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1.0 Introduction

The purpose of this report 1s to document the Wesunghouse Spent Fuel Rack Cnucality
Methodology that ensures lhe spent fuel rack muluplicanion factor. Ko 1s less than 0.95 as
recommended by ANSI 57.2-1983'" and NRC guidance'>’. The individual sections of this report
demonstrate the codes. mcthods and techniques used to satisfyv this criterion on K¢

Section 2.0. Computer Code Methods and Benchmarking. explains the computer codes used 1n
the evaluation of the spent fuel rack K.g calculaunons. The methodology of the NITAWL-IL
XSDRNPM-S. and KENO-Va codes 1s discussed and benchmark results are presented to establish
a methodology bias and bias uncertainty. The PHOENIX-P computer code 1s also discussed in
this sectton. PHOENIX-P 1s a nuclear design code used pnimarily for core reactor phvsics
calculations but maintains the capability to simulate spent fuel storage rack geometries. The
benchmarking of PHOENIX-P 1s discussed here.

In Section 3.0. Spent Fuel Rack Criticality Calculations. the maximum fresh fuel assembly
enrichments that can be stor=4 in the spent fuel racks are determin d. The details on the
assumptions made 10 model the spent fuel storage racks and the use of the results are also
presented. Specific details are presented on KENO-Va calculanons. PHOENIX-P tolerance
calculations and the final 95 95 K, 4 determination.

To allow higher enrichments than those determined in the previous section. Section 4.0.
Reacuvity Equivalencing Methodology. discusses the techmques 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 Bummable 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 reacuvity equivalencing
methodology is discussed.

To completeiy cover possible off-normal conditions in the spent fuel storage racks. Section 3.0
Postulated Accident Methodology. defines the postulated spent fuel rack accidents which are
considered in the spent fuel rack cnticality analysis. The methodology used 1o determine the
reacuvity impact of these accidents is discussed. Finally. the application of the double
conuingency principle to these spent fuel rack postulated accidents 1s 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 i1s used under normal storage
configuration conditions. The nesmal storage configuration 1s defined using the maxdmum
Mng__s_qlu_b&hg_mnﬁ‘._& K calculation to ensure that the spent fuel rack K g will be less

than 1.0 with a reacuvity allowance for uncenainties and tolerances and with no soluble boron
under memmal specified storage conditions. Soluble boron credit is then used to e the

uRceRaRHes-and-iolerances-and maintain K ¢ less than or equal to 0.95 as explained. The use of
soluble boron credit for reactivity equivaiencing uncertainties 1s discussed. The calculation of
postulated accidents crediting soluble boron 1s discussed. Finally. a summary of all the soluble
boron credit requirements 1s presented.

Introduction ]
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3.0 Spent Fuel Rack Criticality Calculations

This section describes the analytical techniques and models emploved 1o perform the cnticality
analvsis calculations for spent fuel storage racks.

Section 3.1 describes the fresh fuel assembly reacuivity calculations performed for the spent fuel
storage racks using defined nominal enrichments. storage configuration and rack conditions.
Secuiion 3.2 descnibes the tolerance calculations used 1o determine the reacuvity uncertaint
associated with fuel assembly and storage rack tolerances. Finally. Section 3.3 discusses the final
93 percent probability with a 95 percent conhdence interval (95 95) K, # calculation performed to
ensure K g 15 less than or equal i0 0.95,

3.1 Reactivity Calculations using KENO-Va

To show that storage of fuel assemblies in the spent fuel storage racks satisfies the 0.95 K,4
criticality acceptance cniteria. KENO-Va 1s used to establish a nominal reference reactivity using
tresh fuel assembiies

The 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.

Fuel Assembly Tvpes: The fuel assembly parameters relevant to the cniticality analvsis are
listed in Table 5 on page 22. All fuel assembly types considered for storage in the spent fuel
storage racks must be evaluated.

| Fuel Rod Enrichment: The nominal tresh fuel enrichment medeled-+er-loaded 1nto each fuel
pin is modeled. The pin locations within a fuel assembly with multiple enrichments will be

considered. if applicable. The maximum fuel rod ennchment loaded into the fuel rods is.
hmutedto SO wo """L.

Fuel Pellet Density and Dishing Fraction: The nominal values for theoretucal density and
dishing fraction of the fuel pellets are modeied

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

23417 and 230U; No amount of “**U or **°L is modeled in the fuel pellet.

Spacer Grids or Sleeves: No amount of material from spacer gnids or spacer sleeves 1s
modeled 1n the fuel assembly.

Burnable Absorbers: No amount of burnable absorber poison matenal 1s modeled in the fuel
assembly

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

Moderator Temperature and Densiry: The moderaxor 1S pure water (no boron) at a
temperature of 68 F and a density of 1.0 gm'ecm”

Spent Fuel Rack Cniticality Calculations o
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Based on the most reactive ume after shutdown study and the uncertainty in the PHOENIX-P
calculauons, the burned fuel assembly is restarted in PHOENIX-P at various burnup steps with no
fission product decay at cold (68°F) spent fuel storage rack conditions with all '**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 bumup at each
higher ennchment 1s determined by finding the bumnup which yields a K, (including uncertainty)
equal to the zero burmup ennchment nominal rack condition K.. Muluple sets of
burnup-enrichment pairs are used to establish a burnup credit curve which covers the enrichment
range of the zero burnup enrnichment to the highest enrichment stored in the spent fuel racks.

[t 1s important to recognize that the curve is based on calculations of constant rack reacuvity. In

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

To beuter illustrate this methodology, a sample burnup credit curve is provided in Figure 2 on
page 2”7 Note in Figure 2. the endpoints are (0 MWD/MTU, 2.0 wo 235U) and
(3333000 MWD/MTU. 5.0 wo **U). The interpretanon of the endpoint data is as follows: the
reacuvity of the spent fuel rack containing 5.0 wio U fuel at 3335,000 MWD/MTU is
equivalent to the reacuvity of the rack containing 2.0 w.o = “U fresh fuel. The endpoint data at

5.0 w 0 includes a reactvity uncenainty of 8:8440.012 AK consistent with the minimum burnup

requirement of 3333.000 MWD/MTU. Reactivity uncertainty is also applied linearly to all points
on Figure 2 consistent with Figure 1.

As part of the burnup credit calculation, no specific uncertainty is added for measured burnup
predictions. Uncenainty associated with measured burnups is dependent on the code or method
used to predict the measured burnup. Additional burnup necessary 1o offset any measured burnup

unceriainty must be added to the burnup credit requirement determuned by the cniticality anaiysis
to determine the final acceptance curve for burnup credit.

The effect of axial burnup distnbution on assembly reactivity has been considered in the
development of the burnup credit methcdology. Westinghouse evaluations'?'’ have been
performed to quantify axial bumup reactivity effects and to confirm that the reactivity
equivalencing methodology described above results in calculations of conservative burnup credit
hmits. The evaluations show that axial burnup effects can cause assembly reactivity to increase
only at burnup-ennchment combinations (ex. 4.0 wio =°U @ 40,000 MWD/MTU) which are
well beyond those typically calculated for bumup credit limits. Additional accounting for axial

burnup distribution effects 1s not necessary provided the burnup credit required does not exceed
the previously determined limits. These lumuts are presented in Table 6 on page 23.

4.2 Integral Fuel Burnable Absorber (IFBA) Credit

Storage of fresh fuel assemblies with 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
Integrai Fuel Bumnable Absorbers (IFBA). IFBAs consist of neutron absorbing matenal applied

Reactivity Equivalencing Methodology Y
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6.0 Soluble Boror. Credit Methodology

This section describes the analvucal techniques and models emploved to perform the crniticalin
analvsis calculauons for spent fuel storage racks with credit for spent fuel pool soluble boron

Section 6.1 describes the maxmmum-feastbie N0 soluble boron 9593 K4 calculation performed

for the spent fuel storage racks to show that K,g1s less than 1.0 with a reactivity allowance for the
Wmmmmm@mmmmum no soluble boron cred::
NCUTOT 0 L UESUTIDE S et ot —art it bl oeh R B ety et —5ae,
Fuel-assebiv-aid-storage-rack—-olerances—ana-lhe use of spent fuel pool soluble boron 10 efise:
Hiese-reactviy—uRceRahes—and maintain K, less than or equal to 0.95. Secuon 6.3 discusses
the reacuvity equivalencing calculations as performed with soluble boron credit. Secuion 6 4
discusses the calculauon of postulated accident conditions with soluble boron credit. Finall:.
Section 6.5 summanzes the total soluble boron credit required by the spent fuel rack criucahin
analysis
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The storage configuration used 10 calculate the 2 ' 00 soluble boron K., using the
above cquation must be less than 1.0 with no soluble boron. This storage configuration 1s the

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

6.2 Soluble Boron Credit K¢

To maintain adequate safety margin for criticality in the spent fuel storage racks. the K4 of the
spent tuel storage racks will be shown to be less than or equal 10 0.95 with allowances for
tolerances and uncenainties in the presence of spent fuel pool soluble boron. The same
assumptions of Section 3-26.1 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 Keg that is less than or equal 10
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 final
9595 K calculation 1s determined using equation 6.1 on page 14. The final 95/95 K g4 will be
shown 10 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.

Soluble Boron Credit Methodology 14
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6.3 Reactivity Equivalencing with Soluble Boron Credit

The reactivity equivalencing methodology with soluble boron credit is similar to the methodology
discussed 1n Section 4.0. The major differences are that the reactivity equivalencing calculations
are performed based on the maxsmunr-feasible N0 soluble boron 9595 K, ¢ storage conditions and
the uncentainty associated with the reactuvity 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

The reactivity equivalencing methodology for burnup credit with soluble boron credit i1s similar 1o
the methodology discussed in Section 4.1. The first major difference 1s the basis for the
PHOENIX-P reacuvity calculations. The spent fuel rack restarts with burned fuel assemblies use
spent fuel rack conditions which are established using the assumptions of the maxmum-feasibie
no soluble boron 93595 K. defined in Secuien 6.1 Using this set of conditions guarantees the
spent fuel racks will not return critical under conditions o1 no soluble boron tor the storage of
burmed fuel assemblies. As shown later in this section. the amount of soluble boron required to
ensure K g remains less than or equal 1o 0.95 will also be determined.

The second major difference is the reactivity uncertainty associated with the burnup credit
calculations and the uncertainty associated with measured burnup. A reactivity bias 1s typically
applied to the reactivity calculanons to account for uncertainties associated with the depletion ot
the fuel assembly and reactivities computed with PHOENIX-P. Also, if necessary. addinonal
uncertainty is added to the burnup credit requirement to account for un “ertainty in the measured
burnup. Since the maximum-feasible-no soluble boron 9595 K4 condition contains no soluble
boron. calculations will be performed at the highest burnup requirement to determine the amount
of soluble boron needed 10 maintain K. less than 0.95 including the appropnale uncertainty for
deplenon effects and PHOENIX-P calculatons (see Figure | on page 25) and appropriate amount
of uncertainty on measured burnup. The increase in boron required to offset these uncenainnes
will be included 1n the final soluble boron credit requirement.

6.3.2 1FBA Credit with Seluble Boron Credit

The reactivity equivalencing methodology for IFBA credit with soluble boron credit 1s similar 1o
the methodology discussed in Section 4.2. The number of IFBA rods required and the infinie
multiplication factor calculations will be determined using the configuratuon assumed in the
maximum-teasible no soluble boron 95 95 K g 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, 4 remains less than
or equal t0 0.95 will also be determined

The uncentainty associated with the determination of the IFBA rod requirement will be o.¥set with
credit for soluble boron. The uncerainties include the 5% decrease in IFBA '“B loading for
manvfactuning uncertainty and 10% decrease in the number of IFBA rods for calculatonal
uncertainty. To ensure that K g 1s maintained less than 0.93, calculations will be performed which

Soluble Boron Credit Methodolog 1§
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include enough soluble boron to offset the reactivity increase cause by a % decrease in IFBA 'UB
loading and 10% decrease in the number of IFBA rods for calculational uncerainty. The increase
in boron required to offset these uncentainty values will be inciuded in the final soluble boron
credit requirement.

The calculavon of the infinite muluplication factor for [FBA credit remains the same as
Secuon 4.2.2. The fuel assembly enrichment is defined by the no soluble boron 9595 storage
configuranon of Secuon 6.1. The uncerainty of 0.01 AK associated with the infinite
multuiplicatuon factor calculation 1s still apphed.

6.4 Postulated Accidonts 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 principie

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 conungency principle. one is not required to
assume two unlikely. independent. concurrent events 10 ensure protection against a criucahity |
accident.  Therefore, the presence of soluble boron in (he storage pool water at normal
concentrations (typically 2000 ppmi) can be assumed as a realistic initial condition since not
assuming 1ts presence would be a second unlikeiv event.

To determine the reacuvity decrease associated with spent fuel pool soluble boron. the reactvity
change due t0 the presence of spent fuel pool soluble boron is calculated using PHOENIX-P

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 1s determined. The
sum of the boron concentrations of Sections 6.2 and 6.3 1s the staring point to determine the
amount of addiuonal soluble boron needed to offset the reactivity increase caused by the
postulated accidents

6.5 Soluble Boron Credit Summary

To summanze the soluble boron credit calculations. there are four calculations performed using
the soluble boron credit methodology which determine three soluble boron credit concentrations.
The four calculations are listed below.

| Determine the storage configuration of the spent fuel racks using maxsmum-feasible-no
soluble boron 9595 K.4conditions such that K g 18 less than 1.0.

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

ta
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3. Use reacuvity equivalencing methodologies to determine burnup or [FBA credit for enrichments
higher than allowed in step 1. Use soluble boron credit to offset uncenainties associated with each
methodology. as appropriate.

4. Determine the increase in reacuvity caused by postulated accidents and the corresponding additional
amount of soluble boron needed to offset these reactivity increases.

The final soluble boron credit requirement 1s the summation of the boron credit requirements determined
in steps 2. 3 and 4 above. The following equation relates these requirements.

SBCTOTA[ = SBC95 9c T SBCM " SBCP,\ (6.2)

where:

"

SBCro1aL

SBCos g3 = soluble boron credit required for 95 93 K¢ less than or
equal to 0.95 (ppm)

total soluble boren credit requirement (ppm).

SBCge * solubie boron credit required for reactivity equivalencing
methodologies (ppm).

SBCpy = soluble boron credit required for K, 4 less than or equal 1o
0.95 under accident conditions (ppm ).

The total soluble poron credit requirement along with the storage configuration specified in the masHnus
feas+ble-no soluble boron 95935 K, 4 calculations shows that the spent fuel rack Kog will 2lways be less
than or equal 10 0.95. Further the masmurm-teasible-n0 soluble boron 9595 K. storage configuration
will ensure the K, remains less than 1.0 with no soluble boron in the spent fuel pool.

Westinghouse Spent Fuel Rack Criucality Analysis Methodology 17



Table 6. Axial Burnup Reactivity Bias for PHOENIX-P

Fuel Assembly 3.0wo 1 40wo ' SO0wo
Burnup Ennchment f Enrichment Enrichment
(MWD/MTU) Bias (pem)” | Bias (pem)” Bias (pecm)”
0 282 I 282 -254
20.000 -492 | 576 610
30.000 -248% ’ 2370 -463
40.000 39 | 3 -243
50.000 211 f 187 17
60.000 302 | 426 312

“pem 1s defined as In (k, ky)*1ES
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