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(<) Use by our competitor would put Westinghouse at a competitive disadvantage

by reducing his expenditure of resources at our expense.

() Each component of proprietary information pertinent to a particular
competitive advantage is potentially as valuable as the total competitive
advantage. If competitors acquire components of proprietary information, any
one component may be the key to the entire puzzle, thereby depriving

Westinghouse of a competitive advantage.

() Unrestricted disclosure would jeopardize the position of prominence of
Westinghouse in the world market. and thereby give a market advantage to the

competiion of those countries,

() The Westinghouse capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

The information is being transmitted to the Commission in confidence and. under the
provisions of 10CFR Section 2.790, it is to be received in confidence by the

Commission.

The information sought to be protected is not available in public sources or available
information has not been previously employed in the same original manner or method

to the best of our knowledge and belief.

The proprietary information sought to be withheld in this submittal 1s that which is
appropriately marked in “Westinghouse Spent Fuel Rack Criticality Analysis
Methadology”. WCAP-14416. (Proprietary), June, 1995 on behalf of the
Westinghouse Owners Group by the Westinghouse Electric Corporation, being
transmitted by the Westinghouse Owners Group letter and Application for

Withholding Proprietary Information from Public Disclosure, Mr. Roger Newton,
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Chairman. Westinghouse Owners Group o the Document Control Desk. Attention
Mr. William T. Russell. The proprietary information as submitted for use by the

Westinghouse Owners Group is applicable to other licensee submittals.

This information is part of that which will enable Westinghouse to:

(a) Provide the NRC with the critical benchmark information needed w provide a

methodalogy bias

(h) Provide the NRC with the appropriate uncertainties associated with each

methodology .

Further this information has substantial commercial value as tollows:

(4) Westinghouse plans 1o use existing criticality analysis methodology
henchmarking and uncertainties to pertorm criticality evaluations for

customers to support NRC licensing requirements.

(b) Westinghouse can sell support and defense ot technology to customers in the

licensing process.

Public disclosure of this proprietary information is likely to cause substantial harm to
the competitive position of Westinghouse because it wouid enhance the ability ot
competitors to provide similar analytical and licensing defense services for commercial
power reactors without commensurate expenses. Also, public disclosure of the
information would enable others to use the information to meet NRC requirements tor

licensing documentation without purchasing the right to use the information,

The development ot the technology described in part by the information is the result
of applying the results of many years of experience in an intensive Westinghouse

eftort and the expenditure ot a considerable sum of money.

In order tor competitors of Westinghouse to duplicate this information,

similartechnical programs wouid have to be pertormed and a significant manpower
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LEGAL NOTICE

report was prepared by Westinghouse as an account of work sponsored by the

L

Westinghouse Owners (ll-'u;'v WOG) Neither the WOG, anv member of the WOG
Westi

nghouse, nor any person acting on behalf of any of them

Makes any warranty or representation whatsoever express or implied, (I) with respect to

the use of any informatior apparatus, method. process, or similar item disclosed in this

1
report, including merchantability and fitness for a particular purpose, (1I) that such use
does not iniringe on or interfere with privately owned rights, including any party's
inteliectual property, or (IIl) that this report 1s suitable to any particular user's
circumstance, or

Assumes responsibility for any damages or other hability whatsoever (including any
consequential damages, even if the WOG or any WOG representative has been advised

of the possibility of such damages esulting from any selection or use of this report or

any iniormaton apparatus, method, process, or similar item disclosed in this report
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FOREWORD

This document contains Westinghouse Electric Corporation proprietary information and data
which has been identified by brackets. Coding associated with the brackets sets forth the basis on

which the information is considered proprietary. These codes are listed with their meanings in
WCAP-7211

The proprietary information and data contained in this report were obtained at considerable

Westinghouse expense and its release could seriously affect our competitive position. This
information is to be withheld from public disclosure in accordance with the Rules of Practice
10 CFR 2,790 and the information presented herein be safeguarded in accordance with

10 CFR 2.903. Withholding of this information does not adversely affect the public interest

I'his information has been provided for your internal use only and should not be released to
persons or organizations outside the Directorate of Regulation and the ACRS without the express
written approval of Westinghouse Electric Corporation. Should it become necessary to release

this information to such persons as part of the review procedure, please contact Westinghouse

Electric Corporation, which will make the necessary arrangements reqguired to protect the
Corporation's proprietary interests

I'he proprietary information is contained in the classified version of this report (WCAP-14416-P)

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 1
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ABSTRACT

The purpose of this topical report is i0 document the Westinghouse Spent Fuel Rack Criticality
Methodology that ensures the spent fuel rack multiplication factor, Kegrs 18 less than 0.95 as
recommended by ANSI 57.2-1983 and NRC guidance. Explained within the document are the
codes, methods and techniques used to satisfy this criterion on K.y Also presented in this
document is the procedure for calculating K ¢ with credit for spent fuel pool soluble boron

Westinghouse Spent Fuel Rack Criticality Analysis Methodology i
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1.0

'he purpose of this report is to document the Westinghouse Spent Fuel Rack Cnticality
Methodology that ensures the spent fuel rack multiplication factor, K., is less than 0.95 as
recommended by ANSI 57.2-1983'") and NR( guidance'®’ The individual seciions of this report
demonstrate the codes, methods and technigues used to satisfy this criterion on K

Introduction

eft

N

secton 2.0, Computer Code Methods and Benchmarking, explains the computer codes used in
the evaluation of the spent fuel rack K calculations. The methodology of the NITAWL-II,
XSDRNPM-S, and KENO-Va codes is discussed and benchmark results are presented to establisi
a methodology bias and bias uncertainty. The PHOENIX-P computer code is also discussed in
this section. PHOENIX-P is a nuclear design code used primarily for core reactor physics
calculations but maintains the capability to simulate spent fuel storage rack geometries. The
benchmarking of PHOENIX-P is discussed here

In Section 3.0, Spent Fuel Rack Criticality Calculations, the maximum fresh fuel assembly
enrichments that can be stored in the spent fuel racks are determined. The details on the
assumptions made to model the spent fuel storage racks and the use of the results are also
presented.  Specific details are presented on KENO-Va calculations, PHOENIX-P tolerance
caiculations and the final 95/95 K 4 determination

lo allow higher enrichments than those determined in the previous section, Section 4.0
Reactivity Equivalencing Methodology, discusses the techniques used to allow higher fuel
assembly enrichments to be stored in the spent fuel storage racks by taking credit for fuel
assembly burnup and Integral Fuel Burnable Absorbers (IFBA). This section defines the concept
of reactivity equivalencing and discusses the assumptions and uncertainties associated with each
reactivity equivalencing technique. The use of PHOENIX-P in each reactivity equivalencing
methodology is discussed

lo completely cover possible off-normal conditions in the spent fuel storage racks, Section 5.0,
Postulated Accident Methodology, defines the postulated spent fuel rack accidents which are
considered in the spent fuel rack criticality analysis The methodology used to determine the
reactivity impact of these accidents is discussed. Finally, the application of the double
contingency principle to these spent fuel rack postulated accidents is presented which allows
credit for spent fuel pool soluble boron to offset the potential reactivity increase caused by these
oft-normal conditions

Finally, Section 6.0, Soluble Boron Credit Methodology, defines how the three previous sections
are applied when credit for spent fuel pool soluble boron is used under normal storage
conhguration conditions. The normal storage configuration is defined using the maximum
feasible K4 calculation to ensure that the spent fuel rack K will be less than 1.0 with no soluble
boron under normal storage conditions. Soluble boron credit is then used to offset the
uncertainties and tolerances and maintain K less than or equal to 0.95 as explained. The use of

Westinghouse Spent Fuel Rack Criticality Analysis Me thodology
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soluble boron credit for reactivity equivalencing uncentainties is discussed. The calculation of
postulated accidents crediting soluble boron is discussed. Finally, a summary of all the soluble
boron credit requirements is presented.

ro

Westinghouse Spent Fuel Rack Criticality Analysis Methodology
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2.0 Computer Code Methods and Benchmarking
2.1 NITAWL, XSDRN, KENO-Va Benchmarking

The criticality calculation method and cross-section values are verified by comparison with
critical experiment data for fuel assemblies similar to those for which the racks are designed. This
benchmarking data is sufficiently diverse to establish that the method bias and uncertainty will
apply to spent fuel storage rack conditions which include strong neutron absorbers, large water
gaps and soluble boron in the moderator.

The design method which insures the criticality safety of the spent fuel storage racks uses
NITAWL-II® and XSDRNPM-S® for cross-section generation and KENO-Va® for reactivity
determination.

The 227 energy group cross-section library that is the common starting point for all cross-sections
used for the benchmarks of KENO-Va and the KENO-Va storage rack calculations is generated
from ENDF/B-V'® data. The NITAWL-II program includes, in this library, the self-shielded
resonance cross-sections that are appropriate for each particular geometry. The Nordheim Integral
Treatment is used. Energy and spatial weighting of cross-sections is performed by the
XSDRNPM-S program which is a one-dimensional S, transport theory code. These multigroup
cross-section sets are then used as input to KENO-Va which is a three dimensional Monte Carlo
theory program designed for reactivity calculations.

KENO-Va Monte Carlo calculations are always performed with sufficient neutron histories to
assure convergence. A typical KENO-Va Monte Carlo calculation involves more than 100,000
neutron histories which is significantly more than the default of 30,000. To assure adequate
convergence, the KENO-Va edits which show Average Ky per Generation Run and Average K
by Generation Skipped are examined. These edits provide a visual inspection on the overall
convergence of the KENO-Va Monte Carlo results.

A set of 44 critical experiments’ 591010 has been analyzed using the above method to

demonstrate its applicability to criticality analysis and to establish the method bias and
uncertainty. The benchmark experiments cover a wide range of geometries, materials, and
enrichments, ranging from relatively low enriched (2.35, 2.46, and 4.31 w/o), water moderated,
oxide fuel arrays separated by various materials (B4C, aluminum, steel, water, etc.) that simulate
LWR fuel shipping and storage conditions 1o dry, harder spectrum, uranium metal cylinder arrays
at high enrichments (93.2 w/o) with various interspersed materials (Plexiglass and air).
Comparison with these experiments demonstrates the wide range of applicability of the method.
Table 1 on page 21 summarizes these experiments.

The highly enriched benchmarks show that the criticality code sequence can correctly predict the
reactivity of a hard spectrum environment, such as the optimum moderation condition often
considered in fresh rack and shipping cask analyses. However, the results of the 12 highly
enriched benchmarks are not incorporated into the criticality method bias because the

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 3
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ennichments are well above any encountered in commercial nucleas power applications. Basing
the method bias solely on the 32 low enriched benchmarks results in a more appropriate and more
conservative bia

I'he 32 low enniched, water moderated experima:ants result in an average KENO-Va 'r;k,. of] ™

Comparison with the average measured ¢ xperimental K. g of 1.0007 results in a method bias of

& wa I'he standard deviation of the bias value is [ ]'*“. The 95/95 one-sided tolerance limit
tactor for 32 values is 2.20 Thus, there is a 95 percent probability with a 95 percent
confidence level that the uncertainty in reactivity, due to the method, is not greater than | ‘&

> NIV D ; "
2.2 PHOENIX-P Benchmarking
'he transport theory computer code, PHOENIX-P''" is used to determine the reactivity « hanges

caused by changes in the fuel assembly and spent fuel racks (tolerances) and the spent fuel pool
conditions (temperature and soluble boron). PHOENIX-P is a depletable, two-dimensional
multigroup, discrete ordinates, transport theory code which utilizes a 42 energy group nuclear

data hibrary

PHOENIX-P has been used to demonstrate its predictive capability in a series of comparisons
against direct experimental data from critical experiments and against isotopic measurements
Fhese comparisons provide a good assessment of the code's ability to predict key physics
parameters over a wide range of lattice variations. Reactivity comparisons are accomplished by

comparing appropriate predictions to Strawbridge and Barry's 101 criticals''® and the Babcock

1
¢

and Wilcox (B&W) cores X1-1.2.7.8.9 and cores XIV-1.¢ spatial criticals 2,10,

I'he range of lattice parameters of the 101 criticals are given in Table 2 on page 22. The resultir
PHOENIX-P k¢ for all 101 criticals is [ ]'*’ with a standard deviation of | IV Th

» PHOENIX-P results to be in excellent agreement with experimental data for all dependent

ng
18
i

parameters, with no significant bias or trends as a function oi lattice parameters

I'he core loadings and compositions studied in the seven B&W core spatial criticals are given in
lable 3 on page 23. The resulting inean K¢ of the seven critical experiments was | ' with a
standard deviation of | | I'he overall mean core K, for this set of critical experiments with
diversc lattice conhigurations is in very good agreement with expected experimental values. The
werall standard deviation indicates excellent stability of the PHOENIX-P libre iry and
methodology

encing methodology of
generated with the transport theory \‘vrn;n,m'r code, PHOENIX-P. The validation of PHOENIX-P

for use in generating fuel assembly bumup credit data points is discussed below

'he data points calculated using the reactivity equiva Section 4.0 are

'he PHOENIX-P code has been validated by comparisons with experiments where the isot PIC

tuel composition has been examined foll ywing reactor shutdown. In addition, an extensive set of

benchmark critical experiments has been analyzed with PHOENIX-P. ( mparisons between

Westinghouse Spent Fuel Rack Criticality Analvsis Methodology :
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measured and predicted uranium and plutonium isotopic fuel compositions are shown in Table 4
on page 24. The measurements were made on fuel discharged from Yankee Core 5''®. The
PHOENIX-P predictions agree quite well with measurements for all measured isotopes
throughout the burnup range

£

Westinghouse Spent Fuel Rack Criticality Analysis Methodology )
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3.0 Spent Fuel Rack Criticality Calculations

I'his section describes the analytical techniques and models employed to perform the criticality

4

analysis caicuiatons tor spent fuel storage racks

section 3.1 describes the fresh fuel assembly reactivity calculations performed for the spent fuel
storage racke using defined nominal ennchments, storage configuration and rack conditions
section 3.2 describes the tolerance calculations used to determine the reactivity uncertainty
associated with fuel assembly and storage rack tolerances. Finally, Section 3.3 discusses the final
95 percent probability with a 95 percent confidence interval (95/95) Kegr calculation performed to

ensure K g 15 less than or equal to 0.95

3.1  Reactivity Calculations using KENO-Va

l'o show that storage of fuel assemblies in the spent fuel storage racks satisfies the 0.95 K.
crincality acceptance criteria, KENO-Va is used to establish a nominal reference reactiy Ity using
fresh fuel assemblies

I'he following are the basic assumptions which are used to develop the nominal case KENO-Va

model for the spent fuel storage rack calculation

Spent Fuel Rack Storage Cell: The nominal spent fuel rack storage cell dimensions are used
) I k

Fuel Assembly Types: The fuel assembly parameters relevant to the criticality analysis are

listed in Table 5 on page 25. All fuel assembly types considered for storage in the spent fuel

storage racks must be evaluated

Fuel Rod Enrichment: The nominal fresh fuel enrichment modeled for each fuel pin is
modeled. The pin locations within a fuel assembly with multiple enrichments will be

considered, 1if apphicable

Fuel Peliet Density and Dishing Fraction: The nominal values for theoretical density and

{
i

ishing fraction of the fuel pe llets are modeled

Axial Blankets: If axial blankets are modeled. the length and enrichment of the tianket fuel
pellets are considered

234 M 34 4 it | :
U and “""U: No amount of U o1 U 1s modeled in the fuel pellet

i

Spacer (srids or Sleeves: No amount of material from spacer grids or spacer sleeves is

modeled in the fuel assembly

Burnable Absorbers: No amount of burnable absorber poison material is modeled in the fuel
assembly

|

Fission Product Poisons: No amount of fission product poison material is modeled in the fue

I 11 i

assembly

Westinghouse Spent Fuel Rack Criticality Analysis Method Mogy {
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Moderator Temperature and Density: The moderator is pure water (0 boron) at a

. L)
temperature of 68°F and a density of 1.0 gm/cm
Neutron Absorbing Poison Pzaels: If credit is taken for any fixed neutron absorbing poison
panels present, they are mocieled using the as-built or manufacturer-specified poison material
loadings and dimensions
Fuel Rack Storage Cell Configuration: If all storage cells are not loaded with the same fuel
assembly type and enrichment, the specific sioiage configuration will be modeled. Different
types of configurations includes checkerboard patterns, empty cell locations, specific pool
configurations and other layouts as defined

Using the above listed assumptions on the fue. assembly, spent fuel pool water conditions, and
fuel rack storage cell loading configuration, a KENO-Va model will be developed using the
nominal dimensions of the spent fuel rack and the K of the storage racks loaded with fresh fuel
assemblies wil' be calculated. The resulting nominal K¢ will be combined with the tolerance in
the next section to develop the 95/95 K .

3.2 Tolerance Calculations using PHOENIX-P

To evaluate the reactivity effects of possible variations in material characteristics and
mechanical/construction dimensions, PHOENIX-P perturbation calculations are performed.

The reactivity effects of the following tolerances are considered in the spent fuel storage rack
tolerance calculations using PHOENIX-P

238 ’ . . e 118

““U Enrichment: The standard DOE enrichment tolerance of +0.05 w/o “*>U about the
nominal fresh reference enrichments is considered

U0, Density: A +2.0% variation about the nominal reference theoretical density is considered

Fuel Pellet Dishing: A variation in fuel pellet dishing fraction from 0% to twice the nominal
dishing is considered

Storage Cell L.D.: The tolerance about the nominal reference cell inner diameter is considered
Storage Cell Pitch: The tolerance about the nominal reference cell pitch is considered

Cell Material Thicknesses: The tolerance about the nominal reference cell material
thicknesses for all modeled rack structures is considered

Neutron Absorber Panels Dimensions: The tolerances about the nominal width. length, and
thickness of neutron absorber panels is considered

Neutron Absorber Panels Poison Loading: The tolerances about the nominal poison loading
of the neutron absorbing poison panels is considered if the nominal poison loading assumed in
the KENO-Va model is not the minimum manufacturer specified loading

Westinghouse Spent Fuel Rack Criticality Analysis Methodology
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Assembly Position: The KENO-Va reference reactivity calculation assumes fuel assemblies
are symmetrically positioned within the storage cells. Calculations are performed to determine
any reactivity increase caused by positioning fuel assemblies asymmetrically within the storage

cells

The results of the tolerance calculation are used in the next section to develop the 95/95 Kefs

3.3 95/95 K¢ Calculations

To develop the 95 percent probability at a 95 percent confidence level K¢ for the spent fue
storage racks, the following reactivity biases must be included

Methodology: The benchmarking bias as determined for the Westinghouse KENO-Va
methodology in Section 2.1 is considered

Water Temperature: A reactivity bias is applied to account for the effect of the normal range
of spent fuel pool water temperatures

R Self Shielding: If applicable, a reactivity bias is added to the results to correct for the
modeling assumption that individual '“B atoms are homogeneously distributed within the
absorber material (versus clustered about each B4C particle). A commonly used neutron
poison matenial which requires this bias is Boraflex

I'he tolerances calculated in the previous section are combined with the following uncertainties
Calculation Uncertainty: The 95 percent probability/95 percent confidence lovel uncertainty
on the KENO-Va nominal reference K¢ is considered

Methodology Uncertainty: The 95 percent probability/95 percent confidence uncertainty in
the benchmarking bias as determined for the Westinghouse KENO-Va methodology in Section

0

2.1 18 considered

Ihe following formula is used to determine the 95/95 K¢ for the spent fuel storage racks

hv" ' K'n wminal * H'!.v(t; d ¥ “::':u; ¥ Hw}‘ v Humu' (3.1
where
_ S nominal conditions KENO-Va Kot
B ethod method bias determined from benchmark critical comparisons
Biem = temperature bias
B "B self shielding bias, if applicable

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 8
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statistical summation of uncertainty components =

[ — e

14
{
,’ \ { (tolerunce o7 uncertainty;)*) for n tolerances/uncertainties
- ’

N

The final 95/95 K, calculated above will satisfy ANSI 57.2'" and NR( guidance '’ which
require K¢ to be less than or equal to 0.95

Westinghouse Spent Fuel Rack Criticality Analysis Method logy
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4.0 Reactivity Equivalencing Methodology

Increased flexibility for the storage of higher enrichment fuel assemb 1es 18 achievable using

reactivity equivalencing. Reactivity equivalencing is predicated upon the reactivity decreast
assoCiated with fuel depletion or the addition of Integral Fuel Burnable Absorbers (IFBA). A
eres of reacuvity calculations 1s performed 1« generate a set of enrichment f"UHt?J;‘ 01
enrichment-IFBA ordered pairs which all yield an equivalent K. when the fuel is stored in the

spent tuel storage racks. The data points on the reactivity equivalence curve are generated with
the transport theory computer code, PHOENIX-P. The next two sections detail the assumptions
methodology, and uncertainties used when calculating fuel assembly burnup credit or IFBA
credit

4.1 Fuel Assembly Burnup Credit

storage of burned tuel assemblies in the spent fuel storage racks with higher initial enrichments
than those allowed by the methodology in Section 3.0 is achievable using reactivity

di

equivalencing. The concept of reactivity equivalencing 1s predicated upon the reactivity decrease

associated with fuel de

pletion. For burnup credit, a series of reactivity calculations are performed
to generate a set of ennchiment-fuel assembly discharge burnup ordered pairs which all yield an

equivalent K.« when stored in the spent fuel storage racks

the hirst step in calculating burnup credit is fuel depietion. The fuel assembly is depleted under

hot full power core operating conditions. A conservatively high soluble boron letdown curve is

chosen to enhance the buildup of plutonium thus making the fuel assembly more reactive when
ed in the spent fuel storage ra

[0 determine the most reactive time after shutdown of a burned fuel assembly, a study was done

which examined hssion product decay after shutdown using the computer code CINDER

CINDER is a point-depletion computer code used to determine fission product activities. The

{ )

nssion products were permitied to decay for 30 years after shutdown. The fuel reactivity was

tound to reach a maximum at approximately 100 hours after shutdown. At this time, the major
fission product poisor “Xe, has nearly completely decayed away. Furthermore, the fuel
reactivity was found to decrease continuously from 100 hours to 30 years following shutdown
Therefore, the most reactive time for a fuel assembly after shutdown of the reactor can be

5

nservatively approximated by removing the Xe

Uncertainties associated with the depletion of the fuel assembly and reactivities computed with

PHOENIX-P are accounted for in the development of the individual reactivity cquivalence limits

An uncertainty 1s applied to the PHOENIX-P calculational results which starts at [ ' and
Pl

increases hinearly with burnup, | |'* 'he bias as a function of enrichment is provided in
Figure | on page 27 Fhis bias is considered to be very conservative and is based on

consideratnon of the good agreement t

ikl

ctween PHOENIX-P predictions and measurements and on

onservative estimates of tuel assembly reactivity vanances with Jn'[‘i:'h»*l. nistory

HOEY I
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on the most reactive time after shutdown study and the uncertainty in the PHOENIX-P
calculations, the burmed fuel assembly is restarted in PHOENIX-P at various burnup steps with no

fission product decay at cold (68 |

14
& A

S| Xe removed
'he K_ results from these calculations are compared to the nomunal rack condition K_ at cold

ent fuel storage rack conditions with all

spent fuel storage rack conditions with the zero burnup enrichment. An equivalent burnup at each
higher enrichment is determined by finding the burnup which yields a K_, (including uncertainty)
equal to the zero burnup ennichment nominal rack condition K_ Multupie sets of
burnup-enrichment pairs are used to establish a burnup credit curve which covers the enrichment

range of the zero burnup enrichment to the highest enrichment stored in the spent fuel racks

It is important to recognize that the curve is based on calculations of constant rack reactiv ity. In

this way, the environment of the storage rack and its influence on assembly reactivity is implicitly
onsidered

lo better illustrate this methodology, a sample bumnup credit curve is provided in Figure 2 on
. - )18
page 2 Note 1n Figure 2, the endpoints are (0 MWD/MTU, 20 w/o “°U) and

(33,000 MWD/MTU, 5.0 w/o <1 'he interpretation of the endpoint data is as follows: the
reactivity of the spent fuel racx containing 5.0 w/o <"U fuel at 33,000 MWD/MTU is equivalent
to the reactivity of the rack containing 2.0 w/o <°U fresh fuel. The endpoint data at 5.0 w/o
includes a reactivity uncertainty of [ |'** consistent with the minimum burnup requirement of
33,000 MWD/MTI Reactivity uncertainty is also applied linearly to all points on Figure 2

msistent with Figure |

\s part of the burnup credit calculation, no specific uncertainty is added for measured burnup

predictions. Uncertainty associated with measured burnups is dependent on the code or method

*d to predict the measured burnup. Additional burnup necessary to offset any measured burnup

uncertainty must be added to the burnup credit requirement determined by the criticality analysis

to determine the hnal acceptance curve for burnup credit

'he effect of axial burnup distribution on assembly reactivity has been considered in the
development of the burnup credit methodology. Westinghouse evaluations'”” have been

rt t

pertormed to quantify axial burnup reactivity effects and to confirm that the reactivity

equivalencing methodology described above results in calculations of conservative burnup credit

IU’
lim'ts. The evaluations show that axial 'mmu;* eftects can cause assembly reactivity to increase

iy at burnug

p-enrichment combinations (ex. 4.0 w/o <°U @ 40,000 MWD/MTU) which are

well beyond those typically calculated for burnup credit limits. Additional accounting for axial
burnup distribution effects 1s not necessary provided the burnup credit required does not exceed
the previously determuned Limuts. These limits are presented in Table 6 on page 2¢

S

4.2 Integral Fuel Burnable Absorber (IFBA) Credit

Storage of fresh tuel assemblies with nominal enrichmernts greater than those allowed by the

methodology 1n Section 3. reactivity equivalencing. The concept of
reactvity equivalencing 18 pr vity decrease assoctated with the addition of

Westinghouse Spent Fuel Rack Criticality Analysis Methodology
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Integral Fuel Burnable Absorbers (IFBA). IFBAs consist of neutron absorbing material applied
as a thin ZrB, coating on the outside of the UO, fuel pellet. As a result, the neutron absorbing
material is a non-removable or integral part of the fuel assembly once it is manufactured.

Two analytical techniques are used to establish the criticality criteria for the storage of IFBA fuel
assemblies in the fuel storage racks. The first method uses reactivity equivalencing to establish
the poison material loading required to meet the criticality limits. The poison material considered
in this analysis is a zirconium diboride (ZrB;) coating manufactured by Westinghouse. The
second method uses the fuel assembly infinite multiplication factor to establish a reference
reactivity. The reference reactivity point is compared to the fuel assembly peak reactivity to
determine its acceptability for storage in the fuel racks.

4.2.1 IFBA Requirement Determination

A series of reactivity calculations are performed to generate a set of IFBA rod number versus
enrichment ordered pairs which all yield the equivalent K¢i; when the fuel is stored in the spent
fuel storage racks. The following assumptions are used for the IFBA rod assemblies in the
PHOENIX-P models:

I The fuel assembly is modeled at its most reactive point in life. This includes any depleted
time in life where the IFBA has burned-out and the fuel assembly becomes more reactive.

o

Each IFBA rod has a poison material '’B loading determined from Westinghouse IFBA
design specifications for the given fuel assembly type, which is the minimum standard loading
offered by Westinghouse for that fuel assembly type. Higher loadings (1.5X and 2.0X) are
also considered.

3. The IFBA "B loading is reduced by [ ]'*“’ to conservatively account for manufacturing
tolerances.

4. The IFBA ''B loading is reduced by an amount which corresponds to the minimum poison
length offered for the given fuel assembly type. For instance, a 144 inch fuel stack with a
minimum poison length of 108 inches would resuit in a 25% IFBA '’B loading reduction to
conservatively model the minimum poison length for that fuel assembly type.

Uncertainties associated with IFBA dependent reactivities computed with PHOENIX-P are
accounted for in the development of the IFBA credit limits. An uncertainty of approximately
[ 1'% of the total number of IFBA rods is accounted for in the development of the IFBA
requirements.

Using the above assumptions, PHOENIX-P K, results are calculated at higher fuel assembly
enrichments (above the zero IFBA enrichment) which contain different number of IFBA fuel
rods. The number of IFBA rods (at a given enrichment) which yields a K., equal to the nominal
rack condition K_ (with the zero IFBA enrichment) determines the number of IFBA for that
enrichment. An additional number of IFBA rods are added to each data point to account for the
uncertainty of | '’ discussed above.

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 12
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To better illustrate this methodology, a sample IFBA credit curve is provided in Figure 3 on
page 29. Note in Figure 3, the endpoints are (0 [FBA rods, 4.2 w/o >°U) and (64 IFBA rods.
5.0 w/o “°U). The interpretation of the endpoint data is as follows: the reactivity of the spent fuel
rack containing a 5.0 w/o “**U fuel assembly with 64 IFBA rods is equivalent to the reactivity of
the rack containing a 4.2 w/o **>U fuel assembly with no IFBA rods. The endpoint data at
5.0 w/o includes an additional [ |'*“’ IFBA rods consistent with the unc ertainty on 64 IFBA rods

4.2.2 Infinite Multiplication Factor

The infinite multiplication factor, K__, is used as a reference criticality reactivity point, and offers
an alternative method for determining the acceptability of fuel assembly storage in the spent fuel
racks. The fuel assembly K, calculations are performed using PHOENIX-P. The following
assumptions were used to develop the infinite multiplication factor model

I. The fuel assembly is modeled at its most reactive point in life and no credit is taken for any
burnable absorbers in the assembly. The zero IFBA enrichment limit is used for the fuel

assernbly
2. The fuel array model is based on a unit assembly configuration (infinite in the lateral and axial
extent) 1in reactor geometry (no rack)
3. The moderator is pure water (nc boron) at a temperature of 68°F with a density of 1.0 g/cm’
Calculation of the infinite multiplication factor for the fuel assembly in core geometry results in a
reference K... A [ """ reactivity bias is added to this reference K_ to conservativ ely account for

calculational uncertainties. This bias is | '

For IFBA credit, all fuel assemblies placed in the spent fuel racks must comply with the
enrichment-IFBA requirement curve or have a reference K, less than or equal to the value
calculated above (inciuding a [ ]'*“’ bias). By meeting either of these conditions, the maximum
rack reactivity will be less than (.95

)

Westinghouse Spent Fuel Rack Criticality Analysis Methodology I
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5.0 Postulated Accident Methodology

Accident conditions must be addressed in spent fuel storage rack criticaitty analysis to ensure that
Kegr 18 maintained less than or equal to 0.95. Two types of accidents can occur in the spent fuel
rack which can cause reactivity to increase The first accident type, a fuel assembly
misplacement, involves the placement of a fuel assembly into a position for which the restrictions
on location, enrichment, burnup, or [FBA are not satisfied. The second accident type, a pool
water temperature change, involves an increase or decrease in the spent fuel pool water
temperature and density

I'wo of the fuel assembly misplacement accidents have no impact on reactivity. These accidents
include

Fuel assembly drop on top of rack: The rack structure pertinent for criticality control 1s not
excessively deformed and the dropped assembly which comes to rest horizontally or vertically
on top of the rack has sufficient water separating it from the active fuel height of stored
assemblies to preclude neutron interaction

Fuel assembly drop between rack modules or between rack modules and spent fuel pool
wall: In most of these cases, the design of the spent fuel rack is such that it precludes the
insertion of a fuel assemblies in these locations. If this is not true, the same accident analysis
procedure described next is used for this accident,

For the fuel assembly misplacement accidents, the amount of reactivity increase caused by each
possible accident scenario is calculated using KENO-Va. A KENO-Va model of each misplaced
fuel assembly condition is created and the reactivity increase caused by the misplaced assembly is
determined

For the pool water temperature accident, PHOENIX-P is used to determine the amount of
reactivity increase associated with an increase or decrease in spent fuel pool water temperature
he water density is also adjusted accordingly. The temperature range considered is 32°F to

212°1

For an occurrence of any of the above postulated accident condition. the double contingency
principle of ANSI/ANS K.1-1983 can be applied. This states that one is not required to assume
two unlikely, independent, concurrent events to ensure protection against a criticality accident
I'hus, for these postulated accident conditions, the presen.e of soiuble boron in the storage pool
water can be assumed as a realistic initial condition since not assuming its presence would be a
second unlikely event

To determine the reactivity decrease associated with spent fuel pool soluble boron, the reactivity
change due to the presence of spent fuel pool soluble boron is calculated using PHOENIX-P

Westinghouse Spent Fu

el Rack Criticality Analysis Methodology 14
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Using the results 0, the PHOENIX-P soluble boron worth calculations. the amount of soluble
boron required to offset the highest reactivity increase caused by all accident conditions is
determined. This spent fuel pool soluble boron is thus the required amount of boron needed to
maintain K . less than or equal to 0.95 under all postulated accident conditions

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 15
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6.0 Soluble Boron Credit Methodology

I'his section describes the analytical techniques and models employed to perform the criticality
analysis calculations for spent fuel storage racks with credit for spent fuel pool soluble boron
section 6.1 describes the maximum feasible K, ¢ calculation performed for the spent fuel storage
racks to show that K.y is less than 1.0 with no soluble boron credit. Section 6.2 describes the
tolerance calculations used to determine the uncertainty presented by fuel assembly and storage
rack tolerances and the use of spent fuel pool soluble boron to offset these reactiv Ity uncertainties
and maintain K¢ less than or equal to 0.95. Section 6.3 discusses the reactivity equivalencing
calculatons as performed with soluble boron credit. Section 6.4 discusses the calculation of
postulated accident conditions with soluble boron credit. Finally, Section 6.5 summarizes the
total soluble boron credit required by the spent fuel rack criticality analysis

6.1 Maximum Feasible K ¢

l'he maximum feasible K, calculation defines the normal storage conhguration for fuel
assemblies in the spent fuel storage racks such that the maximum K, is less than 1.0. Normal
Storage rack conhguration conditions are defined as nominal fuel assembly parameters and spent
fuel rack dimensions. This calculation uses the same assumptions listed in Section 3.1. The
calculanon s performed at cold conditions with no soluble boron in the spent fuel pool water. A
ternperature bias 1s calculated to account for the normal operational temperature range of the
spent tuel pool water, the method

d bias is determined from the benchmarking calculations
<
»

{
L

performed in Section 2.1 and the "B self shielding bias is included. if applicable

I'he final equation for determining the maximum feasible Kefr 18 shown below

_ S——— Koormal * Biemn + Bamethad + B et (6.1)
whnere
Kir normal condittion KENO-Va Keft
B, temperature bias for normal operating range
Boethod method bias determined from benchmark critical

comparsons
B, = B self shielding bias
I'he storage configuration used to calculate the maximum feasible Kegr using the above equation

must be less than 1.0 with no soluble boron. This storage configuration 1s the basis for fuel

assembly storage in the spent fuel pool with credit for soluble boron

Westinghouse Spent Fuel Rack Criticality Analysis Methodol gy 16
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6.2 Soluble Boron Credit K

To maintain adequate safety margin for criticality in the spent fuel storage racks, the K of the
spent fuel storage racks will be shown to be less than or equal to 0.95 with allowances for
tolerances and uncertainties in the presence of spent fuel pool soluble boron. The same
assumptions of Section 3.2 are applied here. The only difference between these assumptions and
the calculations performed here is the presence of spent fuel pool soluble boron. A spent fuel
pool soluble boron concentration is chosen which will provide a Kegr that is less than or equal to
0.95 when biases, tolerances and uncertainties are included. The tolerance calculations are
performed assuming the presence of this spent fuel pool soluble boron concentration. The fina’
95/95 Kegy calculation is determined using equation 3.1 on page 8. The final 95/95 K¢ will be
shown to be less than or equal to 0.95 with allowances for biases, tolerances, and uncertainties
including the presence of the determined concentration of spent fuel pool soluble boron

6.3 Reactivity Equivalencing with Soluble Boron Credit

I'he reactivity equivalencing methodology with soluble boron credit is similar to the methodology
discussed in Section 4.0. The major differences are that the reactivity equivalencing calculations
are performed based on the maximum feasible Kegr Storage conditions and the uncertainty
assoctated with the reactivity equivalencing methods are covered using credit for soluble boron
A detailed discussion on the specific calculations required for each type of reactivity
equivalencing method follows

6.3.1 Fuel Assembly Burnup Credit with Soluble Boron Credit

I'he reactivity equivalencing methodology for burnup credit with soluble boron credit is similar to
the methodology discussed in Section 4.1. The first major difference is the basis for the
PHOENIX-P reactivity calculations. The spent fuel rack restarts with burned fuel assemblies use
spent fuel rack conditions which are established using the assumptions of the maximum feasible
Kerr defined in Section 6.1, Using this set of conditions guarantees the spent fuel racks will not
return critical undger conditions of no soluble boron for the storage of burned fuel assemblies. As
shown later in this section, the amount of soluble boron required to ensure Kefr remains less than
or equal to 0.95 will also be determined

'he second major difference is the reactivity uncertainty associated with the burnup credit
calculations and the uncertainty associated with measured burnup. A reactivity bias is typically
applied to the reactivity calculations to account for uncertainties associated with the depletion of
y and reactivities computed with PHOENIX-P. Also, if necessary, additional
uncertainty is added to the burnup credit requirement to account for uncertainty in the measured
burnup. Since the maximum feasible K i condition contains no soluble boron, calculations will

the fuel assemb

be performed at the highest burnup requirement to determine the amount of soluble boron needed
to maintain Keg less than 0.95 including the appropriate uncertainty for depletion effects and

Westinghouse Spent Fuel Rack Criticality Analysis Methodology
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-

PHOENIX-P calculations (see Figure | on page 27) and appropriate amount of uncertainty on
measured burnup. The increase in boron required to offset these uncertainties will be included in
the final soluble boron credit requirement

6.3.2 IFBA Credit with Soluble Boron Credit

The reactivity equivalencing methodology for IFBA credit with soluble boron credit is similar to
the methodology discussed in Section 4.2. The number of IFBA rods required and the infinite
multiplication factor calculations will be determined using the configuration assumed in the
maximum feasible K., defined in Section 6.1. Using this configuration guarantees the spent fuel
racks will not return critical under conditions of no soluble boron. As shown later in this section,
the amount of soluble boron required to ensure K¢ remains less than or equal to 0.95 will also be

determined

The uncertainty associated with the determination of the IFBA rod requirement will be offset with
credit for soluble boron. The uncertainties include the [ 1'*°) decrease in IFBA 'YB loading for
manufacturing uncertainty and [ '’ decrease in the number of IFBA rods for calculational
uncertainty. To ensure that Kz i1s maintained less than 0.95, calculations will be performed which
include enough soluble boron to offset the reactivity increase cause by a | ] decrease in I[FBA
g loading and [ |'**’ decrease in the number of IFBA rods for calculational uncertainty. The
increase 1n boron required to offset these uncertainty values will be included in the final soluble
boron credit requirement

'he calculation of the infinite multiplication factor for IFBA credit remains the same as
section4.2.2.  The fuel assembly enrichment is defined by the maximum feasible storage
conhguration of Section 6.1. The uncertainty of [ ]'““’ associated with the infinite multiplication

tactor calculation is still applied

6.4 Postulated Accidents with Soluble Boron Credit

he postulated accidents will be considered in the same manner as discussed in Section 5.0. The
major differences are in the presence of soluble boron and the interpretation of the double
contingency principle

For the postulated accidents which cause a reactivity increase, the amount of reactivity increase
will be calculated as before except the amount of soluble boron as determined in the calculations
of Section 6.2 will be present. Based on the double contingency principle, one is not required to
assume two unhkely, independent, concurrent events to ensure protection against a criticality
accident. Therefore, the presence of soluble boron in the storage pool water at normal
concentrations (typically 2000 ppm) can be assumed as a realistic initial condition since not

assumung its presence would be a second unlikely event

l'o determine the reactivity decrease associated with spent fuel pool soluble boron, the reactivity
Change due to the presence of spent fuel pool soluble boron is calculated using PHOENIX-P

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 18
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Using the results of the PHOENIX-P soluble boron worth calculations, the amount of soluble
boron required to offset each reactivity increase caused by accident conditions is determined. The
sum of the boron concentrations of Sections 6.2 and 6.3 is the starting point to determine the
amount of additional soiuble boron needed to offset the reactivity increase caused by the
postulated accidents

6.5 Soluble Boron Credit Summary

To summarize the soluble boron credit calculations, there are four calculations performed using
the soluble boron credit methodology which de:ermine three soluble boron credit concentrations
The four calculations are listed below

I. Determine the storage configuration of the spent fuel racks using maximum feasible K
conditions such that K . is less than 1.0

2. Using the resulting configuration from the previous step, calculate the spent fuel rack K g
with soluble boron. Next determine the reactivity uncertainty associated with fuel assembly
and storage rack tolerances and combine with the biases and other uncertainties to determine
the final 95/95 K4 at the concentration of spent fuel pool soluble boron which maintains Kef
less than or equal to 0.95

3. Use reactivity equivalencing methodologies to determine burnup or IFBA credit for
enrichments higher than allowed in step 1. Use soluble boron credit to offset uncertainties
associated with each methodology, as appropriate

4. Determine the increase in reactivity caused by postulated accidents and the corresponding
additional amount of soluble borzn needed te offset these reactiv Ity Increases

The final soluble boron credit requirement is the summation of the boron credit requirements

determined in steps 2, 3 and 4 above. The following equation relates these requirements

\H('l‘”-\l Sl{(v\,:\!,g + \'H(R} + \B(P‘\ ‘h,:!
where

SBCroral total soluble boron credit requirement (ppm)

SBCqs /95 soluble boron credit required for 95/95 K¢ less than or

equal to 0.95 (ppm)

SBCgy soluble boron credit required for reactivity equivalencing
methodologies (ppm)

SBCp, soluble boron credit required for K¢ less than or equal to
(.95 under accident conditions (ppm)

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 19
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The total soluble boron credit requirement along with the storage configuration specified in the
maximum feasible Ko calculations shows that the spent fuel rack K ¢ will always be less than or
equal to 0.95. Further the maximum feasibie Kess Storage configuration will ensure the K
remains less than 1.0 with no soluble boron in the spent fuel pool

¢l

Westinghouse Spent Fuel Rack Criticality Analysis Methodology
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Table 2. Summary of Lattice Parameters for Strawbridge and Barry 101 Criticals
] £

Lattice Parameter Range
Enrichment (a/o) 1.04 to0 4.07
Boron Concentration (pprn) 0 to 3392
Water to Uranium Ratio ! 1.0 to 11,96
Pellet Diameter (cm) 0.44 t0 2.35
Lattice Pitch {(cm) (.95 t0 4.95
Clad Material none, aluminum,
and stainless steel
Lattice Type ; square and hexagonal ‘l
: Fuel Density (g/cem”) 7.510 189 } ’
A e e, )

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 22
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Table 3. B&W Core Loadings and Compositions Studied

SIT— a e . — -1
( | | i Number of | | Soluble |
i l | Number of | Vater-Filled | Number of Boron
Core J Loading [ Fuel Rods Positions Pyrex Rods (ppm)
X1 ]] I ' 4961 {) 0 1511
l
| | { 4808 153 0 1334
s |
! f 480% %1 72 1031
I
\ | } d ; 4K0¥ 9 144 794
|
| | | | |
i 480 9 144 779
1 1
| XN g 1 : 17 3¢ 225 ( 1289
| |
< ' l " | "
| | ( ‘ 4736 | 201 { 24 1179
IR, - D B l :
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Tabie 4. Comparison of PHOENIX-P Isotopics Predictions to Yankee Core 5 Measurements

Quantity (Atom Ratio) % Difference

l

235¢ 1~
“UN

236 .
“FUA

S I W—

28y |

29pu/Py :

Al IPU"""U ;

“4lpu/Py !

42pu/Py ‘

|

|

1

|

! 44 !
“pu/8

.\

23 L /* "i
s
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Table 5. Fuel Parameters Relevant to the Spent Fuel Storage Rack Criticality Analysis

I Number of Fuel Rods per Assembly

I Fuel Rod Clad Material
Fuel Rod Clad Outer Diameter
Fuel Rod Clad Thickness

‘ 4 Fuel Pellet Outer Diameter

\ Fuel Pellet Density
Fuel Pellet Dishing Factor
Rod Pitch
Cruide Tube Material
Number of Guide Tubes
Guide Tube Outer Diameter
Guide Tub: Thickness
Instrument Tube Material
Number of Instrument Tubes
Instrument Tube Outer Diameter

Instrument Tube Thickness

L)

Westinghouse Spent Fuel Rack Criticality Analysis Mrthodelogy
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Table 6. Axial Burnup Reactivity Bias for PHOENIX-P

Fuel Assembly 3.0 w/o 4.0 w/o
Burnup Enrichment Enrichment
(MWD/MTU) Bias (AK) Bias (AK)
l l a.C ”“L: ! l a,l
@
; Westinghouse Spent Fuel Rack Criticality Analysis Methodology 26 \
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Figure 1. Burnup Credit Reactivity Bias

Westinghouse Spent Fuel Rack Criticality Analysis Methodology
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Figure 3. Example IFBA Credit Curve

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 29




Westinghouse Proprietary Class 3

Bibliography

L. Amernican Nuclear Society, American National Standard Design Requirements for Light Water
Reactor Spent Fuel Storage Facilities at Nuclear Power Plants, ANSI/ANS-57.2-1983.
October 7. 1953

Nuclear Regulatory Commission, Letter to All Power Reactor Licensees from B. K. Grimes
OT Position for Review and Acceptance of Spent Fuel Storage and Handling Applications
April 14, 197K

Greene, N. M., NITAWL-11: SCALE System Modu .+ for Performing Resonance Shielding and
Working Library Production, NUREG/CR-0290. %51, 2. Section F2. June 1989

. Greene, N. M., XSDRNPM-S: A One-Dimensional Discrete-Ordinates Code for Transport
Analysis, NUREG/CR-0200, Vol. 2, Section F3, November 1993

5. Petnie, L. M. and Landers, N. F.. KENO Va--An Improved Monte Carlo Criticality Program
With Supergrouping, NUREG/CR-0200, Vol. 2, Section F11, November 1993

6. Ford Ill, W. E., CSRL-V: Processed ENDFIB-V 227-Neutron-Group and Pointwise
Cross-Section Libraries for Criticality Safety, Reactor and Shielding Studies,
ORNL/CSD/TM-160, June 1982
Baldwin, M. N, Critical Experiments Supporting Close Proximity Water Storaze of Power
Reactor Fuel, BAW-1484-7, July 1979

¥. Bierman, S. R. and Clayton, E. D., Criticality Separation Between Subcritical Clusters of
2.35 W% “7°U Enriched 1 O, Rods in Water with I'ixed Neutron Poisons, PNL-2438
October 1977

9. Bierman, S. R. and Clayton, E. D., Criticality Separation Between Subcritical Clusters of
429 Wit% <*"U Enriched UO, Rods in Water with Fixed Neutron Poisons, PNL-2615 August
1979

10, Bierman, 8. R. and Clayton, E. D., Criticality Experiments with Subcritical Clusters of

1S Wl and 4.31 Wit% <71 Enriched UO -, Rods in W ater at a Water-to-F uel Voliime Ratio
of 1.6, PNL-3314, July 1980

1. Thomas, J. T., Critical Three-Dimensionai Arrays of U(93.2) Metal Cvlinders. Nuclear
Science and Engineening, Volume 52. pages 350-359. 197

- b | 4

Owen, D.B., Factors for One-Sided Tolerance Limits and F or Variables Sampling Plans

Sandia Corporation, SCR-607. March 1963

2 \"H\(.l I ‘-’ el al ".,)"‘-"":" ation of the PH( )} X -P/AN( Nuclear Di sien Svstem for
Pressurized Warer Reactor Cores \\(\} | 1597 june 198X

14. Strawbridge, L.E. and Barry, R.F.. “Criticality Calculations for Uniform Water-Moderated
Lattices,” Nucl. Sci. Eng. 23 pp. 58-72 (1965

Westunghouse Spent Fuel Rack Criticality Analysis Methodology A




Westinghouse Proprietary Class 3

15. Baldwin, M.N., and Stem, M.E., “Physics Verification Program Part l1l, Task 4 Summary
Repcert,” BAW-3647-2((March 1971).

16. Baldwin, M.N., “Physics Verification Program Part 111, Task 11: Quarterly Technical Report
January-March 1974,” BAW-3647-30(July 1974).

17. Baldwin, M.N., “Physics Verification Program Part lll, Task 11 : Quarterly Technical Report
July-September 1974, BAW-3647-31(February 1975).

18. Melehan, J. B., Yankee Core Evaluation Program Final Report, WCAP-3017-6094, January
1971,

19. England, T. R., CINDER - A One-Point Depletion and Fission Product Program,
WAPD-TM-334, August 1962,

20. [ J@©

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 31




