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(1) I am Manager, Operating Plant Licensing. in the Nuclear and Advanced Technology Division,

of the Westinghouse Electric Corporation and as such, I have been specifically delegated the

function of reviewing the proprietary information sought to be withheld from public disclosure

in connection with nuclear power plant licensing and rulemaking proceedings, and am

authorized to apply for its withholding on behalf of the Westinghouse Energy Systems

Business Unit. j

! i

(
;

I (2) I am making this Affidavit in conformance with the provisions of 10CFR Section 2.790 of the !
|

1

|
Commission's regulations and in conjunction with the Westinghouse application tiir j

withholding accompanying this Affidavit.

|

(3) I have personal knowledge of the criteria and procedures utilized by the Westinghouse Energy !

Systems Business Unit in designating information as a trade secret, privileged or as

confidential commercial or financial information.

(4) Pursuant to the provisions of paragraph (b)(4) of Section 2.790 of the Commission's |

regulations, the tiillowing is furnished for consideration by the Commission in determining

whether the information sought to be withheld from public disclosure should be withheld.

l
I

(i) The information sought to be withheld from public disclosure is owned and has been

held in confidence by Westinghouse, i

(ii) The inti>rmation is of a type customarily held in confidence by Westinghouse and not

customarily disclosed to the public. Westinghouse has a rational basis for determining

the types of information customarily held in confidence by it and, in that connection,

utilizes a system to determine when and whether to hold certain types of information

in confidence. The application of that system and the substance of that system

constitutes Westinghouse policy and provides the rational basis required.

Under that system, information is held in confidence if it falls in one or more of

several types, the release of which might result in the loss of an existing or potential

competitive advantage, as follows:

ir.wec.:mo
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(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool. method etc.) where prevention of its use by any of
p ,

I Westinghouse *s competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies,

l
I

l'

(b) It consists of supporting data, including test data, relative to a process (or

component, structure, teol, method, etc.), the application of which data

secures a competitive economic advantage, e.g., by optimization or improved

marketability.

(e) Its use by a competitor would reduce his expenditure of resources or improve

his competitive position in the design, manufacture, shipment, installation,

assurance of quality, or licensing a similar product.

(d) It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

!

(e) It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to

Westinghouse. 1
i

(f) It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons behind the Westinghouse system which include the
~

following:

(a) The use of such information by Westinghouse gives Westinghouse a

competitive advantage over its competitors. It is, therefore, withheld from

disclosure to protect the Westinghouse competitive position.

(b) It is information which is marketable in many ways. The extent to which
I

such information is available to competitors diminishes the Westinghouse

ability to sell products and services involving the use of the information.

17NC JDC 3:071905
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(c) Use by our competitor would put Westinghouse at a competitive disadvantage

by reducing his expenditure of resources at our expense.

(d) 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.

(e) Unrestricted disclosure would jeopardize the position of prominence of

Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

(f) The Westinghouse capacity to invest corporate assets in research and

development depends upon the success in obtaining and maintaining a

competitive advantage.

(iii) 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 contidence by the

Commission.

(iv) 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.

(v) The proprietary information sought to be withheld in this submittal is that which is

appropriately marked in " Westinghouse Spent Fuel Rack Criticality Analysis a

Methodology", 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.

I?NE.'. ilk'-d OfIM
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Chairman, Westinghouse Owners Group to 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 to provide a

methodology bias.

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

methodology.

Further this information has substantial commercial value as follows:

(a) Westinghouse plans to u.se existing criticality analysis methodology

benchmarking and uncertainties to perform criticality evaluations for

customers to support NRC licensing requirements.

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

licensing process.

Public disclosure of this proprietary inthrmation is likely to cause substantial harm to

the competitive position of Westinghouse because it would enhance the ability of

competitors to provide similar analytical and licensing defense services thr commercial

power reactors without commensurate expenses Also, public disclosure of the

information would enable others to use the information to meet NRC requirements for .

licensing documentation without purchasing the right to use the information. 1

1

The development of the technology described in part by the information is the result

of applying the results of many years of experience in an intensive Westinghouse

effort and the expenditure of a considerable sum of money. I

in order for competitors of Westinghouse to duplicate this information,

similartechnical programs would have to be performed and a significant manpower
,

k* * '
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eftbrt, having the requisite talent and experience, would have to be expended for the

development of analytical techniques and data in support of this issue.

Further the deponent sayeth not.

__

l
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Copyright Notice

The reports transmitted herewith each bear a Westinghouse copyright' notice.
The NRC is permitted to make the number of copies of the'information contained *

in these reports which are necessary for its internal use in connection with
~

generic and plant-specific reviews and approvals as well as the issuance,E

denial, amendment, transfer, renewal, modification, suspension, revocation, or .

violation of a license, permit, order, or regulation subject to the
requirements of 10 CFR 2.790 regarding restrictions on public disclosure to
the extent such information has been identified as proprietary by '

Westinghouse, copyright protection notwithstanding. With respect to the

non-proprietary versions of these reports, the NRC is' permitted to make the
number of copies beyond those necessary for its internal use which are
necessary in order to have one copy'available for public viewing in the ,

'

appropriate docket files in the public document room 'in Washington, DC _ and 'in
local public document rooms as may be required by NRC regulations if the-
number of copies submitted is insufficient for this purpose. Copies made by

the NRC must include the copyright notice in all instances and the proprietary
notir.e if the original was identified as proprietary.- ,

*
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Proprietary Information Notice

Transmitted herewith are proprietary and/or non-proprietary versions of-
,

L documents furnished to the NRC in connection with requests for generic and/or

|>
plant-specific review and approval.

In order to. conform to the' requirements of 10 CFR 2.790.of the Commission's
regulations concerning the protection of proprietary information so submitted
to the NRC,.the information which is proprietary in.the proprietary versions
is contained within brackets, and where the' proprietary information has been
deleted ic the non-proprietary versions, only the brackets remain (the
information that was contained within the brackets in the proprietary versions..
having been deleted). The justification for claiming the information so
designated as proprietary is _ indicated in both versions by means of lower, case
letters (a) through (f) contained _ within parentheses located as a superscript
immediately following the brackets enclosing each item of information being _
identified as proprietary or in the margin opposite such information. These
lower case letters ' refer.to the types of information Westinghouse customarily
holds in confidence identified in Sections (4)(ii)(a) through (4)(ii)(f) of
the: affidavit accompanying this transmittal pursuant to 10 CFR 2.790(b)(1)'.-- .]

i
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LEGAL NOTICE
E-

"This report was prepared by_ Westinghouse as an account of work sponsored by the
Westinghouse Owners Group (WOG). Neither the WOG, any member of the WOG,

{ Westinghouse, nor any person acting on behalf of any of them:

(A) Makes any warranty or representation whatsoever, express or implied, (I) with respect to
the use of any information, apparatus, method, process, or similar item disclosed in this
report, including merchantability and fitness for a particular purpose, (II) that such use
does not infringe on or interfere with privately owned rights, including any party's
intellectual property, or (III) that this report is suitable to any particular user's
circumstance; or

{ (B) Assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if the WOG or any WOG representative has been advised
of the possibility of such damages) resulting from any selection or use of this report or

{- any information apparatus, method, process, or similar item disclosed in this report."

E

E

h
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|

FOREWORD
|

This document contains Westinghouse Electric Corporation proprietary information and dataI 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.

This 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 required to protect the
Corporation's proprietary interests.

!

The proprietary information is contained in the classified version of this report (WCAP-14416-P).

.
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| ABSTRACT

The purpose of this topical repon is to document the Westinghouse Spent Fuel Rack CriticalityI Methodology that ensures the spent fuel rack multiplication factor, K g, is less than 0.95 ase
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 rr. Also presented in thise
document is the procedure for calculating Keg with credit for spent fuel pool soluble boron.

I

I
I
I
I
I
I
:I |

!
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I
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1.0 Introduction
{.

The purpose of this report is to document the Westinghouse Spent Fuel Rack Criticality
Methodology that ensures the spent fuel rack multiplication factor, K rr, is less than 0.95 as

[ recommended by ANSI 57.2-1983 ) and NRC guidance (2). The individual secdons of this report
e0

demonstrate the codes, methods and techniques used to satisfy this criterion on K rr-e

{ Section 2.0, Computer Code Methods and Benchmarking, explains the computer codes used in
the evaluation of the spent fuel rack K rr calculations. The methodology of the NITAWI.-II,e

XSDRNPM-S, and KENO-Va codes is discussed and benchmark results are presented to establish

h a methodology bias and bia.s 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

h benchmarking of PHOENIX-P is discussed here.

In Section 3.0, Spent Fuel Rack Criticality Calculations, the maximum fresh fuel assembly
b 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
e presented. Specific details are presented on KENO-Va calculations, PHOENIX-P tolerance
L calculations and the final 95/95 K rr determination.e

,

To allow higher enrichments than those determined in the previous section, Section 4.0,
b 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
r assembly burnup and Integral Fuel Burnable Absorbers (IFBA). This section defines the concept
L of reactivity equivalencing and discusses the assumptions and uncenainties associated with each

reactivity equivalencing technique. The use of PHOENIX-P in each reactivity equivalencing j
methodology is discussed,

To 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
off-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

{ configuration conditions. The normal storage configuration is defined using the maximum
feasible K rrcalculation to ensure that the spent fuel rack K rr ill be less than 1.0 with no solublewe e
boron under normal storage conditions. Soluble boron credit is then used to offset the

{ uncertainties and tolerances'and maintain K rt ess than or equal to 0.95 as explained. The use ofle

[

[
Westinghouse Spent Fuel Rack Criticality Analysis Methodology 1
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soluble boron credit for reactivity equivalencing uncertainties is discussed. The calculation of
|

postulated accidents crediting soluble boron is discussed. Finally, a summary of all the soluble i

boron credit requirements is presented. II

I

I
I

i

I
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| 2.0 Computer Code Methods and Benchmarking |
g 2.1 NITAWL, XSDRN, KENO-Va Benchmarking I

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 stora
NITAWI II(3) and XSDRNPM-S(4) for cross-section generation and KENO-Va(5)ge racks usesfor reactivity
determination.

The 227 energy group cross-section library that is the common starting point foi all cross-sections
used for the benchmarks of KENO-Va and the KENO-Va storage rack calculations is generated
from ENDF/B-V(6) 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 prngram which is a one-dimensional S transport theory code. These multigroupn
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 adequateI convergence, the KENO-Va edits which show Average K rr Per Generation Run and Average K rre e
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 (7,8A10.11) has been analyzed using the above method to
demonstrate its applicability to criticality analysis and to establish the method bias andI 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 (B C, aluminum, steel, water, etc.) that simulateI . LWR fuel shipping and storage conditions to dry, harder spectrum, uranium metal cylinder arrays

4

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.

I 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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enrichments are well above any encountered in commercial nuclear power applications. Basing
| the method bias solely on the 32 low enriched benchmarks results in a more appropriate and more
'

conservative bias.

| The 32 low enriched, water moderated experiments result in an average KENO-Va K n Of I l("''}-e
'g Comp)arison with the average measured experimental K rr)of 1.0007 results in a method bias ofe
g [ ](^C . The standard deviation of the bias value is [ ]("C . The 95/95 one-sided tolerance limit
| factor for 32 values is 2.20(12). 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 [ ](^ C) .

| 2.2 PHOENIX-P Benchmarking

The transport theory computer code, PilOENIX-P(13) is used to determine the reactivity changes
| caused by changes in the fuel assembly and spent fuel racks (tolerances) and the spent fuel pool

I conditions (temperature and soluble boron). PliOENIX-P is a depletable, two-dimensional,
multigroup, discrete ordinates, transport theory code which utilizes a 42 energy group nuclear

L data library.

PIIOENIX-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.
These 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(IO and the Babcock
and Wilcox (B&W) cores XI-1,2,7,8,9 and cores XIV-1,6 spatial criticals(15,16,17) ,

The range oflattice parameters of the 101 criticals are given in Table 2 on page 22. The resulting
mean PIIOENIX-P k g for all 101 criticals is [ ](a.c) with a standard deviation of [ ]( 'C) Thise .

shows PliOENIX-P results to be in excellent agreement with experimental data for all dependent-

L parameters, with no significant bias or trends as a function of lattice parameters.

The core loadings and compositions studied in the seven B&W core spatial criticals are given in-

E Table 3 on page 23. The resulting mean K g of the seven critical experiments was [ ]I^* with ae

standard deviation of [ ](^C). The overall mean core K g for this set of critical experiments withe

diverse lattice configurations is in very good agreement with expected experimental values. TheP
i overall standard deviation indicates excellent stability of the PHOENIX-P library and

methodology.
-

The data points calculated using the reactivity equivalencing methodology of Section 4.0 are
generated with the transport theory computer code, PHOENIX-P. The validation of PHOENIX-P
for use in generating fuel assembly bumup credit data points is discussed below.!

L

The PliOENIX-P code has been validated by comparisons with experiments where the isotopic |

{-
fuel composition has been examined following reactor shutdown. In addition, an extensive set of
benchmark critical experiments has been analyzed with PliOENIX-P. Comparisons between

F
u
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measured and predicted uranium and plutonium isotopic fuel compositions are shown in Table 4
on page 24. The rneasurements were made on fuel discharged from Yankee Core 500. The
PHOENIX-P predictions agree quite well with measurements for all measured isotopes
throughout the burnup range.

1

f

|
.

|

|

|
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3.0 Spent Fuel Rack Criticality Calculations
This section describes the analytical techniques and models employed to perform the criticality
analysis calculations for spent fuel storage racks.

Section 3.1 describes the fresh fuel assembly reactivity calculations performed for the spent fuel
storage rackr using defined nominal enrichments, 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) K g calculation performed toe
ensure K g is less than or equal to 0.95.e

3.1 Reactivity Calculations uSing KENO-Va

f To show that storage of fuel assemblies in the spent fuel storage racks satisfies the 0.95 K ge
criticality acceptance criteria, KENO-Va is used to establish a nominal reference reactivity using
fresh fuel assemblies.

The following are the basic assumptions which are used to develop the nominal case KENO-Va
model for the spent fuel storage rack calculation:

1

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

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,if applicable.

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

dishing fraction of the fuel pellets are modeled.

Axial liiankets: If axial blankets are modeled, the length and enrichment of the blanket fuel
pellets are considered.

234 Uand 236U: No amount of 234 U or 236U is modeled in the fuel pellet. j
1

Spacer Grids or Sleeves: No amount of material from spacer grids or spacer sleeves is
modeled in the fuel assembly.

I llurnable Absorbers: No amount of bumable absorber poison materialis modeled in the fuel
assembly.

Fission Product Poisons: No amount of fission product poison material is modeled in the fuel
assembly.

I ,

I !
tt
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Moderator Temperature and Density: The moderator is pure water (no boron) at a
3j temperature of 68'F and a density of 1.0 gm/cm .

Neutron Absorbing Poison Pr.nels: If credit is taken for any fixed neutron absorbing poison
panels present, they are modeled using the as-built or manufacturer-specified poison material,

I 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 storage 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 fuel 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 g of the storage racks loaded with fresh fuelg e

. assemblies will be calculated. The resulting nominal K g will be combined with the tolerance ine

the next section to develop the 95/95 K g.e
,

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:

l
235

U Enrichment: The standard DOE enrichment tolerance ofi0.05 w/o 235 U about the
nominal fresh reference enrichments is considered.

I

UO Density: A i2.0% variation about the nominal reference theoretical density is considered.2

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

Storage Cell I.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.

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

l

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.

3

L

l

l

)
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i
Assembly Position: The KENO-Va reference reactivity calculation assumes fuel assemblies i

are symmetrically positioned within the storage cells. Calculations are performed to determine
any reactivity increase caused by positioning fuel assemblies asymmetrically within the storage

i
cells.

i

b The results of the tolerance calculation are used in the next section to develop the 95/95 K g.e

3.3- 95/95 K g Calculationse

To develop the 95 percent probability at a 95 percent confidence level K g for the spent fuele
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.
18B Self Shielding: If applicable, a reactivity bias is added to the results to correct for the

10modeling assumption that individual B atoms are homogeneously distributed within the

{
absorber material (versus clustered about each B C particle). A commonly used neutron4
poison material which requires this bias is Boraflex.

The tolerances calculated in the previous section are combined with the following uncertainties:
-

Calculation Uncertainty: The 95 percent probability /95 percent confidence level uncertainty
on the KENO-Va nominal reference K gis considered.e

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

The following formula is used to determine the 95/95 K g for the spent fuel storage racks:e

K rr= Knominal + Bmethod + Olemp + B,eir + B (3.1)q y uncen

where:
,

|

K
nominal conditions KENO-Va K r-nominal =

ef

Bmethod method bias determined from benchmark critical comparisons.=

B remp temperature bias.=

B,eg = 108 self shielding bias,if applicable.

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

In

[ ( (tolcrunce ...or...uncertaintyg) 2) for n tolerances / uncertainties.j

[ di-1

The final 95/95 K rr calculated above will satisfy ANSI 57.2(I) and NRC guidance (2) whiche

p require Keft o be less than or equal to 0.95.t
L

F
L

m

F
L

L

I
L

I
L

-

t

L

e

L

r
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4.0 Reactivity Equivalencing Methodology
increased flexibility for the storage of higher enrichment fuel assemblies is achievable using
reactivity equivalencing. Reactivity equivalencing is predicated upon the reactivity decrease[ associated with fuel depletion or the addition of Integral Fuel Burnable Absorbers (IFBA). A
series of reactivity calculations is performed to generate a set of enrichment-burnup or

g enrichment-IFBA ordered pairs which all yield an equivalent K g when the fuel is stored in thee
L spent fuel 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.

4.1g Fuel Assembly Burnup Credit

Storage of burned fuel 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
equivalencmg. The concept of reactivity equivalencing is predicated upon the reactivity decrease
associated with fuel depletion. For burnup credit, a series of reactivity calculations are performed

{ to generate a set of enrichment-fuel assembly discharge burnup ordered pairs which all yield an
equivalent K rr when stored in the spent fuel storage racks.e

[ The first step in calculating burnup credit is fuel depletion. 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

4

stored in the spent fuel storage racks.

To determine the most reactive time after shutdown of a burned fuel assembly, a study was done
which examined fission product decay after shutdown using the computer code CINDER (19) I

.

CINDER is a point-depletion computer code used to determine fission product activities. The
fission products were permitted to decay for 30 years after shutdown. The fuel reactivity was
found to reach a maximum at approximately 100 hours after shutdown. At this time, the major
fission product poison,135Xe, 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

135conservatively approximated by removing the Xe.

t"Uncertainties associated with the depletion of the fuel assembly and reactivities computed with
P110ENIX-P are accounted for in the development of the individual reactivity equivalence limits. '

An uncertainty is applied to the PHOENIX-P calculational results which starts at [ ]( O and
increases linearly with burnup, [ ]( 0. The bias as a function of enrichment is provided in |Figure 1 on page 27. This bias is considered to be very conservative and is based on l
consideration of the good agreement between PHOENIX-P predictions and measurements and on
conservative estimates of fuel assembly reactivity variances with depletion history.

|

|

I
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Based on the most reactive time after shutdown study and the uncertainty in the PHOENIX-P

calculations, the burned fuel assembly is restarted in PHOENIX-P at various burnup5 steps with no'
fission product decay at cold (68'F) spent fuel storage rack conditions with all t Xe removed. ~

The K. results from these calculations are compared to the nominal rack condition K at cold,

[ 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 enrichment nominal rack condition K. . Multiple sets of -

,

[ burnup-enrichment pairs are used to establish a bumup credit curve which covers the enrichment
range of the zero burnup enrichment to the highest enrichment stored in the spent fuel racks.

[ lt is important to recognize that the curve is based on calculations of constant rack reactivity. In
"

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

|
"

To better illustrate this methodology, a sample burnup credit curve is provided in Figure 2 on
2page 28. Note in Figure 2, the endpoints are (0 MWD /MTU, 2.0 w/o U) and,

235| (33,000 MWD /MTU,5.0 w/o U). The interpretation of the endpoint data is as follows: the
235reactivity of the spent fuel ra.;k containing 5.0 w/o U fuel at 33,000 MWD /MTU is equivalent

235to 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 [ ]C"#) consistent with the minimum burnup requirement of

33,000 MWD /MTU. Reactivity uncertainty is also applied linearly to all points on Figure 2
consistent with Figure 1.

As part of the bumup credit calculation, no specific uncertainty is added for measured burnup
predictions. Uncertainty associated with measured burnups is dependent on the code or method

L used to predict the measured burnup. Additional bumup necessary to offset any measured burnup
uncertainty must be added to the burnup credit requirement determined by the criticality analysis
to determine the final acceptance curve for burnup credit.

The effect of axial burnup distribution on assembly reactivity has been considered in the
development of the burnup credit methodology. Westinghouse evaluations (20) have been

I performed to quantify axial burnup reactivity effects and to confirm that the reactivity
equivalencing methodology described above results in calculations of conservative burnup credit
limits. The evaluations show that axial burnup effects can cause assembly reactivity to increase
only at burnup-enrichment combinations (ex. 4.0 w/o 235U @ 40,000 MWD /MTU) which are
well beyond those typically calculated for burnup credit limits. Additional accounting for axial

[ burnup distribution effects is not necessary provided the burnup credit required does not exceed
the previously determined limits. These limits are presented in Table 6 on page 26.

| 4.2 Integral Fuel Burnable Absorber (IFBA) Credit
L

Storage of fresh fuel assemblies v,ith nominal enrichments greater than those allowed by the

{ methodology in Section 3.0 is achievable using reactivity equivalencing. The concept of
reactivity equivalencing is predicated upon the reactivity decrease associated with the addition of

Westinghouse Spent Fuel Rack Criticality Analysis Methodology 11
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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 absorbing2 2

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 establishI 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. The2

second method uses the fuel assembly infinite multiplication factor to establish a referenceI reactivity. The reference reactivity point is compared to the fuel assembly peak reactivity to
determine its acceptability for storage in the fuel racks.

I 4.2.1 IFilA Requirement Determination

I A series of reactivity calculations are performed to generate a set of IFBA rod number versus
enrichment ordered pairs which all yield the equivalent Kg 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:

1. 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 fue1 assembly becomes more reactive.

102. 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.

IU3. The IFBA B loading is reduced by [ ]( d to conservatively account for manufacturingI tolerances.

104. 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 1

minimum poison length of 108 inches would result in a 25% IFBA 10B loading reduction to |

conservatively model the minimum poison length for that fuel assembly type.I 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
[ ](*O of the total number of IFBA rods is accounted for in the development of the IFBA
requirements.

I 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 [ ](*O discussed above.

I
Westinghouse Spent Fuel Rack Criticality Analysis Methodology 12
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To better illustrate this methodology, a sample IFBA credit curve isgrovided in Figure 3 on
page 29. Note in Figure 3, the endpoints are (0 IFBA rods,4.2 w/o 2 U) and (64 IFBA rods,

235 ). The interpretation of the endpoint data is as follows: the reactivity of the spent fuel5.0 w/o U
235rack 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 0 fuel assembly with no IFBA rods. The endpoint data at235

5.0 w/o includes an additional [ ](8 C) IFB A rods consistent with the uncertainty 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:

b
1. 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

( assembly.

2. The fuel array model is based on a unit assembly configuration (infinite in the lateral and axial
extent) in reactor geometry (no rack).

3. The moderator is pure water (no boron) at a temperature of 68'F with a density of 1.0 g/cm .3

Calculation of the infinite multiplication factor for the fuel assembly in core geometry results in a
reference K . A [ ](a.c) reactivity bias is added to this reference K., to conservatively account for

calculational uncertainties. This bias is [ ]( C).

For IFB A credit, all fuel assemblies placed in the spent fuel racks must comply with the
enrichment-IFBA requirement curve or have a reference Koo less than or equal to the value
calculated above (including a [ ](a.c) bias). By meeting either of these conditions, the maximum
rack reactivity will be less than 0.95.

|

|

<

1
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) 5.0 Postulated Accident Methodology
'

Accident conditions must be addressed in spent fuel storage rack criticahty analysis to ensure that
K g is maintained less than or equal to 0.95. Two types of accidents can occur in the spent fuele

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 IFBA 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.

Two 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 is 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

j 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.

1

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.
The water density is also adjusted accordingly. The temperature range considered is 32*F to
212*F.

For an occurrence of any of the above postulated accident condition, the double contingency
principle of ANSI /ANS 8.1-1983 can be applied. This states that one is not required to assume
two unlikely, independent, concurrent events to ensure protection against a criticality accident.
Thus, for these postulated accident conditions, the presence of soluble 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.

I l
I

l
!

l
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Using the results on the PHOENIX-P soluble boron worth calculations, the amount of soluble-
i
(f

boron required to offset the highest reactivity increase caused by all accident conditions is
| determined. His spent fuel pool soluble boron is thus the required amount of boron needed to

.
maintain K left ess than or equal to 0.95 under all postulated accident conditions.
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6.0 Soluble Boron Credit Methodology[
This 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 rrcalculation performed for the spent fuel storagee

racks to show that K gis less than 1.0 with no soluble boron credit. Section 6.2 describes thee

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 reactivity uncertainties
and maintain K n less than or equal to 0.95. Section 6.3 discusses the reactivity equivalencing

( calculations as performed with soluble boron credit. Section 6.4 discusses the calculation of
e

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 rre

The maximum feasible K g calculation defines the normal storage configuration for fuele

assemblies in the spent fuel storage racks such that the maximum K rr is less than 1.0. Normale

p storage rack configuration conditions are defined as nominal fuel assembly parameters and spent
fuel rack dimensions. This calculation uses the same assumptions listed in Section 3.1. Theu

calculation is performed at cold conditions with no soluble boron in the spent fuel pool water. A
c

temperature bias is calculated to account for the normal operational temperature range of the
spent fuel pool water, the method bias is determined from the benchmarking calculations

mperformed in Section 2.1 and the B self shielding bias is included,if applicable.
I
L The final equation for determining the maximum feasible K gis shown below:e

~
| Kmu. reasible = Knorms + Bremp + Bmethod + B3eit (6.1) |

where:

d

Knomig normal condition KENO-Va K g=
e

[ B remp temperature bias for normal operating range=

Bmethod method bias determined from benchmark critical=

F comparisons

Bself B self shielding bias=

>

L The storage configuration used to calculate the maximum feasible K g using the above equatione

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

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

[

[
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6.2 Soluble Boron Credit Kg
['

To maintain adequate safety margin for criticality in the spent fuel storage racks, the K g of thee
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 baron. A spent fuel[ pool soluble boron concentration is chosen which will provide a K,g that is less than or equal to
0.95 when biases, tolerances and uncertainties are included. The tolerance calculations are

g performed assuming the presence of this spent fuel pool soluble boron concentration. The final
L 95/95 K g calculation is determined using equation 3.1 on page 8. The final 95/95 K g will bee e

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
[

The 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 K g storage conditions and the uncertaintye

associated 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
L

The 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 thep

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
K g defined in Section 6.1. Using this set of conditions guarantees the spent fuel racks will note

L return critical under 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 K gremains less thane

g or equal to 0.95 will also be determined.

The second major difference is the reactivity uncertainty associated with the burnup credit !

g 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 ofI

the fuel assembly 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 gcondition contains no soluble boron, calculations wille
be performed at the highest burnup requirement to determine the amount of soluble boron needed
to maintain K g less than 0.95 including the appropriate uncertainty for depletion effects ande

I
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s

PHOENIX-P calculations (see Figure 1 on page 27) and appropriate amount of uncertainty on '

I
measured burnup. The increase in boron required to offset these uncertainties will be included in
the final soluble boron credit requirement. '' ~

I 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 gdefined in Section 6.1. Using this configuration guarantees the spent fuele

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 g remains less than or equal to 0.95 will also bee
determined.

1 The uncertainty associated with the determination of the IFBA rod requirement will be offset with

credit for soluble boron. The uncertainties include the [ ](a.o decrease in IFBA 10B loading for
manufacturing uncertainty and [ ](a.o decrease in the number of IFBA rods for calculational
uncertainty. To ensure that K rris maintained less than 0.95, calculations will be performed whiche

include enough soluble boron to offset the reactivity increase cause by a [ ](a,o decrease in IFBA
*B loading and [ ](^0 decrease in the number of IFBA rods for calculational uncertainty. The
increase in boron required to offset these uncertainty values will be included in the final soluble
boron credit requirement.

| The calculation of the infinite multiplication factor for IFBA credit remains the same as
Section 4.2.2. The fuel assembly enrichment is defined by the maximum feasible storage
configuration of Section 6.1. The uncertainty of[ ](a.o associated with the infinite multiplication
factor calculation is still applied.

6.4 Postulated Accidents with Soluble Boron Credit

The 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 unlikely, 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
assuming its presence would be a second unlikely event.

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

. .

l

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 soluble 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 dc: ermine three soluble boron credit concentrations.

( The four calculations are listed below.

1. Determine the storage configuration of the spent fuel racks using maximum feasible K rr
( conditions such that K gis less than 1.0.

e

e

2. Using the resulting configuration from the previous step, calculate the spent fuel rack K ge

{ with soluble baron. 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 K g at the concentration of spent fuel pool soluble boron which maintains K ge e

[ less than or equal to 0.95.

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

4. Determine the increase in reactivity caused by postulated accidents and the corresponding

(. additional amount of soluble baron needed to offset these reactivity increases.

r The final soluble boron credit requirement is the summation of the boron credit requirements
L determined in steps 2,3 and 4 above. The following equation relates these requirements.

[ SBCTOTAL = SBC95/95 + SBCRE + SBCPA (b 2)

where:

1

SBCTOTAL total soluble boron credit requirement (ppm). i
=

SBC95/95 soluble boron credit required for 95/95 K gless than or=
e

[ equal to 0.95 (ppm).

SBCRE soluble boron credit required for reactivity equivalencing=

( methodologies (ppm).

SBCPA soluble boron credit required for K gless than or equal to=
e

0.95 under accident conditions (ppm).

)

l

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 Kett calculations shows that the spent fuel rack K g will always be less than ore

equal to 0.95. ' Funher the maximum feasible K,g storage configuration will ensure the K rr
'

e
. remains less than 1.0 with no soluble boron in the spent fuel pool,

b

c

g

C
,

b

g
C

-

'

i

!r

L- !.

-

I

r
u.

E
c

'
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[ Critical General Description Enriclunnt Reflectw Separating Material Soluble Boron Measured K,e KENO-Va Reactivityg Number
(K,g +/- One Sigma)o

ers 1 UO RJ Lattice 2 46 water water 0 1.0002 [2$ 2 UO Rod Lattice 2.46 water water 1037 1.00012C 3 UO Rod Lattice 2.46 water water 764 1.0000$ 2
4 UO Rod Lattice 2 46 water B C pins 0 0.99992 4y 5 UOz Rod Lattice 2.46 water B C pins 0 1.00004g 6 UO Rod Lattice 2.46 water B C pins 0 1.00972 4
7 UO Rod Lattice 2.46 water

-
B C pins 0 0.9998 p2 4[ 8 00 RodLattice 2.46 water B Cpins 0 1.0083 g2 4

,0,.L 9 UO Rod Lattice 2.46 water water 0 1.0030 m2
p 10 UO Rod Lattice 2.8 water water 143 1.0001 P2
g i1 UO Rod Lattice 2 46 water stainless steel 514 1.0000 cc2
P:- 12 UO Rod Lattice 2.46 water stainless steel 217 1.0000 @2

g 13 UO Rod Lattice 2.46 water lerated aluminum 15 1 0000 Q, y2
a 14 UO Rod Lattice 2.46 water lerated aluminum 92 1.0001 y g2E 15 UO Rod Lattice 2.46 water borated aluminum 395 0.99982
E., 16 UO Rod Lattice 2.46 water borated aluminum 121 1.0001 7- 5$

na C-
2Q 17 UO RodLattice 2.46 water borated aluminum 487 1.00002 g {> 18 UO Rod Lattice 2.46 water turated aluminum 197 1.00022

t cD 19 UO Rod Lattice 2.46 water borated aluminum 634 1.0002 c. o2k 20 UO Rod Lattice 2.46 water borated aluminum 320 1.0003 9 y2
!c. 21 UO R.od Lattice 2.46 water borated aluminum 72 0.9997 o~2"

22 UO Rod Lattice 235 water borated aluminum 0 1.0000 @ 3,25 23 UO Rod Lattice 235 water stainless steel 0 1.0000 t a2"
G. 24 UO Rod Lattice 235 water water 0 1.0000 3, f

2g 25 UO Rod Lattice 235 water stainless steel 0 1.0000 g2
o 26 UO Rod Lattice 235 water borated aluminum 0 1.0000 g C2
5* 27 UO Rod Lattice 235 water BC 0 1.0000 g Bi2 4Q 28 UO Rod Lattice 431 water stainless steel 0 1.0000 g [2

29 UO flod Lattice 431 water water 0 1.00002 -,
30 UO Rod Lattice 431 water stainless steel 0 1.00002 g
31 UO Rod Lattice 431 water lurated aluminum 0 1.0000 to2
32 UO Rod Lattice 431 water turated aluminum 0 1.0000 Z2
33 U-metal Cylinders 93.2 bne air 0 1.0000 934 U-metal Cylinders 93.2 bare air 0 1.0000 s
35 U-metal Cylinders 93.2 bare air 0 1.0000 no'
36 U-metal Cylinders 93.2 bare air 0 1.0000
37 U-metal Cylmders 93.2 bare air 0 1.0000
38 U-metal Cylinders 93.2 bare air 0 1.0000
39 U-metal Cylinders 93.2 bare plexiglass 0 1.0000
40 U-metal Cylinden 93.2 paraffin plexiglass 0 1.0000
41 U-metal Cylinders 93.2 bare plexiglass 0 1.0000 |
42 U-metal Cylinders 93.2 paraffin plexiglass 0 1.0000g
43 U-metal Cylinders 93.2 paraffin plexiglass 0 1.0000

-

44 U-metal Cylinders 93.2 paraffin plexiglass 0 1.0(X)0

*
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Table 2. Summary of Lattice Parameters for Strawbridge and Barry 101 Criticals
!

Lattice Parameter Range

| Enrichment (a/o) 1.04 to 4.07

Boron Concentration (ppm) O to 3392

L Water to Uranium Ratio 1.0 to 11.96

Pellet Diameter (cm) 0.44 to 2.35
L

Lattice Pitch (cm) 0.95 to 4.95

m Clad Material none, aluminum,
E and stainless steel

Lattice Type square and hexagonal
i 3Fuel Density (g/cm ) 7.5 to 18.9

L

e

u

~

u

?
,

L

3
..

E
L
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Table 3. H&W Core Loadings and Compositions Studied

['.
Number of Soluble

r Number of Water-Filled Number of Horon
L Core Loading Fuel Rods Positions Pyrex Rods (ppm)

XI 1 4961 0 0 1511
b

2 4808 153 0 1334

7 4808 81 72 1031

8 4808 9 144 794

I 9 4808 9 144 779L
XIV 1 4736 225 0 1289

( 6 4736 201 24 1179

E !

E .

L |

1

I

I
L

E

r

L

,

i
1

(
|

c

[
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Table 4. Comparison of PIIOENIX-P Isotopics Predictions to Yankee Core 5 Measurements

I-

Quantity (Atom Ratio) % Difference

| 235U/U [

236g79

238U/U
239Pu/Pu

E 240Pu/Pu

241 Pu/Pu-

L 242Pu/Pu

239Pu/238g
'

235gj238U )(a,c)
-

F
L

I~~
L

-

,

w |

-

L

-

i-

I

~

6

m
L

F
L

[

[ i

ru
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b

Table 5. Fuel Parameters Relevant to the Spent Fuel Storage Rack Criticality Analysis -

[/
~

Fuel Assembly Parameters

b Number of Fuel Rods per Assembly'

Fuel Rod Clad Materialy

p'
Fuel Rod Clad Outer Diameter

Fuel Rod Clad Thickness

Fuel Pellet Outer Diameter

Fuel Pellet Density

Fuel Pellet Dishing Factor

Rod Pitch

Guide Tube Material
e

[. Number of Guide Tubes

Guide Tube Outer Diameter
,

Guide Tub: Thickness<

Instrument Tube Material '

r-

Number of Instrument Tubes

Instrument Tube Outer Diameter :

Instrument Tube Thickness

I

'

i

I

<

f
L-

i

f'
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Table 6. Axial Burnup Reactivity Bias for PHOENIX-P

L
Fuel Assembly 3.0 w/o 4.0 w/o

Burnup Enrichment Enrichment
(MWD /MTU) Bias (AK) Bias (AK)

[](a.c) g(a.c) g(a.c)

?

-

6

-

L

-

I

u

-

%

-

.

i

-
,

u

r
L

e

L

[
r
L
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Figure 1. Hurnup Credit Reactivity Bias
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Figure 3. Example IFII A Credit Curve
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