Utcr nerauonc; ~.~oas reduced by nero 1f a con,c:rgc:d result 
~a~ obta1nc:d \ '1:1 the XSDRNP~1 dtffus1on theory opuon 
rnor to \~llchmg to the tr3nsport theory opllon. 
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tno rudl \\tthsn f' Jtch t 

! ~ .!1\6 9~ i o t ben·! hum 
"llhtn oatch 3 

l fl Uatc:hcs I Jnd .=. ..:cntc:rc:d. 

! 11 

J'} 

' 160J ' o t unbor:ncd \\ ater 
rn ourer edge oi hatch 3 

Base case wnh batches I and ~ 
10.66 fuel \'f) centered 

I and ~ C0.66 iuel \ 'Fl centered. 
I Si6 I' of unboratcd \\ah:r 
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IS . IS 1' 01 unboratcd "atc:r 
(0.30 fuel VF) ' entered 
m batche~ I and :! 10.66 fuel \ ' Fl 

~ c;ee T:Jble Ill for IUel matenal codes. 

~ 

\latenal Code: Sc:quence• 
(Outer KadtU) h:m'l 

L(IU6.=6), on~:AI 
T> rc: 30J 'tatnlc:~s ,tee I II:'=. i :!l 

Ll106.16l. OII~.'!Al. Lead t~li . .;l 
T ... pc: 3().$ 'taanl~s steel (137. i:!.) 

I (106. ~6i. DllS:!A). Iron t217Al 
T>pc: 3~ ~t:unless \tcc:l i~37.7=) 

UHl6.26l. DCIS:!Al. Carbon t11- .11 
T' rc :t)4 'tamlc-;~ 'tc:el t237 . -:l 
L!I06.:61. 011~~.-'1, 11:0!11:' . ~1 
T ' rc J()4 \!:unless qcelt~}-.-:l 

lfl06.26l. 011~:! . 41 
Bel\thum t11- 41 

r\I'C ~1)4 \IJtnle~' ~tcei 1~.:- . -:1 

t tltl6 . ~61. Oll~~- ~1. C:.H•:t::r:- .ll 
f , rc .t04 ,r:unh:'~ ,teelt137.-:l 

I t lofl ::t-.1. Dll <~ .. :, 

I)IJ.l:. -61. III~~AI 
f,rc .tt)J ,t.lmlc:') 'reel tl-:: .-:: l 

Dtl3~ .-61 . ltl~~ . .:1 
llc:f\lhum t.!I- .Jl 
r,rc .1t>J •ramie'~ )tcelt~37 -~~ 

\II~ _;), 1!106.311. l)(J~;:.J:) 
T'l,c: ~~ ,r,unk'' \Icc! 1 ~-~ . -.:) 

\ cl.l .:1. LIIOtd II . Otl51 .~::1 
f ·, rc: j ().$ \l,liOic\' \ ICCI I t•: . -Jl 

\;I IS 131. It It)(, 2(1). Dll ~2 .ll 
T' rc lt)4 'tamlc:'i~ ,rccltl-2.-:l 

t t~3 . 13l. 11 -015~ o3' 
IIIOtl.'JII . 011~~ . -~l 
r:. re 30.S \(JIIllC:\~ 'it eel ~~-~ I)J) 

' Lt~3.13l. Dcr}lhum (64 33) 
LIIO'J .S'Jl. Oll 54.051 
f~pc J().s ~t.unlc:~S \ICd tl-:'~ 3•) 

01132 .76), l(l-18.•)3). \'(1~6 . 531 

T~ re 31).1 'Iamie:~' 'reel i! 76., 5 l 

ECIJO. 7~1. U I 50.861 
T~ pc: 30J ~t:unlc:s) \teet t 1-1 . 1 S) 

E1130.i:!l , 1.(147 .39). \'115.S.99l 
T~pc: 3~ ,ramie'~ ,,cet o-s.Jil 

1(1'7. 31. Dll30. 7il. UISO.l}()l 
Type 30.S 't:unlc\\ \ICcl llil.22l 

\1 ult tplic:mon 
Factor" 

1).9.1711 

0.94111 

11.9.193 

t>.9.S93 

I ) 1}.186 

tl . 9.S86 

ll.9.S87 

119326 

1).9657 

t l 9655 

) 9668 

0.9090 

11.9647 

1), 9636 

· Four dec1mal places are g1>en tor compamon. rh~ b.t~tc precmon IS only one 11gure tn the· third decsmal place: or 0 . 1 c·o 
.., ,. 1.:,,,. 
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' \UI £ \. 

~.:,uu, h': l ' ·r:: ~ t ,_.\!all ~ll \\ ,ucr ''llh \ .H\111\! L&:\&:1\ <ll Bt,rCln 1n ~phc:rt~al D~1gn·BJ'I\ \lode:! 

\ .n &: 
... ,Jluolc Boron l~:\&:1 

'"J'Pffi l 

:~oo 

: <()o 

:oflo 
l PUO :, .. , 

'cc: f J~u: I ll Ill! tud m:.uc:nJi .: t>Ot:' 

., I . D. [\pc: 30J 'taanle\\ )tc:cl 
• .1. I . D. f, ~ 30~ •tamlcss ~tc:c:l 
lot . I . D. h re 30J •t::unlcs~ \ICd 
' L. 1>. f, pc: 3t~ 't:unlcss ~ted 

1.. D. r, pc: JOJ ,tamtess ,,eel 

\tultlolt~:.JtiCln 
r J~o:tor. { .. 

I) ')~'}(, 

,, ~~19 
II ')5~0 

u. <Jo.S 3 
t) ll~::3 

•·~~ ur Jc~•mal pl.!.:c' .11:: ~1\t:ll :.•r .-t•mr.m••' !l :·a: t'J' '' :-or.:CI\1011 " ''Il l\ ,,nc 111:urc: :n th&: :tmd J~tmJI place: llf 
I J-. ~~~ 

,, 

\ loo&:l Dc:•..:n:'lllon 

BJ~c: ~·a,&: ll. ~ \ m,,.Jcl 
•II :~~ 1 unt'or.ltc:.J \\.!lcr• 

• < 1.0 ' unbor:s:cd "atl!r Ill 
, ,,rc: ·.I\CrJcc: rucl •'t'lllmum 
"'c: 
4 11'\..l 1 unb<,r:ucu •.\ .ale: .n 
: rurncd. •1r11mum 

~ 11-ll t unborJtc::l ".!to:: m 
: rurnc:J. \ll'llniUm 

II :~~ 1 unt:oratca \\Jic: 
·n : t"urncd. ••rt1r:1um 

•I ,_.I 1 unborat&:d ·.-atc:r 
•n ; hurnco 

\Bt l: \.1 

'111~':1. 11 t ,>J&: ' c:uuc:n.:c · 
• 1\.lc:: r<.J..IIII' •~m 11 

\\•I' · ·~<1 , 1111(11.1''' 
H 1 1 ' 111 .;•1<o ·•l'rm r.,,,,n , 1 '" 11:- l 

\ \ 11.0 -~:1 . UBI!~!\ -9~1 

II 0 " 11 h .:4<0 "ppm l'oron ,,-. - ')J 1 r 

\\ci~ I'J ll . UB(JJS.51J"'I 
H.() "1111 ~ll<() "rrm t.mon t ,-, ,,,- , 

\\115 llJ<). BUil~S 6()) 

H.() \\llh ~'J~() "f!Pm t.oron 11 -1\ .601 

\fl~ l\H\. URII~O. -•n 
H.(> ··• ult ~<J<n "rrm h(lrt>n 11 >~o -t)-, 

~b~c: , J,c \\llh opurnum \\fi~.'H~ l. HHtiJil .Mll 
i pam.:lc:~ tn outer H :O "uh ~<J~O "ppm homn tl-. N)l 

I ' Ca~c- \\Jth 5100 ' 'I"'Pm 1 \\'tl~ .9)~). liGIIJ- !l!l) 

1 • I boron m outer H:O 11.1!h 5100 "'PPm boron ti77.SSl 

\lultrph;.at a:m tJ~tor . " ., 

1-.E~O \ ' J 

tl 9f>IJ • ll.IXII 

0 1}66 - 0.001 

(l \)-~ • I) 001 

I) <}f>- - \1,001 

ll'J-1::- 11 .0011 

II 9665 • 0.0013 

!L~ L~~ -~-"_'_'n_c_m_o_d_c_I __________ ~~-·(_6_.9_6_1._C_'_t:_'_.1_5_1._F_F_·(_I_so_._o_R)------~----------~-o-._9_11_· __ -_o_.oo __ • __ ~ _ H :O 11.1th Jl)50 "'PPm boron tiRO.OSI 

·sec Table Ill tor t uel matenal codes. 
"Four de.:tmal places arc: 1,:1\CO tor .:ompamon. fhe baste preca~ton tS onl~ one ll~ure m the thtrd dectmal pla~e or 0 .1 a·o 
oi k,.,. 
\111\E~O , .. a cases" ere run" tth ::oo 000 hl~tonc:\ and a central )tart box e:<tendJOlfiO em Into reg ton.!. ca,es 3 through 6 
ami case~ "'ere run ""h ~00 paruele~ per genc:rauon am: JOO ~enerattons: cases I. - . and S \\c:re run "llh 1000 pam
de~ per ~enerauon and ::00 ~c:nerauon, . 

·Thts \ alue I\ the mean and re~pc:.:u'e ~tandard de\JattCln oota1neo trom ten \eparate 1\E~O \ ' a ca,~ t.!OOOOO ht\tOnes 
rer ca\cl "'here on I\ the: random number "a" chan Rei.! . 

as It \\Ould operate sn the \C'i~el found that It \\:t\ 

hydraulically tmposstble to ha\e more than 11 .355 ,. C3 
gal) ot water dram from the I 5 . 1~-,· ystc:m. TilUs, the 
tnncr zone of case I t<; s1zcd to cont:un onlv 11.355 I' 
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nf unboratt:d \\ater. The outer 1onc of the ba~c case 
model io, the remaming JO\·emory ot burned core
.l\craged fuel \\ith the design pellet diameter. :\ny 
other o!nc:r 1one .:haractcnzauon was constdered , 
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:mne.:t.~o;anl\ ..:ono;enau,·e ba.,ca un the: :l\ ::Jtl.tl-1~ _.,,r.· 
..!..tt.t and l:uc t ..tc~11.knt ~ccnano. 

1 he ot hc:r .:J!IC:S 10 Table :\1 ''ere done pnor h) nr 
~oncurrc:nt "1th the ba e c:be mo.Jel anal\'"" to 4U.tn· 
' II\ the etfc.:t I)! \3rtous ~sumpuons. (~c 2 .:on· 
tt rmed that I~ t oi unborated \\ah:r 10 opumum 
.:orc:·,l\ era~ed iuel "ould <>1111 e\ceed the cakulauonal 
!tmll (lll J.,.,1• ltke"'"e . .:ase } 10 ~ ''-)nllrmea th..: 
ne..:d lor b..:ttc:r charactenzauon ot the burned ..:1>rl!· 
.1\ era!!c:d tuel. Atthts pmnt. 11 ''35 J~·c1ded tCl .t..:tu3lh 
rertorm d..:pleuon anal~st~ ot batch I .tnd : fud rathe1 
th:tn con c:nau,clv e\trapolate lrom the batch • Jeplc· 
non .::be. L' tnl.t complete hurnup .tnal\ ~e' allO\\l'll .tn 
Important dt.'Crea)e 10 the burned core-;l\erl~otr.: t.•nn..:h· 
mem 1..'! • 't• (irom an r.:\trapol.th.'tl ~ ;: "' 1 11 '..tlu..: ru 
.1 .:akul:u..:d 1 .:~ "'t11'? \:Jiue) . ('a~r.:" - .lnd :'1 'hO\\ lll.lt 
' ' 101! llptlmum parude '"e" 10 lite l'Utcr l..'llrl!·.t\ er ..tl!e 
:one \\l'Uid rat'e /\,,, .tbO\e :ne ailm,.tole l..':ttcul.lthmal 
.l ffiliiO %~ l C:\en Jt the ht~ncr tlotllll le\et 1 :' Jtllh\ npm I 
· ' pscalh m:um.uned sn the ~:ool.tnt '"tern 

Final!\ • .: :t~e '}or T.1ble XI U'-r.:" l ,rnr.:rtl..'al mnllr.:l 
Jl!\ c:I Op<:Cl rrom a .:on er,a!I\C tnt\tnl! '..:cn:ln'' tnJt 
.. -~umc' .1n unrorat~d \\ atc:r :ct ~·mcrrnc r nc: r.11-:n .l 
Cud fCI!IOO. f he rnner .:one lH th~ 1111\tlll! tlWlh:l !la\ 
4l .9~h r r unoor:ued \\Jter ~~~ t'urn~:o !1:u ..:n ~ •uel. 
fhc nr.:\t r~:.! ron h~b 1·.-15 1 lll \\.ttr.:r \\Jill ~000 "rrm 
h<lron ·o ''mul.ttl! the ml\tnc lH the: rem;unrm: un· 
horated \\,Iter \\llh ' 'ater .11 -1\)50 \\f'pm norun rhe 
ml\tnl! moue! rc~ult 'ho'' ~ a 3 o"·~ .. H Jc.:n:a'<: 111 rl· 
J.:ll\ II\ tnd .. onllrm\ t ne !Jrcc dccrcr.: lll <.:t)mcn .ltt'm 
.l"OCIJ!<:d \\l!h nct.:lccttnc lrll\lnl! 1!1 the r.l\ 0: ,J,e 
moJcl. 

c rthcr .. •r.,cr· .• lll~m-. tn :nc L( ",.\ l'>J,e ,.J,..: \\l:tc 
u'o rn\t"tto.!.tii:J \t:l .IU\Ih.tn .m;ll"e" l::1pl!l:tt~:' t•.pr· 
.. at 111 '.st..rt l • .1cl 'h.Jt m~:ltnl .IIIli rc")hdtl rcJ .\r.:rc 
.llO\Ill.:fC:O :\ lo. r .m:tl\\h t\1 mau:riJI ... all! I " ' I .1· 
'k Ill r ;, ~. •c ... ulttnl! A ' = tl -,, lnllh.:atc' .1 \U0\!~11 -
.. tl r~:.l. ll\11'. Je.:n.:;1~t: rrmrJed t'\ tr.r.: :mpur11re' I,,,. 

-talllk" -tr.:c! 1 hat ,,.;~ uprc'> .1 l.tr~c rom on 111 'he 
l< .. S.-\ rccton \\ '" .tr'o r~norcd m the oa~c: .:.tw .~nal· 
\\I\ . fh.: I.Jrl!e't prci..'C o t 'tl'l.'l \\llhlll tile L <..S.\ . :he 
.md ttm:mg . . ,,a, u\cd a-. the b;N\ tor a model dc\ci
' PCtJ to J\ C~' the rcaCII\ll\ \\IHth tll th l'> \I,IIOh:\'1 

' tcel. fhc l!nd !Or~mg j, a \tccl plate. - '5 em thrd. 
dnlh:d 'AJth -lh.~·l..'m-diam nofc~ rn ,, faille..: a, ,ho"'n 
I ll f-11! . 0 

\ model o r the gnd rorgmg \\JS de,clop<:d ll> per· 
rorm the 'tamlt:~\ \!eel \cmttt\ll \ .snal\~1': nO\\C\r.:r. 
~:ach o r the hole' \ \3<; a:. umed to !1c llrl l\' 15 . :~ ~:m 
m d1amcter . \ddiuonall~ . the ' "e or the l!r:d forl!tn~ 
\\3~ ..t!l .. umcd to be mfimte tn th~: ra1.lral drr<:ct1on and 
~~ . 5 .:m hrch :\'-!ally. l:ach hoi<: \\d'\ a\~umed w be trllcd 
.. \llh an opumum 1111\turc ol unbor.ned '':Iter .tnd lucl. 
fhe rucl u\ed sn thss .::be \\as opumum-'\r/cd tud rar· 
11clc,, ''llh an cnnchmcm or ~ .3: 1J'o 1rnatenal DD l) l 
f.tble 1111. On the top and bouom or the ~ted ' 'a' an 
:nlinlle tiHcknes~ o r borated ' ':tter rcrlcctor . rhe re· 
\Uit.s obt:uned irom KENO \ '.a \hO\\ed kr,1 = 0. -9-l -

-.;t.;Ct EAR I ft:ll!'-01 U(,y 'or )1-

< RITICALITY ·\:'I:Al \ 'SIS FOR THE Btl·:! REMOVAL 

......... -. 
' 

• 'iTAINLESS STEEL 

-BURNED CORE· 
:.vERAGE FUEL. 

--- _.. OPTIMUM IN 

S 08 em UNBORATED 
.VATER -. r· , .. 

- • - 15 20: I'm 
I I 

- ·.L 
<EFLECTiNG BOUNDARY ON All SIDES 

I '1!. " \. rn11.::rht\ •atct\ :node! t.:<'n'uJcrtn~: pre,ence ut 
r arnle~\ 'ted '-'lthlll LC':,\ 

rl oo:. fins r.:\trcmeh IO\\ \alu.: \>I I. ., ' upports the 
,l>llciU'iton that the prcc;ence or the ~tatnlcss ~tc:elm the 
I CS:\ has .t ">lgmficant negaii\C: et teet on k ,.11• 

1 >ne lnterc!>IIO!; tacct to the KE:--:0 \ '.a analy<;ec; 
I ··:rrormed ll.lr 101! ~phc:ncal modcl\ \.) I r .lblc XI !lhould 
•c nutr.:d. f ht.' output trom ~:a,es 3 throuch 6 indicate) 
·hat th" paru..:ular ..:a!t:ulauonal model ..:auses the 'lourcr.: 
i'.arudc Js~tnbuuon to mo\e \pauall\ cur "dnft") be· 
'\\een cr.:ncrauons. In an ctiort to r..:mcdy this prob· 
!em • .:a')r.:s I. - . .tnd 8 ''ere run "11 h I\\JCC as many 
ra rttcl<:s per ~..:neratton . In addition. the'le cases were 
.tl-.o run ''llh XSDR;..;P\1-S. The uuual KENO V.a re· 
-ult tor ca'c: 1 "~ho\\n a~ .:a~.: Ia o r Table XII. The 
,lhcrcpam . ...,· ret\H'Cn the XSDRI"\P\1-S and KENO\' .• 1 

:'ull' '·'3' r.u bc\onu that 1!\pt.'l."tcd 1-a.,cd on the qan· 
J .Jto J l.'\ tallon c~tun:ued h\ "l:='O \ '. a :\ ~arc:tul 
·c\le\\ '" bnth the XSDRSP\1 .-., .tnu h.l.SO \ ' .1 .mal· 
'C' 'hO\\CCl no apparent problr.:m \\llh cnnr.:r <.':tkula

. :on fhu\. nme aodmona1 K E:"-0 \ .t .:.tlculauon' ot 

.. 1\C I .. ,ere run to obtam .. wt llt ten num~o:nl..'al "mea· 
-urcment'l" ~· t k .• , rro m "h1ch a mean and \:tnance 
, tlllld be obtasnr.:d. fhc rc~ulh \ll the~e ten analy\c) arc 
' ho'' n m Table X II. The mean' aluc notaiOcd from fa · 
bleXll io;rcponed in Table'' for ca\c I and provsdes CIC· 

..:client acreemcnt with the XSDRNP\1-S result. 
The conclusiOn drawn I rom rablc XII is that. for 

th1~ mod d. KE:-.:0 \' .a pro' tdloo; a poor c,ttrnatr.: oi the 
true \tandard dc\lauon. The reason for the poor ap
prO\Itnatton IS not clear. It could be uc:d to the 'lOUrcc 
Jnft bct .... ecn ecn~:rauons. the tact th.ltthc KENO \' .a 
procedure tor c<;umaung ,tandard de' iauon a~sumes 
no wrrdauon bct\\Ccn gcnerauons. or other unkno"'n 
reason'>. fhc 'IOurce drift can probabl\· be aunbuted to 
the drasuc change m the boron le\r.:l between retuon~. 
fhc 'cry \mall central rcg10n ha\ a htgh rcacU\'ity 
''onh compmruon. The outer re!!tOn. '' hich i\ 6(X) times 
l.trgcr m \Oiumc. ha' .t kr,1 that IS ,IJghtly lower than 
rhc ,y,tem total. :-.lote that prc\louc; models that em· 
plo) cd adJacent horatcd and unborated rue! LOnes 'iUCh 
.tc; tlus \\t:re onlr analy1cd .\\llh XSDRNPM-S . Since 
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r \BLE =--11 
,;.:,uth ,,. I !:ll 1\. C ~0 \ .1 l Jh:uiJIIOn' •H th~: rla'l.' \.. ·''!: 

i 1.. ·.\ \1\\dd tC.t~e t 1 , ,, T Jble ~I 

.I 

..t 

Effc..tt~~ \luluplt~Jlliln 
r.IChlf\, i., • ., : r 

11.9M~ : o UCJIO 
, <15511 ~ tl t'<l ll 

•I lft'!l~ = 11 (l()!J 

tt. 'JM!' - !I tlOII 
tl %4-lS • -1 UOI : 
1).•)5-J • I) t'IIJ J l 

•t 95S..l • "•.lOll 
•I 'J~-(, - " Otll: 
•l •J5M - •' fltlll 
fl <lMil :- "IHJI I 

11 ~~<~ • •I llOJI 

' J-~-- .J.t:;:r •'111' m •:-:~: tlllltJI r.:~n~.wm r.u n:r-er 
: .UI\c!l) ht-1\JrtC:' !')e~ ,;'J\~ . 

' l\:,111 - • .= - ~- : II <l~ fl<) 
• I 

... 
- ' -' ••- -. I 

:1-=.. ----
l j 

.," "ork re:llft rmcJ the \:lhdll\ or the X 'DR"P\1-" 
, Jt.:uto.~llt)ll, tncrc "a~ no n:a~on to r~' tc'' t nc ::~rhcr 
·..:sORSP\1 - • ..:alcu!Juon' ''tth ''mtlar modck 

Other Tasks 

!'he :hrcc .toph..:auon area'> Jc .. ..:nocd aboH: r~·· 
;utrcd the larccst amount ot anal vue suppo rt. Ho" 
c\ cr. .1nalvuc support ''as also ~upplied for a \aru!t\' 
' '' ' malkr tasks . One such set ol analyses ''a~ per
w rmcd for the s10rage ~:omaincrs used to store iucl 
.a~scmbly end fini ngs at T:'-11.:!. la~:k of ccrraanty re
:::uding the amount of fuel a~companymg the end 
limng an the contatner necessuatcd cnucahty saiety 
analv~cs . The cylindrical contatncr model is shown m 
Fig. 7. and the "'E~O \' .a analy~is rc:sult'i arc: shO\\n 
m Table XIII. In addition • .::ases wuh polyethylene 
moderation \\ere analyzed. The results of the analysis 
J1fO\ aded adequate: coniirmauon that the containers 
\\ Ould be matntatncd an an adequate subcrit ical state 
during normal and abnormal (ca'ie ~) •aorage conda
IIOm. 

fable XI\' provtdcs the cruical and limiting fuel 
mass quantities developed for se\'cral unboratcd \\atcr
modc:rated 'iY\tcms "uh and "ithout a rctlector. The 
}pheracal models were analyzed easaly by doing auto
mate-J searches to locate the inner zone: radius that pro-
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-----·)9 5-l ----

.: :o--
3 .l9---
) 11 -r---569-l-

0 

FUEL BORA TED 
-l950 woom1 
.'JATER \IIX 

Si s.: 

3000 
. I o 0 

o o • · 
0 0 : • 

~-------Y------------~ --·--
1:: - t nn~aht\ ,;!let\ anal''" m()dcl for end iitum: ,-on

. .lllll!l Uun~n~ton~ o.~rc I! I\ en m ,·~:ntamc:trc:\ , 

r ·\11LE =--m 
Ke,un~ t)l Cntlcahty :\nah·<.cs tor 

End Fiuan~s Cont3mc:r 

\lodd Oe~cr:rnon 

.;;mete umt 
c;;in~:le umt. unboratcd 

.. ,Jtc:r rc:mo,~a 
lnrlnnc: planar arr;l\ 
lniimtc d oublc-hctcht Jrrav 

\lultapla.:atao n 
Factor 

I n. -95 - o .oo3 

: 0.:--9 :. 0. 003 
n .s93 = u.oo3 
0 .933 = 0.003 

v1ded the demed k,.11 \alue. 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 assess the degree oi con· 
'ervatism inherent m the ' tngle-parameter safe fuel 
mass limit of iO kg utilized at the T:'-11-2 site. Cases 8 
throulth 11 of Table XIV were done to obtain informa
tion o-n the c.:mical mass limit for corc-avet3ged fuel in 
unborated water . 

CONCLUSION 

Criticality o;afcty analyses for the TMI-2 defucling 
operations ha'c been an important part of establish
ing defueling procedures, maintaining safe o~ratioru. 
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CRITICAL.ITY ANALYSIS FOR THE n.tJ-2 RE~tOVAl 

: \131 r ' ;! \ ' 

\\'atcr 
'\rt:d I mer Rdl~uon l·ud 

Fuel :\latersal C".Jc• Thid .llC\\ fhickness \luluplic:mon :'-lass 
\ todcl IOutc:r Kad1us t..:m1l •..:ml t.:ml Factor. J., .• (kg) 

'Phere \(::.51 t . ll-~ 10 1.0 IJ7A 
'iphere l't~ l.ftl tl :.:o 1.0 I:Z.:! 
C'hndcr l'tl-!\1~ •• 3 1-~ tO 0 .990 ::. \U.X>J 1';8.0 
l \hnacr {.'t 16. ~ I l 30 0 .9% ~ II.L~ 162.li 
'phere I 't~3 .:0.l : 5-l 1) I ll lt-.U 
"'phcre S:t:.; ..;, 

'Phcrl! ~113 ., 
"Phcrc ! Et1..; -, 
"Phcrc I:EC:1 - , 

'II 'ph ere £·Et1' •,It 

"lphcre I Et.:t- 'j' 

':c T .wk Ill !,H tud mJtcnal .:nJc:\ 
!•nJc: n~1~ht cuuJI tt' !'.\t.:c trh: tlt.tm\'lt:r 

:nu dcmc,mtr:mnl! .:t•mpllan~c '-' ll:tl:ucrnal .mo It:!.! · 
llJton • i.lt~t\ rcuUircmcnr~ . fhc .:ornputauon..ti!Otll'
b t:d l\1r tnc ' ' ork arl.' ' 'ell cqablt-.hca \\lthm th\· .:ntl
.. lht\ 'Jtct•, .:ornmunat' . \ '1mpk houndtnc :1ppro:11:n 
'J' t:tl\·n tn Jcq,•Jopml! the .::tkularson.tl mol.lck fhc 
l'c 01 '.\ CJI-c,t:lb[ishcd 1001'1 and 00\IOI.llnl! model' en· 

.• oted r.1p1u rc)pon~e to analv~~~ rcquc'lh .and led 10 .1 
·dltl\ cl\ ,mouth rc\ tC\\ pro(c-,, tw mtcrnal .md c'\tcr
·l..tl fC\ IC\\ Cr• . 
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