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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 TMI-2
Reactor Vessel (RV) Criticality Safety Analysis Report and the TMI-2 RV Post-Defueling
Survey Report (PDSR). Enclosure 1 provides a response to each of the seven questions
contained therein.
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i Criticality St

“Criticality Safety Analysis 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 fuel had experienced
burnup?

Ala. Yes. The fuel composition used in the analyses was bumed, batch-3 fuel moderated to
the extent required to obtain the highest k, 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 1). The initial enrichment for
batch-3 fuel was 2.96 wt%. The assumed burmup for the batch-3 fuel was 2535
MWd/tonne U and the decay time was 2075 days (3/28/79 - 12/1/84). Table I includes
the isotopic compositions calculated by SCALE/SAS2 and assumed to be in bumed 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:

I "SCALE: A Modular Code System for Performing Standardized Computer
Analyses for Licensing Evaluation," NUREG/CR-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.

N

Cecil V. Parks. Robert M. Westfall, and B. L. Broadhead, "Criticality Analysis
Support for the Three Mile Island Unit 2 Fuel Removal Operations,” Nuclear
Technology, 817, 660-678 (1989).

QI1b. 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
zone. The study listed the quantity that would be loose in each zone, but did not explain
the methodology by which the value was determined. Additional information is required
on how these quantities were determined. Our particular concemn is Zone 9, the bottom

1
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Table 1. Nuclide compositions in burned Batch-3 Fuel
{other than UO,)*

Nuchde Composition (atoms/barn-cm)
Pu-238 8.913-9°
Pu-239 3.527-5
Pu-240 1.761-6
Pu-241 2.188.7
Pu-242 5.145-9
Sm-147 1.066-6
Sm-148 3.866-8
Sm-149 1.006-7
Sm-150 6.288-7
Sm-151 1.788-7
Sm-152 2.865-7
Sm-154 6H.014-8
La-139 3.975-6
Ce-140 3.877-6
Ce-142 3.598-6
Ce- 144 1.810-8
Eu-151 S.202-9
Eu-152 3.959-11
FFu-153 1.318-7
Eu-154 4.506-9
Eu-155 6.124-9
Pm-147 2.936-7
Nd-143 3.543-6
Nd-145 2.389.-6
Nd-146 1.881-6
Nd- 148 1.072-6
Pr-141 3.598-6

‘L'(Z.(ﬁ;(): at 103 g_cm“

"SO13E-9 = 8913 x 107



Alb.

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
determined, and what is the justification for considering the other 36 kg as "neutronically
decoupled” from the postulated pile of relocated loose fuel?

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 1 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 determined by the passive
neutron measurements was used with some modifications. Zones 1 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 quantitics
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 109 kg represents the total amount of resolidified
material, leaving 45 kg of loose fuel in Zone 5.

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

Zones 7 and 8 primarily contained resolidified fuel; therefore, a straight ratio was used
in those zones. Zone 9 extended from the bottom of the Incore Guide Tube Support
Plate (IGSP) to and including the lower head, a distance of about 4.7 feet. The "pile”
of loose fuel that was postulated to accumulate on the lower head reached a maximum
height of less than 8 inches (see Table 4 of the criticality study). Therefore, using the
logic that neutronic separation is achieved by approximately 12 inches of water, any
residual, non-loose fuel located more than 20 inches vertically from the bottom of the RV
is neutronically decoupled from the postulated pile. The fuel from Zone 9 presumed to
be available to relocate consisted of: all of the loose fuel located between the IGSP and
the flow distributor; all of the fuel on the head surface (this assumption was conservative
by approximately 10 kg); 98% of the fuel in the incore instrument nozzles (2% or 0.6
kg was assumed to be distant from the pile); and none of the fuel in the incore instrument
guide tubes left suspended from the flow distributor (they are assumed to be located more
than 20 inches vertically from the bottom of the RV). Based on this, the calculated




residual fuel contribution from Zone 9 is 58.7 kg.

Please note that although Zone 9 is the area where loose fuel is nonmechanistically
assumed to accumulate, the accident criticality calculations prove that no criticality would
occur, even considering extremely conservative assumptions. Therefore, contrary to the
statement contained in this question (i.c., "...the bottom head region where the criticality
is most likely to occur.”), criticality will not occur in the bottom head region (or
anywhere else for that matter) of the TMI-2 reactor vessel.

Therefore, the total quantity of loose fuel that is assumed to relocate to the lower head
is about 620 kg, detailed as follows:

@g_qr se Fuel (k

10
225

150

99

45
28.8
7&8 2.6

9 58
619.1 kg

N b L) -

References:

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

5%

TMI-2 Defueling Completion Report.
X GPU Nuclear calculation 4249-3211-91-019, Rev. 0, "Dry RV Zone 5 Fuel
Results,” October 1991,

4. Technical Evaluation of TMI-2 Post-Defucling Monitored Storage, February
1992, transmitted by letter, Michael T. Masnik, NRR, to Dr. Robert L. Long,
GPU Nuclear, dated February 20, 1992,

‘4 Reactor_Vessel Post-Defueling Survey Repont

"TMI-2 Post-Defueling Survey Repont for the Reactor Vessel,” R. L. Long to US Nuclear
Regulatory Commission, dated February 1, 1993.
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Q2a.

Ala.

In the review performed by the "Rasmussen Committee,” several biases were ascribed
to the passive neutron measurement study. Two of these biases, boron vanations and
UO, panticle size, were attributed to zones 1 through 5 only. The Committee reasoned
that the biases were restricted to these 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 zones 1 through 5 that is consistent with
what is known about the distribution of fuel debris inside the reactor vessel.

The passive neutron method employed took advantage of the fact that the uranium and
other actinides in spent fuel are 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 (O) 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)
water 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 dried is unknown,
and thus contributes to the uncertainty of the passive neutron 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
u (1p=10" meters) in water and about 1/10th of that in UO,. Thus, in large (>50 u)
UO, particles, very few of the as emitted will get out, but if the UO, particles were
approximately 1 u, essentially all of the as would get out of the UQ, 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 ivi calibration are similar
in character to the kind of material that remains in the lower half of the RV. Therefore,
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 forms
of UO, would significantly increase the number of neutrons produced by («,n) reactions
on boron, i.e., the neutron measurements would indicate too large an amount of UQ,.

Most of the fuel remaining in Zones 6 through 9 is simiiar to the samples used to
determine neutron yield. (For Zones 6 and 9, the passive neutron estimate greatly
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Q2b.

A2b.

Alc.

exceeds the visual estimate, in relative terms, mainly due to the greater surface area in
those two zones having a fine dusting of residual fuel.) However, the fuel remaining in
Zones | through 5 is comprised primarily of fine particles adherent to surfaces since
there is very little “visible” fuel debris. Therefore, there is a significant positive bias
(i.e., counting rate too high) in Zones | through 5. To be conservative, the boron
thickness and UQ, particle size effects were not applied to Zones 6 and 9 although an
arguement could be made for at least partial inclusion.

The passive neutron study included computer calculations that modeled fuel at positions
near the detector and farther from the detector, averaging the two values to arrive at a
best estimate. How were the "close” and "far" positions chosen? Was the average of
close and far taken as half the distance, or was a more likely "most probable” distance
chosen for the averaging? '

The "close and far positions” were locations where fuel debris was observed in the video
tape data from the video inspection effort. 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 smallest quantities of fuel were
estimated by locating physically plausible amounts of fuel in the far and near 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
average nor most probable distance was used. The average was the arithmetic average
of the calculated fuel quantities using the "close and far” distances.

One of the identified biases was inscattering of neutrons (20 percent). If an inscattering
effect occurred, it should be partially accounted for by measurement of neutrons emitted
by the calibration 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 source.

In the calibration measurement, the detector was placed in the central axis of the RV with
the source hanging next to it about 110 ¢cm off the axis. In this case, there is almost no
structural 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 direct path (i.e., line of sight)
neutrons.

Suppose we now count the neutrons from a fuel deposit next to the core baffle plate. A
determination of the material located between the source and the detector would be made
and the micro-shield computer code would be used to determine the direct path
attenuation. The counting rate would be divided by the total attenuation both from
geometry and matenal attenuation to get the number of neutrons from the source. Using
the calibration measurement, this would be converted into grams of uranium.




Q2d.

A2d.

Ale.

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.

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?

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.

Provide additional detail conceming the nine fuel samples that were measured to
determine 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 report 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 steel or boron.

The data is reported in the following documents which are enclosed:

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

2) T. Hardt & G. Hayner, "TMI-2 B-Loop Steam Generator Tube Sheet Loose
Debris Examination and Analysis,” GEND-INF-090, US DOE, June 1989.

3) D. W. Aikers, et al, "TMI-2 Core Debris Grab Samples...Examination and
Analysis,” GEND-INF-075, Part 1, US DOE, 1986.

4) G. Hayner, "TMI-2 H8A Core Decbris Sample Examination, Final Repon,”
GEND-INF-060, Vol. II, US DOE, May 1985.
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SUBJECT: 2-6 ana Lower Vessel Debris Final Examination Results

T8 89-12, Rev. 2
Decemper 12, 1989
Page 1 of 13

SUMMARY :

which reports the results of the analysis of R-6 and lower head core
sebris samples. The samples were analyzed by EGAG Idaho at the Idaho
National Eagineering Laboratory (INEL). The results should be considered
in conjunction with GEND-INF-084, “Etxamination of Debris From the Lower
“ead of *he TMI.2 Reactor”, and GEND-INF-075, "™I-2 Core Debris Grad

g
This tecnnical bulletin distributes the attached letter (kererence 1) -
camples - Zxamination and Analysis, Part 2°.

‘MPLICATIONS & USE:

Tnis 2ata may ce used for ‘ye) measurement calculations, far the SNM
accountadility plan, ana criticality analysis.

ATTACHMENT:

J. 4. Ackers. "2-5 ang Lower Head Yessel Debris Final Zxamination
Sagyits”, I35 !dano “emorandum =DWA-43-89 (12 snheets),

-

J. W. Ackers. 2-6 and Lower Vessel Debris Final Zxamination. EGEG
“amorandum *OWA-Z3-83. .dano ralls, (J: IadG idano, .nc.
17 Novemper 1389.

PREPARED BY: (7. /) F4tlet ~ - /1 e/
A. P. Relsey / 058
APPROVED BY: iyl il

[EN/1%
3 1sten::}ﬁ H§5£w 5
APPROYED BY: g 51/ é‘g‘mfé'é/f/&
- . ®. Bduchanan

“FORMATICN THE INFORMATION WILL 2E UPDATED AND/OR INCORPORATED INTO FORMAL DOCUMENTS AS APPROPRIATE.
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Novemper 17, 1389

Mr, 0. R. Buchanan

zPU Nuclear Corporatiocn
Zox 480

Middletown, Pennsylvania

=-6 AND LOWER VESSEL DEBRIS FINAL EXAMINATION RESULTS DWA-43-89

cear Sir:

Attached are the resuits for the R6 sampie analyses (Attachment A) and
:he lower vessel debris sampies (Attacnment B). It snould be notea that
ittacnment 3 contains gata for both the lower vessel loose debris and
120r1s zgjacent to the lower heaa of the reactor vessel. Data inciuded
are the censity, uramium ccntent, enrichment, and gamma ray emitter
zsntent. Zaseag upon our srevious discussions, this report meets ail ECAG

igreements 1o provide cata :o General Fublic Utilities on lower neag
sampies.

Examination of the results of the loose debris sample analyses
'ndicates that the gepbris 1s symilar to the eariier lower vessel loose
l20r's examinations as discussed in GEND-INF 084 - Examination of ris
Trom the iower Heag of the TMI-2 Reactor. Three of the more recent iower
/essel ioose cebris sampies (3, 5, and 7) would be expected to be
reoresentative of most of the loose debris as Sampie 2 (50 wt% uramium) is
csmoosec of a small amount of debris (235 g) ana is composed of smalier
zarticle sizes. The average enrichment of the three samples 1s from 56-83
=% uranium with an average of 61.5 wt%. In comparison, the loose cebris
czmolies giscussed n GEND INF-0B4 had an average uranmium content of 83 wt%
-1tn 3 range of §2-85 wi%. within uncertainties. these sampies ail have
*mg tame uramium content. Also. the fission product concentrations are
«ery similar for both groups of samples inciuging the Sb-125 which has
ceen substantially reieased from the fuel. The sampies from adjacent to
the lower head of the reactor have not been included in this comparison as
oniy small probably nor representative samples (100 mg) were analyzed.
These comparisons suggest that the composition of the debris on the iower
nead is relatively nomogeneous and that the sample analysis resuits as

discussed in GEND INF-024 should be representative of the loose debris
aresent on the lower head of the reactor.

The boron concentraticns for the lower vessel debris as listed in GEND
INF-0B4 range from the detection limit to .36 wt% with an average of the
reai vaiues of 0.1 wt%. As these samples were removed from the interior
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—mn-43-23

Mr. 2. K. Buchanan
“ovemper 17. 1SES
cage 2

L Iy 2

3f zarticles up to & c= 1n glameter, it is clear that the boron was
‘ncerporated into the cebris guring the accident and was not surface
Zgcosited boron. Therefore. the boron content can be considered an
'ntegrai part of the cebris. It shouid be noted that these observations
are based on the samples examined which are not a statistically
representative sampiing of the debris bed. '

¥ you have any questions piease contact me at {208) 526-6118.

Very truly yours,

; S
Jrauem el ‘U lca e

Jougias w. Akers
Nuclear :ciences
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~ttacnment A

R-6 SAMPLE ANALYSIS RESULTS

Examinations compieted on the R-6 samples include weight, density,
uranium content, enrichment and gamma ray emitter content for the
dissolved sampies. The dissolved sampie gamma ray emitter resuits
inciuded in this report are expected to be more accurate than the cdata for
the undissoived sampies as those results are affected by the weight and
density of the sample material. Table A-1 lists the primary physical data
and Table A-2 lictc the gamma ray emitter content for each sample
analyzed. All gamma ray data for the dissoived sampies have been decay
corrected to April 1, 1987. Comparisons with the ORIGENZ calculated
Ce-144 content (248 microcuries/g) indicate that the samples have near
average Ce-144 content within the uncertainties of the the data. It
snouid be noted that most of the Pr-144 have counting uncertainties of

10-20% ana that there 15 a total uncertainty of 20-30% associated with
these gata.

The uncertainties associatea with the various analyses agiffer nasea on
the anmaiytical methoa usea. The weight ana density data have
uncertainties ranging from 2-5%. « However, the enrichment and uranium
content cata nave uncertainties of ]0-15% due to uncertainties in both the
measurement and calibration cata for the deiayeda neutron measurement
system. [t should be notea that the presence of control materialis and
ather fissiie material (e.g., Pu-239) can affect the uranium content and

anrichment data. The erfect of control material would be to reauce the
measured enrichment for the samples by a small amount uniess large amounts
of controi material were present. (Elemental analysis of the original
lower heag sampies suggests that little controi material 1s present). The
slutoniu= content has Deen getermined 1o be insignificant rziative

tc the
J-23% content at tne burnup of the TMI-Z core.
Table A-1 - SRINCIPAL FHYSICAL DATA FOR THE R-& DEERIS SAMPLES
sampie 1.C. weignt Density Jramium content tnrichment
ima) g/cme (% Uranium) 4 (% 23%) a
R6-1A 468.2 7.1 74 2.4
RE-18 204.9 -- 77 2.4
R6-2A 399.8 25 | 76 2.4
R6-28 285 -- i 2.6
R6-3A 347.5 6.7 78 2.4
R6-38 802 .- 77 2:3
FE-4A 495.2 1.9 T4 2.6
R6-48 477.8 -- 75 2.6

d. Uncertainties for the uyranium content and enrichment data are 10%-13%.
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LOWER VESSEL DEBRIS ANALYSIS RESULTS

Txamination of data from the lower vessel loose debris and the hard
mater1al agjacent to the lower head have been completed. The following
1ata are included in this attachment:

Table 8-1 - Density and particle size of the lower vessel debris

Table B-2 - Uranium enrichment and content for the lower vessel debris

Table 8-3 - Gamma ray emitter content for the lower vessel loose debris
solid samples

The uncertainties associated with the various analyses differ based on
the anaiytical method usea. The weight and density data have
incertainties ranging from 2-5%. However, the enrichment and uranium
content cata have uncertainties of 10-15% due to uncertainties in the
-esasurement and calibration adata for the delayed neutron measurement
system. Other uncertainties associated with the uramium content and
snrichment measurements are aadressed in the footnote to Table B-2.

The solid sample gamma ray spectrometry data listed in Table B-3 are
not corrected for mass attenuation by the sampie mass. Therefore, the
5110 <sa=pie data are approximate and the resuits are most accurate for
*hose sampies whose ragionuciide coentent 1s calcuiated using gamma ray
snergies greater than 1.0 MeV (primarily Co-60 ang Pr-144). HMass
attenuation corrections can be applied to obtain better information for
the low energy gamma ray emitters (i.e., Ru-106, Sb-125, Cs-134, and
{s-137). These gamma spectrometry data have associated uncertainties of

20-30% f

' for the nigh energy camma ray emitters.
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Table B-1 - PARTICLE SIZE AND DENSITY FOR THE LOWER VESSEL DEBRIS

Particle <12 igtry ion (% Dens) ml

Farticle SSC-i-2 sSC-1-3 SSC-1-5 SSC-1-7
s178
24 mm 5.5 6.6 37.2 26.6
(8.0) (7.2) (7.8) (7.5)
-4 ™ i3.8 33.7 25.5 37.2
(7.8) (7.3} {8.2) ({7.8)
i rm 11.6 .9 18.7 23.5
{8.3) (75} {8.0) 7.8)
71G-1000" £.5 1.6 4.8 4.6
~1¢re (4.8) (8.8) (8.0) (7.9)
300-710 16.1 4.9 8.5 5.2
micron (6.3) (8.1) {F0T) (6.5)
£0-300 14.5§ 0.91 3.2 1.4
=1cron {§.7) (8.1} (7.7) (6.5)
20-13¢ & B 0.17 3 G.52
micren {6.5) {4.6) {7.2) (7.2)
:12.69 i3.4 0.07 1 0.48
=icron {5.3) (3.8) (5.4) (4.4)
38 micron 7.0 .a 0.72 0.28
(4.1) il (4.0) (3.8)
weignhteg
~verage
Densities 6.3 7.4 7.9 ot

a. Censities telow a particle size of 710 micron have uncertainties of
0% because of the small amount of material measured.




Table 8-1 cont‘d

Sample 1.0, Qensity (g/cm=)
SSC 1-8 i
ssC 1-9 9.4
SSC 1-10 6.9
SSC 1-11 8.6
§sC 1-12 8.2

.

Densities basea on the analysis of severai

T8 89-12, Rev. O
Decemper 12, 1989
Page & of 13

gram samples.
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Table B-2 - URANIUM CONTENT AND ENRICHMENT FOR THE LOWER VESSEL DEBRIS?

Uranium content (%)/[Enrichment %)

Particle SSC-1-2 SSC-i-3 SSC-1-5 SsC-1-7
$12¢
>4 mm £8 62 73 69
{(2.4) (2.6) (2.7) (2.4)
2-4& mm 48 i5 - 64
(2.8) {2.8) - (2.6)
1-2 =m 49 g2 43 a5
{--D) {2l {2.7) {2.8)
710-1000% 47 L | 50 36
ficron (2.6) (2.6) (2.5} {2.5)
300-710 g1 K | g1 58
micron (2.9) (2.4) (2.8) (2.8)
150-320 i3 z5 =0
=icran 2.8) 2.8) (2.48)
30-130 =0 Ek ! 4 g2
=1cron 2.€) 2.4) {2.%8) 12.8)
:3-.90 41 & 52 n4
micron (2:3) (2.8) {2.5) (2.4)
<38 micren 46 .- -- gs

(--b) - - (2.5)
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Page 10 of 13
Table 8-2 cont‘d

Sampl : Uraniym content(%)® Carichment (%)
ssC 1-8 €5 2.6
ssC 1-9 27 <9
SSC 1-10 48 27
$SC 1-11 70 2.4
ssC 1-12 &2 57

3. Uncertainties are 10-15% for both uranmium content and enrichment data.
Also. i1t shouid be noted that the presence of control materials and other
figssile material (e.g., Pu-239) can affect the uranium content ana
snrichment data. The effect of control material wouid be to reduce the
-easured enrichment for the samples by a small amount uniess large amounts
of control material were present. (Elemental analysis of the original
lower head samples suggests that little control material is present). The
plutonmium content has been calculated to be insignificant relative to the
1J.2315 content for the burnup of the TMI-2 core.

5. Measured enrichments higher than the 2.98% maximum in the core are
indicated for these sampies. However within a 2 sigma uncertainty, the
<ata are within acceptable limits. A review of these data was performed
+o assess possible errers in the calculations or measurements. MNo errors
~ere found.
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Heginning in 1984, the Three Mile Isiana Unit 2
Oetuenng Design Team requested Ouk Ridge Natonal
Luborgtary [0 Suppiv crificalily sarery anaivses in sup-
Jort f the icensing activities for ail fuel removai oper-
<tians, The compurational methods and basic anaivie
models empioved in the work are discussed, the areas
where computationagl anaivses were requested ure
reviewed, and the pertinent resuils are rabulated and
discussed

INTRODUCTION

Because ot uncertainty in the core contiguration.
the Three Mile Island Unit 2 (TMI-2) Crinicality Task
Force decided earlv in 1984 to use a simple bounding
approach for ensuring subcriticality during tuel re-
movai operations. Since that time, staff of the Nuclear
Engineening Applications Department at Oak Ridge
National Laboratory (ORNL) have supplied criticality
satety analysis expertise to the defueling operations.
Statf from Bechtel North American Power Corpora-
non worked with the Crittcality Task Force and the
Defueling Design Team to determine the physical svs-
tems requiring a criticality safety analysis. The ORNL
statf then worked with Bechtel to determine the appro-
priate bounding computational model for each anal-
vsis. This paper presents the analvtic models that were
used. Reference | provides a more detailed discussion
of the physical relevance of the svstems modeled and
the programmatic significance of the results.

Modules and cross-section data from the SCALE
computational system=- were used for all analyses. The
required analyses included resonance cross-section pro-
cessing, infinite fuel lattice calculations, depletion cal-
culations, Mon:e Carlo criticality calculations for

660

multidimensional svstems. and discrete ordinates cal-
culations for one-dimensional finite svstems. This pa-
~er discusses the computational methods and describes
:he appiication ot each module pertinent to the TMI-2
anaivses. The modules were utilized to do the follow-
ne:

I. develop and charactenize an acceptable analytic
model Yor the lower vessel rubble

4

2. establish sate operating hmits {or the soluble bo-
ron 1n the reactor coolant system (RCS)

fad

. ¢stablish the limits on toreign maternials allowed
in the RCS

4. assess the criticality safety related to using a
plasma arc torch in removing the lower core
supporn assembly

. perform parametric criticality analyses for con-
tamners with removed core materiai.

This paper provides details on the analvses 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 the
Nuclear Enginecering Applications Department at
ORNL. The SCALE system is modular in structure
and enables a user to easily perform a variety of neu-
tronic and thermal analyses by proper back-to-back
execution of well-established functional modules. In
addition, easy-to-use control modules have been devel-
oped to automate and standardize analytic 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
control module then automatically performs any

NUCLEAR TECHNOLOGY VOL. 87 NOV. 1989
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ecessary data processing (€.g., Cross-section prepa-
rauon), generates the input 1o the tunctional modules,
imuates module execunion in proper sequence,” and
pertorms anv needed postprocessing of the analytic re-
suits, Use of SCALE is further simplitied by incorpo-
ration of a host ot validated data bases (e.2., matenal
compositions, thermal properties. cross sections) that
allow easv input (via kevwords) and data accessibility.,

~ Version 3 of the SCALE system was used tor the
I'MI-2 analyses. Four ot the major tunctional modules
INITAWL-S, XSDRNPM-S, KENO V.a, and ORI-
GEN-S) and three o! the control module sequences
(CSASIX, CSAS2E, and SAS2) were emploved. A bnet
summary of the capabilities of each module and con-
rrol sequence 1s provided below.

I. The NITAWL-S module’ appiies the Nordheim
integral technique 10 periorm neutron Cross-section

processing in the resonance energy range. This techs

nigue involves a fine-enerey-group calculanon ot the
Jowing down 1lux across eacn resonance with subse-
quent flux weighting of the resonance cross sections,
The major function of NITAWL-S is 1< conversion o1
crass-section libraries from a problem-independent to
a problem-dependent torm. However, NITAWL-S also
assembles group-to-group transter arravs trom the
elastic and inelastic scattening components and per-
Yorms other tasks in producing the problem-dependent
working hbrary.

2. The KENO V.a module® 15 a4 multigroup Mon:z
Carlo code empioved to determine effective multipli-
cauon factors (K..) for multidimensional systems. The
basic ceometrical bodies allowed for defining the
model are cuboids. spheres. cylinders, hemispheres,
and hemicvlinders. KENO V.a differs from KENO IV
i that it {a) has an enhanced geometry package that
allows arravs to be defined and positioned throughout
the model, (b) has a P. scattering treatment, (<) allows
extended use o1 differential albedo reflection, (d) can
generate printer piots for checking the input model,
(e) supergroups energy-dependent data, (f) has an im-
proved restart capability, and (g) allows the origin
location to be specified for spheres. cvlinders, hemi-
cvlinders, and hemispheres.

3. The XSDRNPM-S module® is a one-dimen-
sional discrete ordinates transport code for perform-
ing neutron or coupled neutron-gamma calculations.
The code has a variety of uses within SCALE: prepa-
ration of cell-averaged cross sections for subsequent
system analysis, one-dimensional criticality safety and
radiation shielding analysis, and generation of a neu-

tron spectrum to develop spectral parameters for
ORIGEN-S.

4. The ORIGEN-S module® is an updated version
of the ORIGEN code” with flexible dimensioning and
free-form input processing. One of the primary objec-
tives in developing ORIGEN-S was that the calcula-

NUCLEAR TECHNOLOGY VOL. §7 NOV. 1989
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tions be able to utlize multi-energy-group neutron fux
and cross sections in any group structure. Utilization
of the multigroup data is automated via the COUPLE
code. ORIGEN-S pertorms point depletion and decay
analvses 1o obrtain isotopic concentrations, decay heat
source terms, and radiation source spectra and strengths
fOr use 1n subseguent system analvses.

5. CSASIX and CSAS2S are sequences within
the CSAS4 control module.® The primary product
from CSASIX is resonance-corrected, cell-weighted
mixed cross sections in a working library format. The
automated computational sequence is NITAWL-S,
NSDRNPM-S, and ICE-S. which performs the cross-
section mang. The CSAS2S sequence uses NITAWL-S
and KENO V.ain sequence to pertorm a Monte Carlo
analvsis 1o obtain the svstem &,

6. The SAS2 sequence” employs the sequence of
Fig. | to perform a depletion analvsis and subsequent
one-dimensional cask shielding anaiyses. For the TMI-2
erforts. the SAS2 sequence was halted following the fi-
nal ORIGEN-S burnup and decav analysis that pro-
Juced the spent-fuel isotopics, The ORIGEN-S spectral
parameters and nuclear data library are updated by
COUPLE using the flux spectrum and collapsed cross
sections from an XSDRNPM-S calculation for an in-
linite lattice representation of a fuel assembly.

The CSASIX, CSAS2S. and SAS2 sequences all
use the matenial information processor 1o read and
pro.ess the composition and geometry information.
For the XSDRNPM-S cell analyses, each sequence uti-
lizes a standard prescription for discrete ordinates
quadrature type and order, scattering expansion order,
spatial mesh specifications. and convergence criteria
110™*). For lattice cell geometries, input information
on the latuce type (keyword selection), the lattice pitch,
and the moderator total cross section is used to obtain
the Dancoff factor using numerical integration routines
from the SUPERDAN program.'® Note that only one
type of lattice cell can be specified in the input.

The CSASIX sequence was used exhaustively in the
TMI-2 effort to analyze various combinations of lattice
type, lattice pitch, fuel pellet diameter, and moderator.
Many of the finite system models required problem-
ependent cross sections from multiple CSASIX cases.
The AWL module of the AMPX system'' was used to
combine the needed cross-section sets into one work-
ing library. Once the desired working library was avail-
able, the XSDRNPM-S or KENO V.a module could be
used in a stand-alone fashion to obtain k. for a finite
system.

Ct on-Soﬁion Data

The SCALE 27-group, ENDF/B-IV neutron
cross-section library was applied for the TMI-2 anal-
yses. This library was supplemented with ENDF/B-V
data for fission product nuclides. This extension of the
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SCALE i
ORIVER i
| AND i
; SAS2 |
i ,——-————-{_‘ i
P ———=  3ONAMIS
?
Smmfeeinl - = MTAWL:S
NEUTRONICS DEPLETION
ANALYSIS PASSrES.
e P PRODUCING ALL TIME-
——————  'SORNPMS DEPENDENT CROSS
SECTIONS ON ORIGEN S
LIBRARIES
“OUPLE :
1% 53
‘.0
| /LAS;?\ e JRIGEN-S
| | b oy 1
i e
i Y
] ] 1 SURNUP AND DECAY
, ! = ANALYSIS, PRODUCING
| | I OMIGENS SPENT FUEL SOURCES
i
i e JONAMI-S
UNIT CELL Ar:%w;s:rs,
| S S 5 1 FOR CELL-WEIGHTE
=== o AR £ o, BRCH CROSS SECTIONS IN
FUEL ZONE OF THE
SHIPPING CASK
; : «SDRANPMS |
’ I
o e 2ONAMI-S
| -
! I e et SHIPPING CASK
; ——  NITAWLSS ' SHIELDING ANALYSIS
‘ |
XSDRANPM-S
!
DOSE RATES COMPUTED
END e XSDOSE FOR SHIPPING CASK

Fig. 1. Computational aralvsis scheme used by SAS2.

<tandard ENDF/B-1V library is necessary for depletion
anaivses and for cniticality analyses where fission prod-
ucts are considered. The 27-group library has a P,
scatrering expansion order and treats thermal upscat-
ter 10 3 ¢V. Validation of the librarv has been per-
tormed through calculation of critical experiments
containing the fuel, structural materials, and neutron
absorbers commonly found 1n cask and storage pool
designs.'*

662

A summary of the performance of the SCALE
27-group ENDF/B-IV libraryv in the analysis of low-
enriched, water-moderated svstems is given in Table I.
The systems are ordered, left 1o right, on the basis of
increasing moderation. Two aspects of the expeniments
should be noted and discussed. The UO, pin lattices
were designed to simulate a 3 x | array of fuel assem-
blies separated by water gaps and absorber plates,
Also, the uranium metal pin lattice experiments were

NUCLEAR TECHNOLOGY
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TABLE |
Pertormance of the SCALE 27-Group tNDF B-IV Library on Low-Ennched, Water-Moderated Syvstems

CAnaivtical retérence i3 . 12
. Number O experunents 2% 18
Fuel enrichment and Uranum 4.39) Ld 2900
2¢0MmMetry metal pin aattice i oailge
Moderator .0 .0
fived ansorbers None S e

Minimum & (1 YSS = Wl

Mavimum AL 1,998 - 13 02

19 4 - 0008 | DUNE = 2 ’ (LYKE — (1
UNT - 0004 | LINd = 0004 | 1006 = 02

(1> | () 13
35 4 { 10
Li2.35)0. Uranium 4.89) | Ud.890,F,

pin lattice | metal pin lattice | single units

H.O L4890 F. U14.89)0.F.
: solution® - wlution
Acs” i None None

991 = 0.0
008 = 0.002

NV eTaRe AL, PNy L UNN 0.9l 13,998 3 0997
H:="U atom rauo, ceil® ! ES. 1210 gt b1} ER B 209 10 471 2110 199
Lranum at 34X g
Tvpe 3041 stainless steel, stainless siegt = ~oren. cadmium. Boral, copper. grconium, dluminum

Mimmam hounding values assumng Umionm anioes

pertormed with vanous patterns of sater caps created
wlartice vacancies. The tived absorper plates, as well
s 1hie fluonne, are not considered 1o have o senificant
stfect an the neutron enerey spectrum. However, tor
anyv particular experniment. the addinonal water due 1o
lattice vacancies wiil increase the H ="'V atom rano
above the salues shown in Table 1.

Given these qualifications, the resuits tor ail 119
cntical expennments support two eeneral observations:

|. The average values 1or the calculared svstem
muluphcanion ractors vary from somewhat more than
[To AKX low for the dryver systems to approximatelv ent-
:cal tor the well-maoderated svsiems.,

2. The maximum deviatnon trom the average value
ror any particular set of expeniments s guantitatsely
on the order of the 3 standard deviation uncertamiy as-
<ociated with a 99.7% confidence level.

In summary, the results indicate a positive trend
with neutron moderation, and their distnbution 1s con-
astent with expected staustical behavior,

ANALYTICAL BIAS

The general performance ot the 27-group ENDF -
B-IV cross-section library for low-enriched, water-
moderated systems was included above. To validate the
lower vessel rubble study, a set of ten critical expern-
ments was selected from an extensive list ol candidates
compiled by Murray'* in consultation with staff mem-
bers of the Babcock & Wilcox Company (B&W) and
Bechtel, These experiments were chosen to emphasize
the relatively hard neutron spectrum resulting from the
high soluble boron level and low water content of the
TMI-2 fuel rubble at optimum moderauon. Character-
istics of the selected experiments are shown in Table 11,
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alone warh the charactenstics of the damaged and un-
Jamaged M2 pin cell. The TMI-2 pin cell cases
.how now the boron, moderatine rato, and water-1o-
ruel rano compared with the selected ¢nucal expen.
ments.

I'he ten critical experiments were selected from the
results o1 three expenimental proerams. In the B&W
wpectral shift'® and Argonne Nauonal Laboratory
(ANL) high-conversion'® experiments, uniform pin
lattices were subjected to soluble boron level or lattice-
puch vanations o change the neutron spectrum. The
B&W close-packed module expenments’ simulate 2§
tuel assemblies at varous stages of compaction and are
driven ¢nitical by neutron moderation due to the wa-
1er gaps between the assemblies. The later set of ex-
peniments also included a soluble boron vanaton.

Each of the experiments was analvzed with the
27.group ENDF . B-IV cross secuons applied in KENO
\".a. Four of the experiments (ANL-3, -11, -1}, and
B&W-2452) were modeled with homogeneous fuel
regions with cell-averaged constants obtained with
NSDRNPM-S. The results of the analvses are given in
Table 11.

The results for the uniform lattice experiments
(B&W-10, -11, -12, -13, and ANL-3, -11, -13) are con-
sistent with the earlier observations based on the sum-
mary of analyses in Table I. That is, this cross-section
library vields critical values for well-moderated systems
and a negative bias for low-moderated svstems. The
bias does not appear to be affected by the soluble bo-
ron level.

The results for the close-paced modules (B&W-
2452, -2485, and -2500) do not show a consistent trend
with either neutron moderation cr soluble boron level.
The presence of the borated water gaps between the
modules could be a factor in the relatively poor ana-
Ivtical performance for these systems.
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+

TABLE 1

Anaivsss of Cotical Expennments tor TMIL-2 Benchmarking®

Ennchment | Boron | Moderaung | Water-Fuel | Muluplicauon
Series Case 1wt¥s) (wppm) |  Rano’ | Volume Rauo | Factor, &,
BAW spectrai shilt 1 102  Jiel 7 | .14 | 1.0062 = 0.0038
i 102 1152 afl; ! 14 | 0.9961 = 0.0040
2 302 2342 |.85 .14 | 1.OOBT = 0.0032
3 $.02 33189 | 1.77 i .14 | 1.0088 = U.0035
ANL lugh conversion : 1042 g | 3.33 j 1.37 4 1.0008 = 0.0041
042 i 1.90 0,78 C L0008 = 0.0039
t (42 Bt B T 0.43 09861 « 0.0039
BAW vimsz.packed modiles 5 B iis .50 D18 ' 0.9961 = 0.0038
2488 <86 §.1% 0.38 {09800 = 0.0018
! 1.9942 = 0.0019
2T T 9 1156 2.67 .01 09815 = 0.0017
TMIL2 e Undamaeed B35 50 =98 1.65 1.9492 i
Damazed ¥ 00 149 .72 119913

SCALE 2%eroup ENDF BAIV Lbrary o ARENO V4 second anaivsis of B&W 2485 was pertormed with the SCALE

23 group GAM-THERMOS librasy

stle 2 ot Ret. 14 This 3 the ratio o YWITE SO T poWer to thermal absorption

-

T he resuits of this lunited seres of analvses supporn T T i
L 2.3 A spaiviical bias, 1aking the worst case and S —

catstical uncertanty as a bounding »alue. This ana- S AP 7 7
Jtical s was used throughour the N2 detuchne

1ot

e

SCE a4 A critenon LYY wis estab- T ‘;.E e
he ROS iRet. 1) the 2.5% 34 bias limited : sl
he calculated 8., salue to & maximum ot 0963 7,

e tart

ik aa

JEPLETION ANALYSES

.

.

4

.

.

‘.

\ schemane ot the TMI-2 imitial core loading 18 ' 4 ZA
nown in Fiz. 2. Depending on the physical svstem be- 1
ne analvzed, it was often desirable 10 use the 1sotopics LI 577 %
consistent with the burned state of the fuel as opposed  —— ]
10 the unreahistic, but conservative, fresh tuel isotopics. ;

SRR

Thus, an SAS2 calcuiation was pertormed for each //j"
batch of tuel based on the reactor history and baich B I DRI
average exposure suppited by the Defueling Design | (2 e 5’_ : 2 s 2
Team.'® | B e v i e o

The analvses were run 1o burnups of 2745 MWd R e
roane U for batch |, 3081 MWd tonne U for batch 2. . <
and 28515 NMWd/ tonne U for batch 3. The batch 1 and

= - Wi

2 exposures are values for March 19, 1979, The batch ENRICHMVENT .“’MBER o
= ST ENIE Sk : ) ASSEMBLIES
*hurnup of 2835 MWd tonne U was obtained for the
time 01 the accident (March 28) by scaling the March 1.98 5
19 value 12202 MWd- tonne U) on the basis of the aver- 264 &1
age burnup tor the two dates. Each of the SAS2 anal- 57 296 80
vses used a simplitied exposure history consisting
of two Tuel burns (45.2 and 49 4 davs) and an intenim Fig. 2. TMI-2 ininial core loading pattern.

664 NUCLEAR TECHNOLOGY VOL. ¥7 NOV. 1989



Arks ot al

cowntme 0! 27 davs, The specitic power wias 29 U2 MW
wne LU for baten 1, 32.23 MW ronne U for bateh 2,
nd 26.8 MW oronne U for batch 3. The sotomics were
iecavea 2073 davs, consistent with a Maren 23, 1979-
December 1. 1984, nme mterval
The burnup anaivsis was pertormed :\'!.ET‘.'..‘ tusgt
an lattee aocording 1o the desnn speciiidations.
Iperatinge conditions nciuded an average tuelh lemoper-
aure of 00K, o water temperatire oF FT9Rh. and a
vater density o1 0,7147 g-cm- . The soluble boron his-
ory for the TS reactor was obtained from ine i MI-2
nemisizy log took 1978, 1979 (Reel No.o ¢ HEM-2
42). These daia were weiented By Ine power aiston
y ODtaIn average values of 1338, 3 waient parns per mii-

5 TRRIPM) DOTon tor the 1irst pues

snpm oOren 1oringe SCTONA DUrn pen

Y ALeVISe concerns regaraine M Liure (voac
int Lo Le axidl DUrpuD AANANoN. O ored AR Wiy
eriormed 10 assesy INE SLIesl il ALl
) S0 TOSUILS O IRS STudy Jdicated RV R |
ties o®s A {01 s»
v inicd tt ¢
.‘- . -
ripta 4
3 PTG SSSTUIN NSV SeY, THE JUCT Wils
sptesentied 35 4 NOmMOoenrous medium 10 wheh ine

STOSs-EeiON 313 correspond O g raneuiar ice of

ohencaily shaped fuel pellets. A schematic ot the rup

e media s <nown in Frgs S0 To manimize e reactis-
VWOt O ThC UG CTONS soClions,

& PPt teh (3T Tavesi
(A L R (IR

taddine ¢a dDsorper 1

« ARG ST

TUI IMALCTIAN Shals

T

B e s

i i Yﬁ:;
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ionored. To turther maximize reacuviy, the density ot
‘ne UOs spneres was taken as the pellet design density
Wo10.3 2 eme . A search was tvpically pertormed for
sach moderator change to determine the lattice pitch
Land so the corresponding tuel voiume traction) that
Save the manimum & . value tor the lattice of spectiied
-phencal peilets. For the vast maonty ot the analyses,
he stirrace-1o-mass ratio ot the ovindrical design pel-
St was preserved inspecitving the spneneal petlet size
(10728 . However. 10r some svatem analyses, the
meertamty i the actual rubble particle size required
M opnmization of &, by searching poth petlet size
and fartce prch
Separate anaivses were pertormed to gauge the
yiIsess alisiy ;‘-'d\ldcd by some o1 he above assump-
ons. resnlts indicate that in the range ol 3500 10
LS00 appm solubie boron in water. ine presence ot

ircaiov olad s the model wouid redguce the maximum
tice cotl muitpiicatuon tactor by = 2% 34, Consid-
saton of e seteroeeneous UOs petict svater maxture
aher than 2 homozencous U0 water slurry in-
wiltiplication factor by 3% A4, Note that
model Based on an unciad Tuel pin ot intinite height
fesien drameter wouid be worth =% AR more
AN (e apnencal pelict ':'.H\h."l Jppiicd 1% ”ll\ \lud\'
Howeser. tae sprentcai pellet maodel corresponds 1o an
sprmum credible arrangement o1 the tuel petlets, con-
idering a random tuel reassemply fallowing core dis-
upHon
The CSASIN module was used to obtain the neu-
rome constants from an infinte latnee cell analysis of
he subble model CSASIN uses the SUPERDAN
slgonthms to obtain the Dancort tactor tor the
13 gded. dodecanedral unit cell appiied in the reso-
anve steidine analvsis pertormed by NITAWL-S

TCASCS !

i

i'te. ¥ Spherwcal rubhle moael
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The equivalence between this unit cell and the wo-
cmon, sphencal unit cell applied in the subscquent
NSDRNPALS cell-averaging calcuiatnion comes from
ine preservation of the fuel voiume traction (VF)L As
derived from Cundy and Rollett. the tuei VF in the
jodecahedrai ceil 1s given by

: ; 432 y
Fuel VF = —=(rrP) |

where
r = tuel pellet radius
£ = latice patch.

Values tor rand P are input to CSASIN, wmch then
catculates the outer radius (e, moderator région) ol
the equivalent nidentical VF)Y sphernical unet cell.

For pin latiice geometries that can pe represented
Aapicily in RENO V. a, compansens nave peen made
etween the use 0! neutronic consiants that nave been
ceil-averaged in NSDRNPM-S according to the above
creseripnion and neutrontc constanis processed by
SITAWL S tor the specitic fattice. hus. i BOth cases
fe end analvss was done with KENO\ 4, one with
ceil-dveraged constants, the other with the tuel fatnce
represented expheitiv, The good agreement 1n the re-
sults indicates the ettectiveness ol the NSDRNPM-S
cell-averaning procedure. Note that the KRENO Vi ge-
Smetry pachage cannot represent the dodecanedral cell
soundary explicitly, and thus the ceil averaging ot neu-
ITORIC CONSIANIS Was d necassuy for tins rubblie model.

NFINITE LATTICE CELL ANALYSES

\v imphied above, hundreds of ntinne iatnce cell
Jdivses were pertormed 0 order 1o provide a neu-
“ame Cnaracterization of the rubble model and gener-
¢ cetl-averdged <TOSS Sections that proauced the
dehest toptimum) &, +alues. Opumum A, searches
sere pertormed with CSASIN by sarving the pitch
vand so the VF) ror the particular peilet and modera-
ror condition. Table L provides a summary ot results
trom the intinne larice cell analyses. The table pnimar-
v reports the results tor rubble conditions used in ti-
nite svstem analvses, However, many more analyvses
were needed to (a) determine the optimum tuel VFE, 1b)
study the erfect of temperature changes on A, () un-
Jerstand the refative effect of individual spent-fuel nu-
clides on A, and (d) characterize the vanation in K.,
tor tuel particle sizes other than that corresponding to
the desien peilet.

For boron levels between 0 and 4950 wppm,
searches tor the opumum fuel VF were performed for
! enrichments ranging from 2.11 (average enrich-
ment of batches 1 and 2 atter depletion) to 2.96 wi™s
(mminial enrichment of batch ). For bawch 3 tuel, Ta-
ble 111 provides an indication of the change in opti-
mum VF as a tunciion ot soluble boron level. The
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optimum tuel VF vanes only shightly with enrichment.
For unborated svstems, the optimum VF becomes
more sensitive 1o changes in enrichment. Tvpically, for
highly borared svstems, the opuumum VF found for one
enrichment was assumed to be sutficient tor other en-
richments in the noted range. Between 4350 and 4950

wppm boron, the optimum fuel VF vanes from 0.61 to

0.68; at 0 wppm boron. the vananon is 0.28 1o 0.33.

An imtial study was performed to demonstrate that for
iigh boron levels, there was a change of only —=0.05%
AK/I0K (Ref. 18). All subsequent analyses were per-
torined ar 293 K.

Annitial study was also made to demonstrate the
ditferential worth of including the major spent-tuel nu-
chides in the ceil analyses. The isotopic results from the
batch 3 burnup case were used. The analvses were done
using design pellet particle sizes (1.0724-cm diam) and
3750 wppm soiuble boron in water. The results of these
analvses are summanized in Table IV, Twenty-nine ac-
1imde and {iss10n product 1sotopes were included in the
most comprehensive calculation, case Y. Based on these
analvses, the overail batch 2 burnup has a potential
worth ot 1.76% A&, For ail subsequent anaivses with
pent-1uel isotopics, the nuciides ot case Y were em-
ploved. Note, however, that searches tor opumum VF
and.or particle size weie pertormed with the non-
aramum actimides and 1ission products removed in or-
der to eliminate the need for resonance processing of
these nuchdes by NITAWL-S. This practice enabled a
n6h%% reduction in central processing umit (CPU) time
with essentially no eftect on characterizing the opti-
mum conditons.

As evidenced by Table 111, the vast majority of
fattice calculations was done assuming a sphencal
0. diameter (1.0724 ¢m) corresponding to the design
~ellet size. However, larger particie diameters were as-
sumed if UO~ meiting and resoldification were posiu-
Lated. Thus. dunng the support ettort, several scarches
on both particle size and VF were performed for spec-
itied fuel types and soluble boron levels. For high bo-
ron levels (4930 wppm). the optimum particle diameter
was 3.5 10 3.8 cm. This diameter decreased to ~2.1 cm
for the unborated case. Table V provides an example
of the vanauon in A, as the particle diameter changes.
The scenario of melting and resolidification also im-
plies that other material in the core would be mixed
with the resolidified particle. Sampies taken {rom the
lower head debris showed impurity materials, as listed
in Table VI. An infinite cell analysis using optimum
particle size and VF for this mixture vields a &, of
only 0.7600.

A study of very small particle sizes was also initi-
ated 10 ensure that a conservative approach was being
used for situations where small debris were known or
postulated to be prescat. The small particle situations
of interest to the TMI-2 Detueling Design Team in-
volved an unborated water moderator. This condition,
in combination with small partcles sizes (<0.4-cm

NUCLEAR TECHNOLOGY VOL. 57 NOV, 1958



Parks et al.

PABLE il

Fuel Rubble Lattice Cell Analvses

CRITICALITY ANALYSIS FOR THE TMI-2 REMOVAL

! Fuel Parucle

| Soluble

: ; | | intinite
Matenal | | Ennchment | Diameter® Fuel l Boron | Multiplication
Code Fuel Description® : (wivn =*U0) | iem) VF ! twppm) i Factor, A,

\ | Fresh batch 3 296 1073 {063 | 310 1 09923
i3 i Fresh batch 3 296 | 1.0724 10615 1 3200 | 10111
-~ | Fresh batch 3 TR {10724 [ 0.57¢ ' 3500 | 1.0386
=== | Fresh bawch 3 P iON {0 10724 0.53 2500 1.0925
-~ | Fresh batch 3 396 L 1,072 i 0.50° | 2000 1.1260
~-= | Fresh batch 3 196 10724 |04 1 1000 12197
-~= | Fresh baich 3 296 P s Bt O R L L BERE | | 1.2911
( - Fresh baich 3 296 1.0724 | 0.28° | o b 13009
- | Fresh batch 3 in HF* 196 10724 : 0.265° ! 0 1.4020
D | Fresh bawches | ang 2 ok 1.0724 (063 490 1.9199
: Fresh batches | ana 2 4 10733 0660 | 4950 0.9211
i | Fresh batcnes | ana 2 134 LU724 0.63 1740 09254 |
G Fresn batcnes T ana 2 o 10723 [ 0.61 1350 09382 |
H i Fresh batches | ana 2 e X 1.0724 {0,601 | 4200 i 1,949 I
i Fresh batches | and 2 = 10724 (0300 * el 1.3349 i
- Fresh batches 1. 2, ana 3 NATE 16l L0685 1 3880 9682 i
Fresh batcnes 1. 2. and 3 e T i { 0.66° 4350 (1.Y882
-= | Fresh baiches 1. 2, and 3 8.3 2100 [ 0,33 0 1.3724
5 Fresh batches 1. 2, and ? tupprosmmaie) | 230 | 10723 10,285 0| 1.3540
.| Burned batch 3 b A O R 5y tu.as- CoANs0 L 0.96%0
A Burned bateh 3 267 P07 1063 | 47% 0.9747
N | Burned batch 3 2.67 10724 loslr | 4380 0.9881
(0 | Burned batch 3 2.67 1.0724 | 0.61F 4200 | 10,9929
i P | Burned batch 3 267 1.0724 | 057 | 23%00 | e
{ | Burned baich 3 2.67 1.0724 0.53 2500 | ---
i R | Burned batch 3 267 1 107124 | 0.50° | 2000 | -
! S | Burned batch 3 2.67 L0724 042 1 1000 ---
T | Burned batch 3 2.67 1.072 e e “—-=
| | Burned batch 3 2.67 pudh | 0.58° 2000 11194
g Burned batch 3} L= 267 1.0724 0.28° | 0 | 1.3667
W | Burned batch 3 ) 367 e 0.33 | [ S
N\ . Burned batcn 3 5] i Pyl SR H AR 11429
b | Burned batch 3 in HF 1 2.67 | 10724 1'0.265° I . 1.3680
i Z | Burned batch 3 with impurities ; 2.67 IR 1 0,40° 0 0.7600
| AA | Burned batches | and 2 b 3.8 0.66° | 4350 0.9594
, BB Burned batches 1. 2, and 3 2:32 1.6 0.68* 4950 0.9595
RS o 5 Burned batches 1, 2, and 3 232 355 0.66 4350 0.9784
i DD Burned batches 1. 2. and 3 3,32 3005 0.33¢ 0 1.3450
IGEER Burned batches 1. 2, and 3 2.24¢ 1.072 0.28° 0 1.3254
{ - FF Burned batches I, 2, and 3 2.24 1.0724 0.66 4950 0,9287
| GG Burned batches 1, 2, and 3 .24 R 0.69* £100 0.9448
:  HH Burned batches 1, 2, and 3} 224 1.6° 0.68* 4950 0.9496

*Spherical UO, particles in full-density water except as noted. Burned fuel compositions contain fission products and plu-

ronium.

"Design pellet corresponds to spherical particle of 1.0724 cm.
“Parucle size and/or VF that vields the highest &, value.

‘HF = hvdraulic fluidd moderator, UCON WS.34: density = 1.029 g7cm’, molecular weight = 788 g/ mol, stoichiometric
ratio carbon/hydrogen/oxygen = 19/80/15.

* Average core enrichment is actually 2.54 wi%. This higher value obtained and used prior to obtaining correct informa-
nion of Fig. 2.

‘This average enrichment (and other burned isotopics) was obtained from conservative scaling of baich 3 depletion resulis
prior to depletion analyses of batches | and 2.
*Enrichment and burned isotopics were obtained from separate depletion analyses of all batches of fuel.
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TABLE IV
i, of Lattice ot Batch 3 Rubble® with Burnup

Burnup Products
Case fincluded n calculation) Aa
i Depleted =L, at 2.67 wivs 0.9633
3 Depleted 'L + samarnium 0.953]
3 Depleted =L, samarium ang lanthanum i 10,9530
H . Depleted “*U. samarium. lanthanum, and cenum 0.9530
5 Depleted <L, samanum. lanthanum. cenum, and europium 0.9527
5 Depleted **U and £0% o1 <umarnum, lanthanum, cerium. and europium i 09579
3 Plutonium tsotopes oniv (with 1resn tuel) | 1.0100
Depleted =" U, piwtomum, samarnum. ianthanum. certum. and europium I 09768
| Depieted =" U, plutomum, amanum. lanthanum. Jerium. curopium. promethium. | 0.9747°
aeodvminm, and praseodynuum ln
*Deaen peilet particle size in water with 4750 wopm soiuble boron,
For tresh tucl assav (2.96 wi¥a ) and no sisson nroduct, &, = 009923 and ¥ Ak, = 11,9923 - 09747 = |.76%.

TABLE \

Nananon in A, Versus £Parmcls sz

*pasie

Optimum

Jiam) caused the Dancotf factor algonthms used in
SCALE-2 10 be inadeguate because thev considercd
only throuen third-nearest neighbors in spherical lat-
tices.” For smail-particie. low-absorption systems, outer

Diameter Fuel L(2.9610)- U2 3400, neighbors are very important to an accurate evaluation
lem \F 2 of k... Thus. the Dancotf treatment for SCALE-3 was
modified and compared against an explicit point
024 .6l 0064 iLYIR2 cross-section treatment and lattice model as applied by
3 h6} BURN i1.9462 the MCNP Monte Cario code.”*** The 4. results for
o2 e 0165 ?t qf_"" the comparison are shown in Table VII and indicate a
T Ho: De3d e, decrease in A, as the particle size decreases, The mod-
5 .66 102687 itied Dancoff treatment has been applied to Version 4
“ - 167 L246 L9611 ol the SCALE svstem and has been urilized in subse-
: :?" f-"‘*'-'-f i3 ::_‘“ aquent analvses where small particles had to be con-

Y { 23 } 27

U0, spaencal particles in water with 4350 wppm noron.
Sphere diameter and VF selected by interpoiatnon of re-
sults at 2.2- and 4.3.cm particle sizes.

Spheres touching; maximum packing traction.

TABLE Vi

Fuel Particle Composition for investigating Effect
of Impunties in Resolidificd Rubbie

sidered.

APPLICATIONS AND RESULTS

Lower Vessel Rubble Studies

After selecting the dodecahedral unit cell as the
rubble model. the first application effort was to estab-
lish a concentration of soluble boren that would main-
tain the core in a shutdown configuration for all fuel
removal operations. Several simple models were devel-
oped and analyzed for this 1ask.

Each of the models applied in the lower vessel

Constituent i Wi | study included fuel/rubble and borated water regions
. . contained in a 20.32-cm (8-in.)-thick Type 304 stain-
L{2.67Y0: (burned) i §3.79 less steel retlector representative of the hemispherically
Zirconium i 12.70
ron i 244 ] S . = ; .
Chromium | 0.75 "The Dancotf correction factor is the first-flight transmis-
| Molvbdenum 5 0.1¢ sion probability through the interstitial material between
! Boron ! 0.11 fuel lumps. It is applied by NITAWL-S 10 the leakage from
E \Manganese % 0.06 the single lump in order 1o approximate the effects of a lat-
i . tice of fuel lumps.
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TABLE VI

Compartson of & . Values for Latuce ot Dodecanedral Cells®

Infinite Muluplicanion Factor, A,

1
l
1
Spherical Particle ; ! Modified ! |
Diameter SCALE ! l
Fuel VF rem) SCALE:} (SCALE-H | MONP |
0,33 Lo | 1.326 | 1.328 L 13220002
)33 L6 1.302 | 1.309 i |
033 0.5 1.291 1302 i |
033 04 1.337 ! 1.29¢ : 1.292 « 0.003 |
)33 0.3 1.256 ' 1.287 !
.13 a2 Jea) 1.277
33 ol L8811 1.260* i 1.249 = 0ol \
.33 D.AK2 i.570* 1,205%* i
1,33 ntinite homoeeneous 1.253 1.254 1.251 = 0.002 '
(03 10 1131 1.133 P19 = 0003
' hld .ty 1108 112
163 0.3 ) L
dnt 4 ) - 1 | 1,100 108 = 0008
63 i3 62 Lyl
163 .2 031 1088 1102 = 0006 i
.63 Intinite homogensous SRR L 1LOSY = 0002 :

“Spherical U'i2.32)0. particie in unborated water,
‘The XNSDRNPM cases did not converge i 28 outer iterations,

shaped lower portion of the pressure vessel. The pres-
ence of steel memboers interior to the vessel (such as the
lower grid and the tlow distributor) was ignored as a
CcOnservative approximation.

e models charactenized the fuel region as having
one of three geometry shapes: spherical. lenticular or
lens-shaped. and semilenticuiar or flattop. The first
two models are shown in Figs. 4 and 5. Dimensions for
the various zones are determined based on the inven-
tory mmformation supplied by the Defueling Design
Team and the specified (or opumum) VF. For the len-
ticular model, the outer spherical shell of Type 304
stainless steel was alwavs specified to have an outer
dimension of 2317.998 cm, which was the actual radius
of curvature for the pressure vessel. The volume of a
lenticular region is given by

V=2zh(r—h/3) .
where
# = region’s half-height

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

The fuel volume of the flattop model is one-half of this
value. For a given fuel volume, leakage considerations Fig. 4. Muluzone spherical model.
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SORATED WATER

from ¢lementary reactor theory predict that the spher-
:cal tuel geometry is the most reactive. The lentuicular
and flattop tuel geometnes produce progressively more
{eakage and are theretore less reactive. Thus. the ideal-
ized spherical fuel geometry is the most conservative
Trom the criticality satety standpoint, while the other
models are less conservative but more realistic. Also,
note that the sphenical model is amenable to highly pre-
-1s¢ analvsis with the one-dimensional discrete ordi-
nates code, XSDRNPM-S,

T'he primary results for the tinite svstem analvses
are hsted in Table VI, The lenticular model was se-
‘ected as the design-basis model because it provided the
best combination of realism. simplicuty, and conser-
vausm. Case 1 is the design-basis case, showing that a
soluble boron level of 4350 wppm is just under the cal-
culational limit of 0.965. The fuel arrangement for the
base case and most other cases of Table V111 was con-
servative but somewhat unrealistic since batch 3 fuel
was placed as the central fuel zone. Comparisons of
cases 4 and S, 6 and 8. and 7 and 9 indicate that the use
of burned batch 3 isotopics provides a reacuvity de-
crease of 1.6 to 1.8% Ak in comparison with fresh
batch 3 isotopics. This finding is consistent with the re-
sults shown in Table IV for an infinite lattice.

Although not used as the design basis, the spheri-
<al model proved to be very valuable for scoping and
parameter studies. To be utilized effectively, it was nec-
essary to detine the differential reactivity w rth be-
tween the hypothetical spherical model and t2~ more
plausible lenticular model. Comparisons of case ' and
2.3and 4. 6and 7, and 8 and 9 of Table VIII o |
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0.3% AX decrease in reacuvity in going trom the spher-
1cal to lenticular model. In addition, cases 7 and 9 were
analyzed with XSDRNPM-S and KENO V.a 1o con-
tfirm that the two codes vielded identical results within
the statistics provided by the Monte Carlo analysis.

The boron worth is another vanable that can be
charactenized bv the results of Table VIII. Companson
of cases 4 and 7 shows a 1.83% AKX increase in reactiv-
ity in going trom 4750 to 4200 wppm boron. Cases 3
and' 9 show an effect of 1.68%0 Ak. These values pre-
dict a boron reactivity worth of =300 to 330 wppm/
1% AK. The intinite lattice data in Table 111 predict a
boron worth in agreement with these values. Also, on
the basis of a unit of boron concentration, the data
demonstrate a decreasing boron worth with increasing
boron level.

New observations made subsequent to the design-
hasis study revealed large chunks of apparently once-
molten and resolidified UQ» present in the TMI-2
lower vessel. A studv was then undertaken to deter-
mine il a lareer. reconfigured peilet might be more re-
acuve than the particle size consistent with the design
uel peller. Finite svstem models were detined to dem-
wmstrate the reacuvity effects of various modifications
10 the defueline design-basis case. The major features
ot these modificauions were based on early (circa 1985)
<ore damage assessments that included an estimated 20
10 30% core melt with a high likelihood of the molten
fuel being from batches | and 2. The approach taken
in modifving the design-basis case was 1o introduce the
opuimume-particle-size fuel into the central, most reac-
tive zone of the models.

Cases 10 through 14 of Table VI show the results

1 the analysis performed with optimum-partcle-size
tuel using the sphencal core model (to better obtain ac-
curate reactivity differences). Comparisons of cases |
and 10 indicate a 0.19% AX increase using the new
model of case 10. Progressively adding burnup and go-
ing from 20 to 30% of the inventory (cases 10 15 12}
shows a sequential decrease in the multiplication fac-
tor. The model of case 13 incorporates the likelihood
that all of the molten fuel was from batches 1 and 2.
The model of case 14 has the batch 3 fuel on the core
periphery, corresponding to its actual location in the
reactor core. Both cases show substantial decreases
in k"!.

The overall conclusion of the study with optimum
particle size is that while a larger particle size is moure
reactive than the design pellet, incorporation of the
larger particle into finite systems that are consistent
with the core damage assessment leads to a reduction
in the svstem multiplication factor.

Limits of Foreign Materials

Once the design-basis model and limiting soluble
boron level were determined and approved, defuel-
ing operations were able to begin at TMI-2. The first
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TABLE VI

Resuits o1 TMI-2 Lower Vessel Rubble Studies

CRITICALITY ANALYSIS FOR THE TMI-2 REMOVAL

=
i Soluble
i' Matenal Code Sequence® | Boron | |
i louter radius or haif-height, | Level | Analyvsis ! Muluplication
Case | Model Descripion ) radius o1 curvature (cmj| | (wppmy | Code | Factor, A,y"°
1| Fig s, L N(B1.314.151.7°T) 4350 | KENOVa | 0.9646 = 0.0017
Jdesign-pasis case [ GI116,784,217.678) ! !
{ Type 304 staniess steel (237.998) l i _
\ H 5 § -
2 Fig. 4, N7 40 4350 | NXSDRNPALS | 01 9671
spnrerical equivalent Gil2a.04d) '
o1 design-basts case Tupe 303 stainiess stegi (174.36)
: Fig. 3. cme ] OUS1.414.150.7°T) 4200 1 KENO V. (LY6RS = 0.0016
At fower boron Ihllf\ 33.217.678) :
wvpe S04 staniess steei (237 99R) !
L Fig s Ot107 44 1200 | NSDRNPMSS | 09720 |
sphencal equinalent Hil34.04 i i
of case 3 Tipe 304 stanbess steed 1174360 :
Fle. 4, Jdse 4 Bilo=. 2 4200 NSDRNPALS L YRNG
AR Iresn Dawck 3 fuel HiEd 00 ‘
Tipe 304 aainiess ~1eel (174, 360 :
|
" Fre, &, Jase MITO NSRS 151 T TR0 RENO V.G 09520 = 0.0018
4t mghier toron Frl14.673.217.478)
e 304 stniess steel (237.998) |
r Fue 4. NMioh 26) 1750 NSDRNPMS 11,9817
spherical equisy aient Fii32.3n RENO Vo 19538 = 0.0016
it sase Tvpe MM snaniess steel (172.72)
. Fig, 3, Jase 6 \iT9. 9865, 151,777 1750 RENO V 0 0.9683 = 0.0020 |
wviih fresn batch 3 fuet Filid sty 21" 678 i
|
Type 3104 stautiess steel (237 00R) i
' Fig. 4 A6 26) 3750 NSDRNPALS 09716 i
phencal eguiviient Fels2.4m RENO N O DU = 00014 |
P oase A Type 306 stqinless steel (172.7°0) }
i d-z0ne spnere. JHET.T8), NS00 | 4350 NSDRNPM-S 19690
207 core mell. fresh Gi153.28) ! {
i Type 304 stainiess steel (173.60) |
| i ! |
It 4.zone sphere. 1 CCIR7. 7% N(118.60) I 4350 | NSDRNPAML-S 09624
20%a core meit. burned | Gi153.78) f | |
I Tupe 304 stainiess steel (173.60) | { '
i | !
12 |- Case bl ; CCH00.45), Ni123 .39 i 4150 | NSDRNPM-S | .9618
107 core melt | GQ152.58) ! 1 |
Tyvpe 34 stamnldess sreel (173,200 I |
|
It 4.z0ne sphere, AATEI, N0 % 4350 | XSDRNPM-S | 0.987
20%s | and 2 melt. GI153.53) | ' ',
burned Type 304 stainless steel (173.85) i | |
| . = = | . . H
| 14| s0me sphere, L AATE.A4, GUI3ST) | 2350 | XSDRNPMS | 0.9385
- | 20% 1 and 2 mek. N(153.53) | I ]
| | burned, 3 outside Type 304 stamiess steel (173, ﬂ‘) i i |
i 1

'See Table I11 for fuel matenal codes.
"Four decimal places are miven tor companson. The basic precision i1s only one figure in the third decimal place or 0.1% Ak.
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criticality concern 1o anse was the erfect that vanous
toreren matenals would have if intentionally or acaiden-
1aliviinserted mto the RCS. The tower operanonal himt
on soluble boron (4950 wppm) was used to establish
the himiung reacuvity worth of toreign materals.
Case | of Table IX shows the spherical equivalent ot
the design-basis case tor the 4950 wppm boron level.
\ comparison with case 2 or Tabie VIl maicates a
1,93% A& marein s avatlable in moving the desien-
basts case from 4350 to 4950 wppm. Thus. 4 limiting

calculated £, value tor the toreien material spherical

models was set equal to the A,,, value tor the sphencal
squivalent design-basis case at 4950 wppm poron pius
a 1.9% AL reacuvity margin (1., U.9478 = 0019 =
1.9668). However, some sphenical models utthzed tor
this task differed trom the design-basis tuel arranee-
ment tn that batch | and 2 fuel were placed in the cen-
121 feases 9, 10, and 16 throuen 19 o1 Table [N Sinee
these models were sigmncantiy ditferent from the Jde-
ien-basis tuel arrangement. they were restncted o the
calculational hmit of &,.. < 0.965.

several sphernical toreign matenal models were de-
veloped 1o establish the imits o1 the matertals as retiec-
rars or interstitial moderators, Cases 2 throuen [0 o1
Table IX indicate the etfect of various retlector mate-
rials between the fuel and the stamnless steel sheil. A
maximum reflector thickness of 65 ¢m was considered.
Bervilium (case 6 1s the best retlector, with 2 0.2%0 AKX
increase over the base case. However, none ot the
reflectors. including the specularly retiecting boundary
condition case 8), exceeded the specitied limit.

Cases |1 through 19 ot Table IN summanze the in-
terstiial moderator analvses. Each case represents a se-
ries of analvses to determine the limiting quantty ot
moderator tor that particular model. As one would ex-
pect, the moderator 1s most effective when placed in
the center o1 the model, Rather than a limiung quan-
tity, the water thickness for case 14 vields the maw-
mum multiplication ractor caicuiated for a model with
the water separaung the batch 3 fuel, Thus, there 1s no
limiting quantity of water tor this configuration.

Cases 11 and 12 of Table IX indicate the limiting
amount of fresh water and hydraulic fluid. In the anal-
vses, these unborated moderator quantities were con-
servatively assumed to totally displace the borated
coolant 1n the most reactive portion ot the core model
(center). Note also that opuimum fuel VFs were used
for each fuel zone. Case 13 indicates that using the
optimum VF for the borated fuel in all fuel zones (in-
cluding the zone with unborated water) provides a re-
actuivity decrease of 1.4% Ak. Cases 16 through 19
were performed to ensure that the design-basis fuel ar-
rangement (batch 3 centered) provided the most con-
servative limits on unborated water insertion.

As a result of the analyses presented in Table IX,
the Defueling Design Team established the limits on
foreign materials allowed to be introduced into the
core. Note that there was extremely slow outer itera-
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tion convergence :n the XSDRNPM-S calculanons tor
the large spherical models of Table IX. In parucular.
the models with unborated central regions ook >85
outer iterations” 1o reach a convergence criteria of
i0 . The slow convergence 1s due in large part to the
large change 1n the spectrum between the unborated
and highly borated regions. In many cases. when the
Jonvergence criteria was met. k., was sull nsing at
4 rate only shightly less than 10 per outer iteranon.
Thus, estimates of an asvmptotic A, were computed
by extrapolanng an assumed exponennal error decay
trom the converzed values. For the cases with unbo-
rated central regions. this practice tvpically produced
an inerease of 0,17 Ak over the “converged” &,

Safety Assessment for Use of a Plasma Arc Torch

\s part ol the etfort to dismantle the lower core
support assembly (LCSA), it was necessary to utilize
4 plasma are torch. To provide adeguate cooling, the
rorch svstem needs — 13 ( (4 gai) of H.O. Highly bo-
rated water could not be emploved as a coolant be-
Jause of its migh electnical conductivity. Also, the limit
n unborated water allowed in th* core was set at 7.57
. 12 gai) based on the result from case 11 of Table [X.
Thus. an etfort was begun 1o generate a simple, yet
conservauve, model of the LCSA that would specifi-
cally address unlization ot the plasma torch. The goal
was to provide an acceptable model that would un-
Jergo a thorough criticality satfety review and still al-
low the limit on unborated water to be raised.

As one might expect, this 1ask entailed a consider-
able amount of back and forth ieration between the
analvsts, Detuehing Design [eam. operations person-
nel. and internal criticality safety reviewers. Table X
shows the results that were pertormed initially to de-
termine what boron level was needed to raise the un-
derborated moderator limit to 15 ¢ per the modei of
case 11 in Table IX. The table results indicate the torch
cooling water would need 1000 wppm soluble boron 1o
meet the k.., criterion. However, the operations per-
sonnel then determined that any boron level was un-
acceptable for adequate torch operation. Thus, the
Defueling Design Team began a thorough look at
the LCSA geometry, information (available from the
defueling activities) on the fuel characteristics in the
LCSA. and scenarios for inserting the cooling water
into fuel areas. The results of these analyses are shown
in Table XI1.

Case | of Table X1 is the spherical base case LCSA
model consisting of two fuel zones. The inner zone is
burned batch 2 fuel in unborated water with optimum
particle size and fuel VF. A study of the plasma torch

"The CPU time associated with these large numbers of
outer iterations was reduced by 72% if a converged result
was obtained via the XSDRNPM diffus:on theory option
prior to switching to the transport theory option.
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TABLE IX

Results ot Foreien Matenal Study with Finite Spherical Svstems

! i
; | Numoper ot | Matenal Code Sequence* i Muluplhicanon |
Case | Model Description : Zones 1 [Outer Radius (cm)] " Factor® '
1 Design basis. 4950 wppm boron, 3 L1106.26), D(152.4) ] 1.9478 i
sphencal equivalent ¢ Type 304 stainless steel (172.72 { |
i | I
2 | Lzad rettection f 4 CL(106.26), DI152.4). Lead (217.3) i U.9481
i | Type 304 stainiess steel (237.72) '
) i {
¥ i lron retlectton 4 FOL(106.26). D(152.3). lron (217.4) ! 11.9493 1
i Type 304 stainless steel (237.72) i *
4+ | Carbon rerlection £ L(106.26), D(152.4). Carbon (217.4) | 11,9493 '
Type 304 stainless steel (237.72) i |
Unboratea water retlection 4 L(106.26), D(152.4), H,0(217.4) | 0 9486 !
" Type 304 stainless steel (237.72) ! i
4 Berviiium retlection . Li106.26), D(152.3) | 11,9496 |
Bervihum (217.4) !
Type 304 stamnless steei 1237.72) :
v Polvethviene retlection . Li106.26), DI182.4), CoeHe(217 4 | 11,9486
Tipe 304 stainiess steel 1237.72) 1
3 Perrect r2ilecton b Liloh 26), D(152.3) 1.9487 !
fauter coungary o Lores \
) Base case with batches i ung 2 3 D276 LUIS2.4) L9078 !
(0.63 tuei VF) centered Tyvpe 304 starnless steel (172.72) i
]
16 Berviiium retlection, batches 4 Di132.76), L1152, .9326 {
i and 2 centered Bersvilium (217.4) i
Type MM stainless steel 1237.72) . 1
i 8.82 { of unborared water 3 Vil4 3 Lii06.31), D(152.42) | .9657 |
t 10,28 fuel VF) centered 1 barch 3 Tope 304 stunless steel (172.74) f I
2 @ 19 ¢ of unvorated hydrauiic 3 Vild 4y, Le106.31), DilS2.32) 11,9658
uid centered 1n batch 3 Fype 303 stainbess steef (172.74)
939 ¢ o1 unborated water H NOES.23), Lelo6 26), DiIS2.4) 19519
12.63 tuel VF) centered sn batch 3 o Tape 304 staindess steel (172.72)
- 2.5 ¢m of unborated water 5 LEE3.15), H-Ous5.63) LY63T
ino tuel) within pateh 3 Lito6.9]), D(152.72)
Tupe 304 staintess steel (173.04)
| 5 |
1€ 486.92 ¢ of beryilium b t L(53.13), Bervilium (64.33) : 19668 '
within batch 1 [ | LO09.59), D(154.0%) i
5 ¢ Tyvpe 304 stainiess steel (173.37) . |
6 | Batches | and 2 centered, 4 | DI132.76), L(148.93). V(156.53) 1 0.9634 l
. 1604 ¢ of unborated water i Type 304 staindess steel (176.85) ! E
in outer edee of batch 2 ! f |
| 17| Base case with batches | and 2 i 3 : E(130.72). Lt150.86) il 0.9090 }
! ¢ (0.66 fuel VF) centered ‘ ‘ Type 304 stainless steel (171.18) ! i
| 18 1 and 2 (0.66 Tuel VF) centered. 4 i E130.72), L(147.39), V(154.99) 5 0.9647 l
1576 ¢ of unborated water ] { Tyvpe 304 staindess steel (175.31) ' !
: in outer edge of batch 3 | | i i
L 19 | 15.18 ¢ of unborated water : 4 | 117,30, D130.77). L(150.90) | 19636 |
| ¢ (0,30 fuel VF) centered i L Type 304 stainless steel (171.22) ’
i ! in batches | and 2 (0.66 fucl VF) | ! |
i i L i

‘See Table 11 for tuel matenal codes.

"Four decimal places are given for comparison. The basic precision 1s only one tigure in the third decimal place or 0.1%
of K.
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IABLE X
Resutts for 13925 (43 ¢ah of Water with Varving Levels of Boron in Sphenical Design-Basis Model
~oluble Boron Leved Multiphication
Lase (wppmi Marenal Code Seguence* ! Factor.” &.., i
1
I 150M) Pl D, Tupe 304 stainless steel 11,9496 !
ol 2500 D, L DL Type 304 stainless steel 19519
s 200 R, L. D, Type 304 stamniess stee! 19540 |
4 [ 1K) ~. L. DL Type 304 stainjess steel , (1.9651 t
3 { (0 T L. DL Tyvpe 304 stainless steel 1.9823 {

‘See Tabie LI for ruel matenai codes

Four deamal places are given tor companson. [hie basie precision 1s oniy one tigure in the third decimal place or
i l\!"a Al\'

TABLE NI
sphetical Mode! Results 107 Cnnganty Aoessment of Usine @ Plasma Are Toren to Cut the LUSA

Multuplication Factor. AL, i
Satersal Code Seauence”
Case Model Description huter Radius tem) NSDRNPNLST NENO Vo
Base case LCSA modet Wls aisy, FRCIE0.08) i1 9482 BYSU9 — .0013° |
(11358 ¢ unborated water) 0 H O st 29250 appm horon o S0.08) ;
: 1% 13 ¢ unborated water in | DDUIT 2350, HB(14N 60) L9879 --- E
core-average tuel opnmum |
sile |
: 9084 | unborated water im0 Wils, 79, BBI14N 79 — 0969 - 0,001 :
3 burned, optimum H.O with 4950 wppm boron (178 794 | I
| ‘ |
B 49 831 ¢ unborated water in | WelS 19, BB(148.597) ——— 0.%66 = 1L.001 i
 purned, optimum H.O with 3950 wppm boron (178,597 i
> 11.355 { unborated water Wil1£.93%), BB(148 60) - 0973 =0001 |
m 3 burpned. optimum H.O with 4950 wppm boron 1178.60) |
n %83} ¢ unborated »ater Vil4.833), BB(15S0. 797) - 0.967 = 0001
in 3 burned H.0 with 4920 wppm boron (180,797 |
g Base case with optimum - WilE935), HH(148.60) 'L 11,9695  .9712 = 0.0011
particles 1n outer 1 H.O with 4950 wppm boron (178.60) ] i
) ! |
| 8 | Case ” with $100 wppm | W(1£.935), GG(147.88) | 0967 | 0.9665 = 00013 |
i | boron in outer | H:O with 5100 wppm boron (177.88) | 1
! 9 | Mixing model {W(6.96), U(21.25), FF(150.08) i “ae {04924 = 0.001 1
I | | H:O with 4950 wppm boron (180.08) | | |
] H

‘See Table 11 for fuel matenal codes.

"Four decimal places are given for companson. The basic precision is only one figure in the third decimal place or 0,1%
of k,u.

"AllKENO V.a cases were run with 200 000 histories and a central start box extending 10 cm into region 2. Cases 3 through 6

and case Y were run with 500 particles per generation and 400 generations: cases 1. 7, and 8 were run with 1000 paru-
cles per generation and 200 generations.

“This value is the mean and respective standard deviation obtained from ten separate KENO V .a cases 1200000 histories
per case) where onlv the random number was changed.

as it would operate in the vessel found that it was  of unborated water. The outer zone of the base case
hydraulically impossible to have more than 11.355 ¢ (3  model is the remaining inventory of burned core-
gal) of water drain from the 15.14-¢ system. Thus, the  averaged fuel with the desien pellet diameter. Anv
inner zone of case | 15 sized to contain only 11.355 ¢ other outer zone characterization was considered
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unnecessartly conservanve based on the avaable core
Jata and latest accident scenario,

The other cases in Table X1 were done prior to or
<oncurrent with the base case model anaivses 10 quan-
ity the etfect ol vanous assumptions. Case 2 con-
firmed that 15 f of unborated water in opumum
core-averaged fuel would still exceed the calculanional
lmit on A, Likewise, cases 3 10 6 contirmed the
weed for better charactenzation ot the burned core-
averaged fuel. At this point. it was decided to actualiv
pertorm depletion analysis of batch 1 and 2 fuel rather
than conservauveiv extrapoiate from the batch 3 deple-
tton case. Using complete burnup analvses allowed an
important decrease 1in the burned core-average enrich-
ment of ='*U' (from an extrapoiated 332wt value 10
4 calcutated 2.234 wi¥s value). Cases ~ and 8 show that
using opumum particle sizes in the outer core-average
sone would rase &, above the attowable calculational
amit 10.965) even at the higher boron level (5100 wppm)
tvprcally mamtained in the coolant svstem.

Finallv, case 9 of Table XI uses a spherical model
Jeveloped from a conservalive mivng scenario that
assumes an unborated water ¢! entenne the datch 3
tuel region. The inner rone ot the minine model has
11,946 ¢ 0! unborated water i burned batch ¥ luel,
The next rezion has (7,45 £ of water with 2000 wppm
boron fo amulate the minine of the remmmng un-
borated water with water i1t 3950 wppm boron. The
mixing model result shows a 3.6 A4 decrease 1n re-
activity and contirms the laree deeree of consersvatism
associated with neglecuing mixing 1n the base case
model.

Onher conservatisms an the LUSA base case were
dso mvestigated via aunthiany analvses, Impurnties Ispi-
~al of Baen 3 fuel that melted and resohdificd were
onsidered 10 A . anaivas of matenai code Z o1 Ta-
sle 1. The resulting &, = .76 indicates a substan-
nal reactinaty decrease provided by the impurities, The

amnless steel that occupies a large poruon ot the
LCSA region was aiso ignored 1n the base case anal-
va1s, The largest prece of steel within the LCSA. the
and toremng, was used as the basis tor a model devel-
aped (o assess the reactvity worth of this stinless
steel. The end forging is a steel plate, ~35 ¢m thick.
drilled with ~16.5-cm-diam holes in a lattice as shown
in Fig. 6.

A model of the gnd foreing was developed to per-
torm the stainless steel sensiivity analvsis; however,
cach of the holes was assumed 10 be only 15.23 ¢m
in diameter. Additonally, the size of the erid foreing
was dssumed 1o be infimite in the radial direction and
385 ¢m high avally. Each hole was assumed to be filled
with an opumum muixture of unborated water and fuel.
The tuel used in this ¢case was optimum-sized fuel par-
ticles, with an enrichment of 2.32% (matenal DD o1
Table [I1). On the top and bottom of the steel was an
infinite thickness ol borated water reflector. The re-
sults obtained from KENO V.a showed &.,; = 1,794 «
NUCLEAR TECHNOLOGY
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- STAINLESS STEEL

-- BURNED CORE-
AVERAGE FUEL.
” OPTIMUM, IN

S J -
508 cm i oL
o +4-15.28 em.
J ]

= i [

REFLECTING BOUNDARY ON ALL SIDES

Jie, 6. Crincality satety model considenng presence ot
amniess steel within LCSA,

002, This extremely low value ot & ., supports the
conclusion that the presence of the stainless steel in the
[.CSA has a siemficant neganve etfect on ...

One mteresung facet 1o the KENO V.a analyses
pertormed tor the sphenical models of Table X1 should
se noted. The ourput trom cases 3 throueh 6 indicates
+hat this parucular calculational model causes the source
partcle distribution 1o move spatally (or “drift™) be-
rween generations. In an etfort to remedy this prob-
lem, cases |, 7, and 8 were run with twice as many
particles per generatton. In addition, these cases were
Also run with XSDRNPM-S. The immmal KENO V.a re-
«uft tor case | is shown as case 1a ot Table XI1, The
discrepancy berween the XSDRNPM-S and KENO V.a
results was tar bevond thar expected based on the stan-
dard devianon esumated by KENO V.a. A caretul
review of both the XSDRNPM-S ana KENO V. anal-

ses showed no apparent problem with either calcula-
sjon. Thus, nine addinional KENO V. caiculatons o1
<ds¢ | were run 1o obtam o set ot ten numencal “mea-
«urements”™ of A, from which a mean and vanance
<ould be obtained. The resuits o1 these ten analyses are
shown in Table X11. The mean value obtained from Ta-
ble X1l is reported in Table X1 for case | and provides ex-
cellent agreement with the XSDRNPM-S result.

The conclusion drawn trom Table X11is that, for
this model, KENO V.4 provides & poor estimate of the
true standard deviation. The reason tor the poor ap-
proximation is not clear. It could be tred to the source
Jrift between generations, the fact that the KENO V.a
procedure tor esumating standard deviation assumes
no correlation between generations, or other unknown
reasons. The source drift can probably be attributed to
the drasuc change in the boron level between regions,
The very small central region has a high reactuviry
worth composition. The outer region, which is 600 times
jarger in volume, has a k., that 1s shightly lower than
the system total. Note that previous models that em-
ploved adjacent borated and unborated fuel zones such
as this were only analyzed with XSDRNPM.S. Since
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TABLE NI

sesufts o Ten AENO Vg Calculations of the Base Case
LCSA Modei (Case ) ot Table NI

Effecttve Mulupheation

ase” Factors, A = @
13 (9663 - 0ol
b (9850 « it ]
e 49612 = il
d (L9648 = 0] |
e D908 = 0012

' Y9874 - vt
is 49884 - vl
1 9576 = ]2

i NYiee = 0011
1 Y GRED = i 1M ]
Llean {9880~ i)

CAses ditter oniv n e imiial random numner 4 o §

SN Bustorntes per case.

Sk
VIgln = 4 = e = 11.9%0Q
ki)

SRaard Jdeviation of Lasve distnbution

= ——— - = (AKI3H

srandard Jevauon o mean = a0y 0 = 04k ]

‘mis work reatfirmed the vahiduy o1 the NSDRNPALS
cdleuianon, INere Was nNo reason 10 review the carler
NSDRNPMLS calcuiations with simadar models.

Other Tasks

The three application areas described above re-
suired the largest amount of analvue support. How-
ever, analvtic support was also supplied for a vanety
ut smaller tasks. One such set of analyses was per-
tormed for the storage containers used to store fuel
assembly end fittings at TMI-2. Lack of certainty re-
carding the amount of fuel accompanving the end
fitting 1n the container necessitated criticality satety
analvses. The cvlindrical container model is shown in
Fig. 7, and the KENO V.a analysis results are shown
in Table XIII. In addition, cases with polvethvlene
moderation were analyzed. The results of the analysis
provided adequate confirmation that the containers
would be maintained in an adequate subcritical state
during normal and abnormal (case 4) storage condi-
1ons.

Table XIV provides the critical and limiting fuel
mass quantities developed for several unborated water-
moderated systems with and without a retlector. The
spherical models were analyzed casily by doing auto-
mated searches to locate the inner zone radius that pro-
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Fiz C nncabity sarery anaivas model for end littings con-
amner. Dunensions are SIven in centiimetres.

TABLE NI

Results o1 Crnitcality Anaivses tor
End Fittings Contamner

| Muluplication :
Case Model Description | Factor !
) Sinele unat | 0.798 - 0.003 |
= Singie umt. unborated . i
water removed L0779 = 0, 003 |
| 3 . Infinne pianar array CL.893 - 0.003
!t 4 | Infinue double-height array | 0.933 = 0.003

vided the desired &, value. The cylindrical models
were analvzed with KENO V.a and required manual
iteration of the cvlindrical dimensions. The purpose
of cases | through 7 was 1o assess the degree of con-
servatism inherent in the single-parameter safe fuel
mass limit of 70 kg utilized at the TMI-2 site. Cases 8
through 11 of Table XIV were done to obtain informa-
tion on the critical mass limit for core-averaged fuel in
unborated water.

CONCLUSION

Criticality safety analyses for the TMI-2 defueling
operations have been an important part of establish-
ing defucling procedures, maintaining sale operations,
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TABLE XV

Crncal and Lumiting Mass Quanninies for Fresh Batch 3 and Core-Averaged Fuel

' Water | '
Steel Liner | Reflection | [ Fuel
Fuel Material Code” Thickness | Thickness '; Muluplicanon | Mass
Case Model {Outer Radiwus wmil emj | tcm) ! Factor, 4., | tkg)
) Sphere Ci22.5) 0.3178 10 , 1.0 { 137.4
] Sphere Cill.f u 30 | 1.0 122:2
: Cvlinder ciT.m? 93178 i 0 0990 =004 | 1780
3 Cvlinder CUl6.3) n | 30 | 0996 0004 | 162.8
: Sphere Cr218) Al : 0 1.0 P 1e2.l
f sphere Ni24%) 53158 : i) 1.0 L-7.176.1
1 Sphere Ki23.5) RIY) L0 i 163.7
s Sphere EE(24.7) : 0 &) i 182.0 i
i Sphere EEGD.5) ' ) .96 - -141.0° ]
T sphere EE2s .9 | i) 1.0 292.0:..1
! Sphere FE26.9) j 196 R3S

s¢e Table 111 Tor fuel marenal codes.
inder heteht equal 10 'sice the diameter

ind demonstranng comphiance with internai and reg-
tatory ~atety requirements. The computauonal tools
ised tor the work are well established within the cri-
-ality satery community. A simple boundine approach
Aas taken in developing the calculanonal modgels. The
1se 0f well-established tools and boundine models en-
apled rapid response to analvsis requests and led 1o a
refatively smooth review process by internal and exter-
aal reviewers.

ACKNOWLEDGMENTS

The autnors are indebted 1o §. K. Kmeht, PoBL Foa,
. Cerne. ang O. W. Hermann who neipea pertorm
many ol the calculations reported herein,

REFERENCES

1. DS, WILLIAMS., J. C. ROMMEL. and R. L. MUR-

RAY. “An Overview o1 Nuclear Criticality Satety Per-
Yormed 10 Support TMI-2 Detueline,” Trans, Jim. Nucl
Soc.. 87, 508 (198ER).
2. “SCALE: A Modular Code Svstem ror Pertorming
Standardized Computer Analvses for Licensing Evalua-
non.” NUREG CR-0200, Vols, 1-3, U.S. Nuclear Reguia-
rory Commussion (onginaily issued Julv 1980, ressued Jan.
1982, Rev. | msued July 1982, Rev. 2 issued June 1983, Rev.
¥ ssued Dec. 19843, Code svstem available trom the Radi-
anon Shielding Intormanon Center gt Oak Ridge Natonal
l.aboratory

3. N. M. GREENE, L. M. PETRIE. and R. M. WEST.-
FALL. "NSITAWL-S: SCALE Svstem Module for Per-

NUCLEAR TECHNOLOGY VOLL.R® NOV.19R9

tormance Resonance Shielding and Working Libragy
Production, " NUREG/ CR-O2X), Rev, 3, Sec. F2, U.S. Nu-
Jear Regulatory Commussion (Dec, 1983y,

4 L. AL PETRIE ana N F, LANDERS. "KENO V.a: An
Improved Monte Carlo Criticality Program with Super-
Groupig, T NUREG/CR-0200, Rev, 3, Sec. FI1I, U.S. Nu-
Jlear Keeulatory Commission (Dec. 1984),

SoNOAL GREENE and L. ML PETRIE, “XSDRNPM-S:
\ One-Dimenstonal Discrete Ordinates Program for Trans-
port Analvsis.” NUREG CR-0200. Rev. Y. Sec. FIULS.
Nuclear Reguiatory Commussion 1Dec. 19%3),

o0 W, HERMANN and R. M. WESTFALL, "ORI-
GEN-S: SCALE Svstem Module to Caiculate Fuel Deple-
tion, Actimde Transmutation, Fission Product Buildup and
Decay, and Associated Radiation Source Terms,” NUREG.
CR-0200, Rev. 3, Sec. F7, U.S. Nuclear Reguiatory Com-
mission (Dec. 1984),

.M. L BELL, "ORIGEN = The ORNL lsotope Gener-
atton and Depietton Code.” ORNL-4628, Oak Ridee Na-
rional Laboratory (Mav 1973,

N N.F. LANDERS and L. M. PETRIE, “CSAS4: An
Enhanced Criticality Safery Anaivsis Moduie with an Opti-
mum Pitch Search Option,” NUREG: CR-0200. Rev. 3,
sSec, U4, US. Nuclear Regulatory Commussion (Dec. 1984).

Yo O, W, HERMANN, "SAS2: A Coupied One-Dimen-
stonal Depletion and Shiclding Analysis Code,” NUREG
( R-0200. Rev. 3. Sec. S2. U.S. Nuclear Repulatory Com-
musston (Dec, 1984)

10, 1. R, KNIGHT. “SUPERDAN: Computer Program tor
Calculating the Dancotf Factor ol Spheres, Cylinders, and

677



Parks et al

sfabs. " ORNL NUREG. CSD TM-2. Oak Ridee Natonal
aboratons (11978

NoM GREENE. 1. L. LUCIUS. L. M. PETRIE.W. E
SORD NI ) E.WHITE, and R. 3. WRIGHT, “AMPX:
A Modutar Code Ssstem for Generating Coupled Muain-
sroup Neutron-Camma Libranes trom ENDFB.” ORNI
"NLITOA, Ok Ridee Sanonal Laboratory (Mar. 1976

2. ROM.WESTFALL and 1R KNIGHT. "SCALE Sys.
em Crosy Section Vabdatnon with Shippine-Cash Crntical
Expenments.” Trans, m. Nucl. Soc.. 33, 368 (1979

L NOPETRIE and 5. T THOMAS. “ Assessment ot
Compuational Pertormance i Nuckear « nicabiy.” ORNI
CSD TAML223 Oak Ridee Natonal Lavorators olan, 988y

< R, 0 MURRAY. Consuntant to D, >~ Williams, dechted
SN Amerncan Poser Corporation. USeiection

T ol & TG
wrenments, " |

Letter ReporttApr. 5. [68dy

ENGELDER. N L. ANIDOW . K H. UL ARN.

BARKSDALE: R.-H. LEWIS. ana ¥t N BALD
SING TSpeciral Shitt Comror Reactor Basi Physady oo
s, Cnncal BExpeniments on L attives NModerdied

VOO Mantares,” BAW- 1231, Babcook & Walcon Com-
any e 3, 1960

80 ANGRCBOYNTON; O L-BARD. KB PLUMEERE!
VoAl REDMAN. W R, ROBINSON, ang Gi. 5. STAN-

678

CRITICALITY ANALYSIS FOR THE TMI.2 REMOVAL

FORD. “High Conversion Crincal Experiments,” ANL-
=203, Arzonne Nanonal Laboratory tan. 1967)

17 .5 HOOVLER. AL N, BALDWIN, E. L. MACEDA.
and F. G, WELFARE. “Crniucal Expeniments Supportung
Underwater Storage o1 Tightlv Packed Connieurations ot
Fuel Pins.” BAW-1645.4, Babcock & Wilcox Company
(Nov, 1Us]h

IN, R.MOWESTFALL. J. R.OKNIGHT. P B. FOX, 0. W.
HERMANN, ang J. C. TURNER. "TMI-2 Crincalty Stud-
wes: Lower-Vessel Rubble ang Analvucal Benchmarking,”
ORNL OSD. TM-222. Oak Ridee MNauonal Laboratory
{Dec. 198%)

9 R, M, WESTFALL. J T. WEST. G. E. WHITE-
~1DES, ana J. T. THOMAS, “Criticality Anaivses ot Dis-
‘upted Core Models of Three Mile island Unne 2.7
ORNL CSD TA-106. Oak Ridee Nanonal Laboratory
L 1]

3. H.OM CUNDY and A. P. ROLLETT. Marhematicai
Vogess., Untord Unnversity Press, New York 11961

21 WCCOTORDAN C. Y PARKS ana L M PETRIE.
wn bmproved Dancot! Correction Factor 1or the SCALE
we Sustem.  Trans. it Nackh Mec.. 36, 124 (1988).

1200 b BRIESMEISTER. £4.. “MONP - A Generai
Monte Carlo Code tor Neutron and Photon Transport,
Version 3AL7 L A-T396-M., Rev. 2. Los Alamos Natonai
I aboratory 15¢n. 1986),

NUCLEAR TECHNOLOGY VOL. 87 NOV. 1989




GEND-INF-060,v01.11

May 1985

GEND

General Publc Utdties » tlectrc Power Raseorcn insttiute » U S Nudieor Requiatony Commsson » U S Department of €nergy

TMI-2 HBA CORE DEBRIS SAMPLE EXAMINATION

FINAL REPORT

George 0. Hayner

Prepared for the

U.S. Department of €nergy

Three Mile Island Operations Office
Under Contract No. D€-RCO7-76ID01570

48 930408
PR | ADOCK 05000320
P




GEND-INF- 090
June 1989

GEND

Generol Publc Utities » €lectre Power Reseorch Insttute * US. Nudec Regquictony Commission U S Department of €nergy

TMI-2 B-LO0P STEAM GENERATOR TUBE SHEET
LOOSE DEBRIS EXAMINATION AND ANALYSIS

T. L. Hardt
G.0. Hayner

Prepared for the
U.S. Department of €nergy
Three Mile Islond Operations Office

Under Contract No. DE-ACO7-76D01570  $30413903

0 930408
PDR "o

0320
EKHJPDR




e D INE - OS Do)

GEND-INF- 075
September 1986

GEND

TM1-2 CORE DEBRIS GRAB SAMPLES--
EXAMINATION AND ANALYSIS

PART 1

J. W. Akers
E. R. Carlson
B. A. Cook

Prepared for the
U.S. Department of €nergy
Three Mile Islond Operations Office

Under Contract No. D€E-ACO7-76ID01570

5. A. Ploger
J. 0. Carlson

93041350052 930408
SDR ADOCK O&OOSESO




B l&s5 ¥ GEND-INF- 17:

September 1986

SENerD FUbk: Ute ey ® S et Vauer Relnrch ingtgute butienr Re st oy nmeaon ¢ U S Depanment of Srergy
*HY. 5 CABE ACABIC ABAR ©f Eh
[-2 CORE DEBRIS GRAB SAMPLES--

3 R Al S e

CCAMINATION AND ANALYSIS

R

DART

:, -~ :-it?."'; q .'.. :\'r‘\an

- r ~ ™

2. 2. Carlson J. 0. Carlson

(84 ]

Prepared for the

U S. Department of €nergy

Three Mile Islang Operc*inns Office
Under Contract No. DE-RCO7-76ID01570




	000634
	000635
	000636
	000637
	000638
	000639
	000640
	000641
	000642
	000643
	000644
	000645
	000646
	000647
	000648
	000649
	000650
	000651
	000652
	000653
	000654
	000655
	000656
	000657
	000658
	000659
	000660
	000661
	000662
	000663
	000664
	000665
	000666
	000667
	000668
	000669
	000670
	000671
	000672
	000673
	000674
	000675
	000676
	000677

