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1.0 INTRODUCTION AND SUMMARY

1.1 Objectives and General Description

The objective of the criticality safety analysis documented in this report is to evaluate the safe
storage configuration of fresh and spent fuel assemblies in the Watts Bar Nuclear Plant spent fuel
storage racks. This new analysis is performed with fuel assemblies containing tritium producing
burnable absorber rods (TPBARs). Previous analysis performed by Holtec International [9]
determined the safe storage patterns for spent fuel in the racks for fuel containing no burnable
poison rods. In addition to the TPBARs, the presence of other bumnable poison rods such as
WABAs and IFBA rods in the fuel assemblies has also been addressed in the present analysis.
Credit is taken for integral fuel burnable absorber (IFBA) rods and fuel burnup, where appropriate.
Soluble boron in pool water is used to protect against a mis-loaded assembly accident, where
necessary. The analysis uses the KENO5a Monte Carlo code with the 238-group cross-section
library developed by the Oak Ridge National Laboratory as the Vprimary code for the calculations.
CASMO4 was used for calculation of fuel depletion effects and manufacturing tolerances. As
permitted in the USNRC guidelines, parametric evaluations were performed for each of the
manufacturing tolerances and the associated reactivity uncertainties were combined statistically. All
calculations were made for an explicit modeling of the fuel and storage cell geometries to define the
enrichment-burnup combinations for spent fuel configurations that assure a safe storage of fresh and

spent fuel in the pool.

The following configurations of fresh and spent fuel storage in the Watts Bar racks have been
analyzed in this report. The fuel was assumed to have initially contained Integral Fuel Burnable
Absorber (IFBA) Rods and TPBARs, which are removed at the time the assemblies are placed in

storage.

1. Storage of spent fuel with credit for burnup only.

2 Checkerboard of two fresh Fuel (initial enrichment of 4.95+0.05 wt%) and two spent
fuel assemblies.
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3. Checkerboard storage of three fresh fuel assemblies (initial enrichment of 4.95%0.05 wt%)
and one cell containing only water or water and nomn fuel materials.

4. Storage of fresh fuel, containing IFBA rods, in the racks with no other restrictions, other

than that the assemblies contain at least 32 IFBA rods (1 .25x).
Postulated accident conditions, where a fresh fuel assembly without IFBA rods, is inadvertently
placed into a cell intended to remain empty or to contain a spent fuel or fresh fuel assemblies with

IFBA rods, have also been evaluated.

1.2 Summary of Results

Arrangement 1

Previous analyses performed [Reference 9] showed that the required burnup for the spent fuel
(initial enrichment of 4.95£0.05wt%) in this configuration was 6.75 GWD/MTU. The required
burnup for the fuel assemblies containing TPBARs remain the same. A summary of the
calculations, for fuel with an initial enrichment of 4.95+0.05wt%, is given in Table 6.6. The

required burnup for other initial enrichment is shown in Figure 2.

Arrangement 2

Previous analyses performed in [Reference 9] for a 2x2 checkerboard arrangement showed that the
required burnup for the spent fuel (initial enrichment of 4.95+0.05 wt %) in this configuration was
20 GWD/MTU. In the present analysis, the required burnup for the fuel assemblies containing
TPBARS remain the same. A summary of the calculations, for fuel with an initial enrichment of
4.95+0.05 wt%, is given in Table 6.5. The required burnups for other initia] enrichments are shown

in Figure 1.
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Arrangement 3

In this arrangement, 3 fresh fuel assemblies are checker boarded with 1 water cell in a 2x2 array.
This arrangement was found to be acceptable for fresh fuel storage without any additional
restriction. A summary of the calculations, for fuel with an initial enrichment of 4.95+0.05wt%, is
given in Table 6.7. Analyses were also performed to determine the limiting amount of water that
can be displaced in order to checkerboard norn- fissile bearing components (such as a boral coupon
tree, thimble plug etc.) with fresh fuel. It was conservatively determined that 75% of water can be
safely displaced in empty cells by non- fissile bearing components. Cells containing items such as
TPBAR consolidation baskets and baskets containing discarded materials may be considered water
cells, as long as the material is non-fissile and no more than 75% of the water is displaced. These
analyses also confirm that non-fuel bearing assembly components (i.e. thimble plugs, rod cluster
control assemblies (RCCAs) etc.) may be stored in the fuel assemblies without affecting the storage

requirements for the assemblies.
Arrangement 4

In this arrangement, fresh fuel assemblies containing integral burnable absorber rods (IFBA) are
stored face adjacent to each other. The fuel assemblies were assumed to contain 16, 32 and 48
IFBA rods. Calculations show that the fuel assemblies containing a2 minimum of 32 IFBA rods can
be stored in the storage cells without any credit for burnup, with a maximum k- € 0.95 including
bias and uncertainties. A summary of the calculations, for fuel with an initial enrichment of
4.95+0.05wt% and containing 32 IFBA rods (at 1.25x), is given in Table 6.8. Assemblies with a

greater number of IFBA rods would exhibit a lower reactivity.

Interface Requirements

When arrangements 2 and 3 are placed adjacent to each other in the pool, there should be a barrier

row of empty cells between the two arrays to prevent fresh fuel assemblies from being adjacent to

each other in these arrays.
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Accident Condition

Evaluation of postulated accident conditions demonstrate that 55 ppm of soluble boron in the spent
fuel pool is sufficient to maintain kg = 0.95, including calculational biases and all uncertainties
under the most serious postulated fuel handling or mis- loading accident. Recent USNRC guidelines

allow partial credit for soluble boron, and this would be more than adequate to protect against the
most serious fuel handling accident. Normal soluble boron levels are maintained above 2000 ppm

in the spent fuel pool.
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2.0 ANALYSIS CRITERIA AND ASSUMPTIONS

To assure the true reactivity will always be less than the calculated reactivity, the following

conservative analysis criteria or assumptions were used.

o Criticality safety analyses were based upon an infinite radial array of cells; i.e., no credit
was taken for radial neutron leakage, except for evaluating the rack boundaries accident
conditions where neutron leakage is inherent.

e Minor structural materials were neglected; i.e., spacer grids were conservatively assumed to
be replaced by water.

e The analyses assumed a temperature of 4 °C, which is the temperature of highest water
density and highest reactivity in poisoned racks.

e The analyses assumed a Westinghouse V5H 17x17 fuel assembly, which was found to be
the most reactive of the fuel assembly types in use at Watts Bar Nuclear Plant, for the
burnup appropriate to the analysis.

e The density of the fuel was assumed to be 97% of the nominal theoretical density, with a
tolerance of + 2%.

e Boromr-10 was used to simulate the Li-6 in the TPBARs, since CASMO-4 does not include
Li6 in the cross-section library. To accomplish this, the number density of B-10 was
adjusted to give the same absorption cross section as the Li6 by KENO-Va calculations.
This is a conservative assumption since the B-10 (Li-6) was not depleted.

e No credit is taken for the presence of the Uranium-236 isotope in the fuel for this analysis.

e No axial blankets were assumed to be present in the fuel rods. The entire active fuel length
was assumed to have the same enrichment.

e WABAs or TPBARs and IFBA rods were assumed to be present during the operating life of
the fuel assemblies. This penalty is bounding for the fuel assemblies, which operate without

poison rods.
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30 ACCEPTANCE CRITERIA

The primary acceptance criterion is that the effective multiplication factor (k-ef) of the racks shall
remain less than or equal to 0.95, under normal conditions. The maximum k-¢gincludes calculation
uncertainties and reactivity effects of mechanical tolerances, under the postulated accident of the
loss of all soluble boron. Applicable codes, standards, and regulations, or pertinent sections thereof,

include the following:
e General Design Critérion 62, Prevention of Criticality in Fuel Storage and Handling.
e USNRC Standard Review Plan, NUREG-0800, Section 9.1.2, Spent Fuel Storage.
e USNRC letter of April 14, 1978, to all Power Reactor Licensees - OT Position for Review

and Acceptance of Spent Fuel Storage and Handling Applications, including modification
letter dated January 18, 1979.

e USNRC Regulatory Guide 1.13, Spent Fuel Storage Facility Design Basis, Rev. 2
(proposed), December, 1981.

» ANSI-8.17-1984, Criticality Safety Criteria for the Handling, Storage and Transportation of
LWR Fuel Outside Reactors.

e L. Kopp, "Guidance On The Regulatory Requirements For Criticality Analysis Of Fuel
Storage At Light-Water Reactor Power Plants", USNRC Internal Memorandum L. Kopp
to Timothy Collins, August 19, 1998.

e Code of Federal Regulation 10CFR50.68, “Criticality Accident Requirements”
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4.0 DESIGN AND INPUT DATA

4.1 Fuel Assembly and Component Design Specifications

Two different fuel assembly designs were considered in the analyses; the Westinghouse 17x17 V5H
and Robust designs. Table 4.1 provides the pertinent design details for the fuel assembly types.
Calculations were performed for fuel operating with both the TPBARs and the WABA components.

Design specifications for the TPBARs are obtained from Reference 7. The compositions of the fuel

assemblies containing either IFBA or WABA rods were obtained from Reference 8.

4.2 Storage Racks

The storage rack design is described in detail in Reference 9. A schematic of the fuel storage cell
model, used in this analysis, is shown in Figure 4. The tolerances in the dimensions are also

presented in Reference 9, and have been used in the present analysis.

4.3 QOperating Parameters

The core operating parameters for performing the depletion calculations were obtained from

Reference 8. The principal core operating parameters, used in this study, are summarized in the

table below.
Core Operating Parameters Value
Fuel Temperature F) 1370
Moderator Temperature (°F) 592
Average Soluble Boron in Moderator 200
(ppm)
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5.0 METHODOLOGY -

The criticality analyses were performed principally with the three-dimensiomal NITAWL-KENO5a
Monte Carlo code package [1]. NITAWL was used with the 238-group SCALE-4.3 cross-section
library and the Nordheim integral treatment for resonance shielding effects. Benchmark
calculations, presented in Appendix A, indicate a bias of 0.0030 = 0.0012 (95%/95%) (2]
CASMO4, a two-dimensional deterministic code [4] using transmission probabilities, was used for
depletion (burnup) calculations and to evaluate the small (differential) reactivity effects of
manufacturing tolerances. Validity of the CASMO4 code was established by comparison with

KENOS5a calculations for comparable rack cases.

In the geometric model used in the calculations, each fuel rod, and associated cladding and each
fuel assembly were explicitly described. Reflecting boundary conditions effectively defined an
infinite radial array of storage cells. In the axial direction, a 30-cm water reflector was used to
conservatively describe axial neutron leakage. Each stainless steel box and the water gaps [8, 9]

were described in the calculational model. The fuel cladding material was assumed to be zirconium.

Monte Carlo (KENO5a) calculations inherently include a statistical uncertainty due to the random
nature of neutron tracking. To minimize the statistical uncertainty of the KENOSa calculated
reactivities, a minimum of | million neutron histories were accumulated in each calculation,
generally resulting in a statistical uncertainty of about +0.0003 Ak (10). Three-dimensional
KENO5a calculations were necessary to describe the geometry of the checkerboard cases. However,
KENOSa cannot perform depletion calculations. Depletion calculations were performed with
CASMO4 with explicit description of the fission product nuclide concentration. To compensate for
those fission product nuclides, which cannot be described in KENO5a, an equivalent boron-10 in
the fuel was determined which produced the same reactivity in KENO35a as the CASMO4 result.
This methodology incorporates approximately 40 of the most important fission products, accounting
for all but about 1% in k. The remaining 1 % in k is included by the equivalent B-10 concentration

in the fuel.
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6.0 ANALYSIS RESULTS

6.1 Bounding Fuel Assembly

Calculations were done, using CASMO4, to evaluate the reactivity of the fuel assemblies currently
in use or anticipated for storage in Watts Bar spent fuel racks. Calculations show that the
Westinghouse 17x17 V5H fuel assembly exhibits the highest reactivity at the burnups of interest in
this analysis (from 0 to 35 GWD/MTU) and were used in all the subsequent calculations. Beyond
35 GWD/MTU bumup, the Westinghouse Robust fuel design becomes slightly more reactive, but

this does not affect the present analyses.

Burnup, GWD/MTU w\};/;n l?(l)l';’(’gfr
0 09792 0.9776
10 0.9132 0.9109
20 0.8629 0.8608
30 08193 08174
35 0.7990 0.7973

6.2 Evaluation of Manufacturing Tolerance Uncertainties

CASMO4 calculations were made to determine the uncertainties in reactivity asociated with
density and enrichment tolerances. The uncertainties associated with the other mechanical
tolerances have been assumed to be the same as that reported in the earlier analysis [9]. The
reactivity effects of each independent tolerance were combined statistically. All fuel and rack
dimensions and their dimensional tolerances are obtained from References 8 and 9. The reactivity

effects of the tolerances are listed in Tables 6.5-6.8.

For estimating the reactivity uncertainties associated with tolerances in fuel enrichment and density,
conservative tolerances of + 0.05% in enrichment and +2% in UO, density were assumed. The

reactivity uncertainty associated with the fuel density tolerance is listed in Table 6.1. The reactivity
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uncertainties for the tolerance"in fuel enrichment are listed in Table 6.3.

6.3 Uncertainty in Depletion Calculations

The uncertainty in depletion calculations is part of the methodology uncertainty and was taken as
5% of the reactivity decrement from beginning-of-life to the burnup of concem for the spent fuel

[5]. This methodology uncertainty is included in the calculations of the final kesr in Table 6.5 and
6.6.

6.4 Uncertainty in TPBAR Loading

Since CASMO4 does not include Li-6 (as used in the TPBARS), an equivalent boron was used to
stimulate the absorption in Li+6. Since this approximation could introduce some uncertainty, a
sensitivity analysis was made by doubling the boron concentration in the simulated TPBAR’s .
Results of this analysis showed that the effect on the residual reactivity was virtually negligible.
For the most sensitive storage configuration (checkerboard of 2 fresh assemblies with 2 assemblies
burned to 20 GWD/MTU), doubling the TPBAR absorption resulted in only a 0.0005 Ak increase in

reactivity, and would not affect the other configurations.

6.5 Eccentric Location of Fuel Assemblies

The fuel assemblies are nominally stored in the center of the storage cells. Eccentric positioning of
fuel assemblies in the cells normally results in a reduction in reactivity for poisoned racks.
Calculations have been made confirming negative reactivity effect of the eccentric positioning fuel

assemblies at the position of closest approach. These calculations confirm that the normal centered

position is the most reactive.

* The TPBARs are removed when the assembly is placed in storage. Therefore, the TPBAR composition only
affects the residual reactivity after TPBAR removal
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6.6 Temperature and Void Effects

Temperature effects were also evaluated, using CASMO4, in the temperature range from 4°C to
120°C and the results are listed in Table 6.2. These results show that the temperature coefficient of
reactivity is negative. The void coefficient of reactivity (boiling conditions) was also found to be

negative for the Watts Bar racks.

6.7 Reactivity Effect of the Axial Burnup Distribution

Initially, fuel loaded into the reactor will burn with a slightly skewed cosine power distribution. As
burnup progresses, the burmup distribution will tend to flatten, becoming more highly bumed in the
central regions than in the upper and lower ends. At high burnup, the more reactive fuel near the
ends of the fuel assembly (less than average burnup) occurs in regions of high neutron leakage.
Consequently, it would be expected that over most of the burnup history, distributed bumup fue!
assemblies would exhibit a slightly lower reactivity than that calculated for the average burnup. As
burnup progresses, the distribution, to some extent, tends to be self-regulating as controlled by the

axial power distribution, precluding the existence of large regions of significantly reduced burnup.

The effect of the axial burnup distribution on reactivity was studied, on a generic basis, in detail by
Turner [6]. Reference 6 indicates that below 30 GWD/MTU, the axial burnup penalty is negative.
Since all the required burnups in this analysis are substantially lower than about 30 GWD/MTU, an

axial burnup penalty was not required in any of the four different storage patterns investigated.
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70  ACCIDENT CONDITIONS AND SOLUBLE BORON REQUIREMENTS

Soluble boron is required to protect against the accident of a mis-loaded fuel assembly. The
accident analyses corresponding to all the storage configurations investigated in this analysis are

summarized below:

e TFresh fuel assembly misloaded into a cell intended to store a spent fuel assembly in

Armrangement 1

e Fresh fuel assembly misloaded into a cell intended to store a spent fuel assembly in
Arrangement 2

e Fresh fuel assembly misloaded into a location intended to be a water cell in the Arrangement
3

e Fresh fuel assembly, without any IFBA, misloaded into a cell intended to store a fresh fuel
assembly with 32 IFBA rods, in Arrangement 4

Table 6.9 summarizes the kg for each of these aécident analyses. The results show that the most
serious postulated accident condition with the misplacement of a fresh fuel assembly occurs 1n
arrangement 3. In this case, a fresh fuel assembly is misplaced in the location of a water cell.
Calculations show that 55 ppm of soluble boron would be required to maintain the kef in the rack
below the regulatory requirement of 0.95, including bias and uncertainties. Misplacement of a fuel
assembly outside the periphery of a storage module, or a dropped assembly lying on top of the rack

would have a smaller reactivity effect.
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8.0 OTHER BURNABLEPOISON ROD INSERTS IN THE FUEL ASSEMBLIES

The fuel assemblies used at the Watts Bar may contain poison rods other than the TPBARs.
Analyses show that the fuel assemblies containing TPBARs are more reactive than those containing
BPRAs and are essentially the same as those with WABAs, at the burnups of interest. At higher
burnups, the fuel assemblies with TPBARs exhibit higher reactivity. The results are summarized in

Table 6.10, and illustrated in Figure 3.

With FFBA rods present, similar calculations show that the WABA case yields a slightly higher
reactivity than the TPBAR case. These results are tabulated in Table 6.11. The difference does not
affect the results given in this report. The spent fuel calculated without IFBA present bounds all

other cases.
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9.0 CRITICALITY ANALYSES RESULTS AND CONCLUSIONS

Four different storage configurations of fresh and spent fuel assemblies in the Watts Bar spent fuel
pool have been evaluated in this analysis. The results indicate that these storage patterns of fresh
fuel assemblies (4.95+0.05 wt% enrichment) and spent fuel assemblies mects the regulatory
requirements. The results for the different arrangements are summarized in Tables 6.5 to 6.8.
Results show that the burnup requirements for the storage arrangements 1 and 2 remain the same as
those reported in Reference 9. A summary of the conditions evaluated and the conclusions are given
below:

e Spent fuel assemblies may be stored in unrestricted locations provided that they satisfy the
burnup-enrichment combinations identified in Figure 2 (minimum of 6.75 MWD/Kg-U
burnup for fuel of 4.95+0.05 wt% initial enrichment). Fuel of 3.8 wt% or less >° may be
also stored without restrictions.

o Storage of two fresh fuel assemblies (4.95+0.05 wt% initial enrichment) in a 2x2
checkerboard array with two spent fuel assemblies, whose burnup-enrichment combination
is shown in Figure 1 (minimum of 20 MWD/Kg U burnup for fuel of 4.95+0.05 wt% initial
enrichment), satisfy the regulatory requirements.

e Checkerboard arrangement of 3 fresh fuel assemblies and 1 empty cell satisfy the regulatory
requirements for fuel storage in the racks.

e Fresh fuel assemblies, of 4.95+0.05 wi% initial enrichment, containing a minimum of 32
(1.25x) IFBA rods may be stored face adjacent to each other in the spent fuel storage racks.
These may also be stored face adjacent to spent fuel assemblies satisfying burnup-
enrichment combinations in Figure 2 (minimum of 6.75 MWD/KgU burnup for fuel of
4.95+0.05 wt% initial enrichment).

e A water cell will always be less reactive than an irradiated fuel assembly. Conservatively,
75% of the water may be safely displaced from a cell by non-fissile materials and the cell
may still be considered a water cell.

e Accident analysis show that only 55 ppm of soluble boron is required to mitigate the effects
of the most serious postulated fuel misplacement and maintain the kegr below 0.95, including

all uncertainties and biases.
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Table 4.1 Design Basis Fuel Assembly Specifications [8]

Fuel Assembly W‘};;‘l" 1?(,);71’;;?1"
Clad O.D,, in 0.374 0.374
Clad 1D, in 0.329 0.329
Clad Material Zircaloy-4 Zirlo
Peliet Diameter, in 0.3225 0.3225
Density, g/cc 10.631 10.631
Maximum Enrichment % 4.9540.05 w/o 4.9540.05 w/o
Active Fuel Length, in 144 144
Number Fuel Rods 264 264
Fuel Rod Pitch 0.496 0.496
Number of Thimbles 25 25
Thimble O.D. 0.474 0.482
Thimble 1.D. 0.442 0.442
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Table 6. 1.

Reactivity Effects of Density Tolerance in the Watts Bar Spent Fuwel Racks.

BURNUP, REFERENCE FUEL DENSITY
GWD/MTU
Kinf Kinf Ak
0 0.9776 0.9795 0.0019
10 0.9107 09122 0.0015
20 0.8606 0.8621 0.0015
30 0.8173 0.8189 0.0016
5 0.7971 0.7989 0.0018
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Table 6.2

Reactivity Effects of Temperature and Void in Watts Bar Spent Fuel Racks.

BURNUP, 0 o 0
T=4°C T=20°C T=120"C T=120 °C+VOID
GWD/MT
Kinf Kinf Ak' Kint Ak* Kinf Ak**
0 0.9792 0.9776 -0.0016 0.9548 -0.0228 0.9262 ' -0.0286
10 09132 0.9107 -0.0025 0.8895 -0.0212 0.8619 -0.0276
20 0.8629 0.8606 -0.0023 0.8404 -0.0202 0.8134 -0.0270
30 0.8193 0.8173 -0.0020 0.7984 -0.0189 0.7720 -0.0264
35 0.7990 0.7971 -0.0019 0.7790 -0.0181 0.7529 -0.0261
* difference with results @ 4°C
* difference with results @ 20 °C
** differcnce with results at 120 °C and no void
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Table 6.3 Reactivity Effects of Fuel Enrichment Tolerance in Watts Bar Spent Fuel Racks.

BURNUP,
GWDMTU REFERENCE ENRICHMENT TOLERANCE
Kinf Kinf Ak

0 0.9776 0.9793 0.0017
10 0.9107 09124 0.0017
20 0.8606 0.8624 0.0018
30 0.8173 0.8191 0.0018
35 0.7971 0.7990 0.0019
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Table 6.4 Reactivity Effects of Abnormal and Accident Conditions in Watts Bar Spent Fuel Racks.

ACCIDENT/ABNORMAL CONDITIONS

REACTIVITY EFFECT

Temperature increase (See Table 6.2)

Negative

Void (Boiling) (See Table 6.2)

Negative

Misplacement of a fresh fue] assembly

Positive: most serious misplacement accident
requires 55 ppm soluble boron

Eccentric Positioning of Fuel Assemblies

Negative
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Table 6.5 Summary of the Criticality Safety Analyses for Checkerboard Storage of 2 Fresh and 2 Spent Fucl
Assemblies In Watts Bar Racks (Arrangement 2).

Reference Kefr 0.9233
Required Burnup of the Spent Fuel Assemblies 20 GWD/MTU
Keno5a Bias 0.0030
Temperature Correction to 4 °C 0.0023
Axial Burnup Distribution Penalty Not Applicable
KENOS5a Bias Uncertainty 0.0012
KENO Statistics (95/95) Uncertainty (1.7 *o) 0.0009
Mechanical Tolerance Uncertainty 0.0059
Density Tolerance Uncertainty 0.0019
Enrichment Tolerance Uncertainty 0.0018
Depletion Uncertainty 0.0059
Fuel Eccentric Positioning Uncertainty Negative
Statistical Combination of Uncertainties 0.0089
Maximum Kesr 0.9375
Regulatory Limiting kesr 0.9500
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Table 6.6  Summary of the Criticality Safety Analyses for Face Adjacent Storage of Spent Fuel Assemblies In Watts Bar Racks
(Arrangement 1).

Reference kefr : 0.9271
Required Burnup of the Spent Fuel Assemblies
for 4.95+/-0.05 wt% initial enrichment 6.75 GWD/MTU
Keno5a Bias 0.0030
Temperature Correction to 4 °C 0.0022
Axial Burnup Distribution Penalty Not Applicable
KENOS5a Bias Uncertainty 0.0012
KENO Statistics (95/95) Uncertainty (1.7 *o) 0.0009
Mechanical Tolerance Uncertainty 0.0059
Density Tolerance Uncertainty 0.0016
Enrichment Tolerance Uncertainty 0.0017
Depletion Uncertainty 0.0023
Fuel Eccentricity Uncertainty Negative
Statistical Combination of Unccrtainties 0.0069
Maximum kg 0.9392
Regulatory Limiting kefy 0.9500
* Reactivity dominated by once-burned assemblies, which suppresscs the axial burnup penalty.
Report HI-2012620 Project 90941

22




Table 6.7 Summary of the Criticality Safety Analyses for Checkerboard Storage of 3 Fresh Fuel Assemblies and 1 Water Cell
in Watts Bar Racks (Arrangement 3).

Reference ke 0.9131
Keno5a Bias 0.0030
Temperature Correction to 4 °C 0.0016
Axial Burnup Distribution Penalty Not Applicable
KENOS5a Bias Uncertainty 0.0012
KENO Statistics (95/95) Uncertainty (1.7 *o) 0.0010
Mechanical Tolerance Uncertainty 0.0059
Density Tolerance Uncertainty 0.0019
Enrichment Tolerance Uncertainty 0.0017
Depletion Uncertainty Not Applicable
Fuel Eccentricity Uncertainty Negative
Statistical Combination of Uncertainties 0.0066
Maximum Kefr 0.9243
Regulatory Limiting Ker 0.9500
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Table 6.8 Summary of the Criticality Safety Analyses for Storage of Fresh Fuel Assemblies, containing 32 TFBA rods,

in Watts Bar Racks (Arrangement 4).

Reference kesr 0.9365
Keno5a Bias 0.0030
Temperature Correction to 4 °C 0.0016
Axial Burnup Distribution Penalty Not Applicable
KENOS5a Bias Uncertainty 0.0012
KENO Statistics (95/95) Uncertainty (1.7 *0) 0.0010
Mechanical Tolerance Uncertainty 0.0059
Density Tokrance Uncertainty 0.0019
Enrichment Tolerance Uncertainty 0.0017
Depletion Uncertainty Not Applicable
Fuel Eccentricity Uncertainty Negative
Statistical Combination of Uncertainties 0.0066
Maximum kg 0.9477
Regulatory Limiting kesr 0.9500
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Table 6.9 Summary of the Analyses of the Postulated Accidents in the Watts Bar Spent Fuel Storage Racks.

Description of Accident Ken Calculation Biases, Total Keee
Penalty and
Uncertainties

Fresh fuel assembly misloaded in the location of a
spent fuel assembly in Arrangement 1 (face 0.9292 0.0121 0.9413
adjacent storage)
Fresh fuel assembly misloaded in the location of a
spent fuel assembly in Arrangement 2 (checkerboard 0.9292 0.0140 0.9432
loading)
Fresh fuel assembly misloaded in the location of a

. 0.9435 0.0112 0.9547
water cell in Arrangement 3
Fresh fucl assembly, without IFBA rods, misloaded in
the location of a fresh fuel assembly, with 32 IFBA 0.9375 0.0112 0.9487
rods, in Arrangement 4
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Table 6.10 Comparison of the Reactivity of Fuel Assemblies Depleted with Different Burnable Poison Rod Types.

BURNUP, W-V5H with W-VSH with W-VsH WITH
GWD/MTU TPBAR BPRA WABA
King Kinf Kinf

0 09792 09792 0.9792

10 09132 09120 09137

20 0.8629 0.8581 0.8634

30 0.8193 0.8087 08177

35 0.7990 0.7833 0.7926
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Table 6.11

Comparison of the Reactivity Effects of Depletion with Different Poison Materials

k_cﬁ' in rack
IFBA No No Yes Yes
Burnup, N v v N
MWD /KgU o cs es [
Yes No No Yes
0 0.9792 0.9792 0.9402 0.9402
10 09137 09132 0.9016 0.9018
15 0.8876 0.8869 0.8808 08813
20 0.8634 0.8629 0.8600 0.8604
25 0.8403 0.8405 0.8392 0.8390
30 0.8177 0.8193 0.8188 08173
35 0.7926 0.79%0 0.7990 0.7951
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APPENDIX A: BENCHMARK CALCULATIONS
(Total of 26 Pages Including This Page)

Note: This appendix was taken from a different report. Hence, the next page is labeled
“Appendix 4A, Page 17.
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APPENDIX 4A: BENCHMARK CALCULATIONS

4A.1 INTRODUCTION AND SUMMARY

Benchmark calculations have been made on selected critical experiments, chosen, in so far

as possible, to bound the range of variables in the rack

designs. Two independent methods

of analysis were used, differing in cross section libraries and in the treatment of the cross
sections. MCNP4a [4A.1] is a continuous energy Monte Carlo code and KENOSa [4A.2]
uses group-dependent cross sections. For the KENOSa analyses reported here, the 238-
group library was chosen, processed through the NTTAWL-I [4A.2] program 1o create a
working library and to account for resonance self-shielding in uranium-238 (Nordheim

integral treatment). The 238 group library was chosen

to avoid or minimize the errors'

(trends) that have been reported (e.g., [4A.3 through 4A.5]) for calculations with collapsed

cross section sets.

In rack designs, the three most significant parameters affecting criticality are (1) the fuel

enrichment, (2) the '°B loading in the neutron absorber

, and (3) the lattice spacing (or

water-gap thickness if a flux-trap design is used). Other parameters, within the normal
range of rack and fuel designs, have a smaller effect, but are also included in the analyses.

Table 4A.1 summarizes results of the benchmark calcu

lations for all cases selected and

analyzed, as referenced in the table. The effect of the major variables are discussed in
subsequent sections below. It is important to note that there is obviously considerable
overlap in parameters since it is not possible to vary a single parameter and maintain
criticality; some other parameter or parameters must be concurrently varied to maintain

criticality.

One possible way of representing the data is through a

spectrum index that incorporates all

of the variations in parameters. KENQSa computes and prints the "energy of the average

lethargy causing fission” (EALF). In MCNP4a, by util

izing the tally option with the

identical 238-group energy structure as in KENOSa, the number of fissions in each group
may be collected and the EALF determined (post-processing).

Small but observable trends (errors) have been repor{ed for calculations with the

27-group and 44-group collapsed libraries. These errors are probably due to the
use of a single collapsing spectrum when the spectrum should be different for the
various cases analyzed, as evidenced by the spectrum indices.
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Figures 4A.1 and 4A.2 show the calculated k,, for the benchmark critical experiments as a
function of the EALF for MCNP4a and KENOS5a, respectively (U0, fuel only). The
scatter in the data (even for comparatively minor variation in critical parameters)
represents experimental error’ in performing the critical experiments within each
laboratory, as well as between the various testing laboratories. The B&W critical
experiments show a larger experimental error than the PNL criticals. This would be
expected since the B&W criticals encompass a greater range of critical parameters than the
PNL criticals.

Linear regression analysis of the data in Figures 4A.1 and 4A.2 show that there are no
trends, as evidenced by very low values of the correlation coefficient (0.13 for MCNP4a
and 0.21 for KENO5a). The total bias (systematic error, or mean of the deviation from a
k. of exactly 1.000) for the two methods of analysis are shown in the table below.

Calculational Bias of MCNP4a and KENO5a
MCNP4a . . 0.000940.0011
KENOSa 0.0030+0.0012

The bias and standard error of the bias were derived directly from the calculated kg values
in Table 4A.1 using the following equations™, with the standard error multiplied by the
one-sided K-factor for 95% probability at the 95% confidence level from NBS Handbook
91 [4A.18] (for the number of cases analyzed, the K-factor is ~2.05 or slightly more than

2).

£ = % Yk (4A.1)

1 A classical example of experimental error is the corrected enrichment in the PNL
experiments, first as an addendum to the initial report and, secondly, by revised values in
subsequent reports for the same fuel rods.

" These equations may be found in any standard text on statistics, for example, reference

[4A.6] (or the MCNP4a manual) and is the same methodology used in MCNP4a and in
KENOSa.
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Bias = (1- k) £ K O (4A.3)

where k; are the calculated reactivities of n critical experiments; 0y is the unbiased
estimator of the standard deviation of the mean (also called the standard error of the bias
(mean)); K is the one-sided multiplier for 95% probability at the 95% confidence level
(NBS Handbook 91 [4A.18)).

Formula 4.A.3 is based on the methodology of the National Bureau of Standards (now
NIST) and is used to calculate the values presented on page 4.A-2. The first portion of the
equation, ( 1-K), is the actual bias which is added to the MCNP4a and KENOSa results.
The second term, Koy, is the uncertainty or standard error associated with the bias. The K
vatues used were obtained from the National Bureau of Standards Handbook 91 and are for
one-sided statistical tolerance limits for 95% probability at the 95% confidence level. The
actual K values for the 56 critical experiments evaluated with MCNP4a and the 53 critical
experiments evaluated with KENOS5a are 2.04 and 2.05, respectively.

The bias values are used to evaluate the maximum k., values for the rack designs.
KENOS5a has a slightly larger systematic error than MCNP4a, but both result in greater
precision than published data [4A.3 through 4A.5] would indicate for collapsed cross
section sets in KENO5a (SCALE) calculations.

4A.2 Effect of Enrichment

The benchmark critical experiments include those with enrichments ranging from 2.46 w/o
t0 5.74 w/o and therefore span the enrichment range for rack designs. Figures 4A.3 and
4A.4 show the calculated k. values (Table 4A.1) as a function of the fuel enrichment
reported for the critical experiments. Linear regression analyses for these data confirms
that there are no trends, as indicated by low values of the correlation coefficients (0.03 for
MCNP4a and 0.38 for KENQSa). Thus, there are no corrections to the bias for the various
enrichments.
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As further confirmation of the absence of any trends with enrichment, a typical
configuration was calculated with both MCNP4a and KENO5a for various eprichments.
The cross-comparison of calculations with codes of comparable sophistication is suggested
in Reg. Guide 3.41. Results of this comparison, shown in Table 4A.2 and Figure 4A.5,
confirm no significant difference in the calculated values of k_, for the two independent
codes as evidenced by the 45° slope of the curve. Since it is very unlikely that two
independent methods of analysis would be subject to the same error, this comparison is
considered confirmation of the absence of an enrichment effect (trend) in the bias.

4A.3 Effect of '°B Loading

Several laboratories have performed critical experiments with a variety of thin absorber
panels similar to the Boral panels in the rack designs. Of these critical experiments, those
performed by B&W are the most representative of the rack designs. PNL has also made
some measurements with absorber plates, but, with one exception (a flux-trap experiment),
the reactivity worth of the absorbers in the PNL tests is very low and any significant errors
that might exist in the treatment of strong thin absorbers could not be revealed.

Table 4A.3 lists the subset of experiments using thin neutron absorbers (from Table 4A.1)
and shows the reactivity worth (AK) of the absorber.!

No trends with reactivity worth of the absorber are evident, although based on the
calculations shown in Table 4A.3, some of the B&W critical experiments seem to have
unusually large experimental errors. B&W made an effort to report some of their
experimental errors. Other laboratories did not evaluate their experimental errors.

To further confirm the absence of a significant trend with '°B concentration in the
absorber, a cross-comparison was made with MCNP4a and KENOS5a (as suggested in Reg.
Guide 3.41). Results are shown in Figure 4A.6 and Table 4A .4 for a typical geometry.
These data substantiate the absence of any error (trend) in either of the two codes for the

conditions analyzed (data points fall on a 45° line, within an expected 95% probability
limit).

The reactivity worth of the absorber panels was determined by repeating the calculation
with the absorber analytically removed and calculating the incrementa! (Ak) change in
reactivity due to the absorber.

Appendix 4A, Page 4



4A.4 Wmmm

4A.4.1 Reflector Material and Spacings

PNL has performed a number of critical experiments with thick steel and lead reflectors.’
Analysis of these critical experiments are listed in Table 4A.5 (subset of data in Table
4A.1). There appears to be a small tendency toward overprediction of kK.« at the lower
spacing, although there are an insufficient number of data points in each series to allow a
quantitative determination of any trends. The tendency toward overprediction at close

spacing means that the rack calculations may be slightly more conservative than otherwise.

4A.42 Wmmdmmﬁ-mﬁh

The critical experiments selected for analysis cover a 1ange of fuel pellet diameters from
0.311 to 0.444 inches, and Jattice spacings from 0.476 to 1.00 inches. In the rack designs,
the fuel pellet diameters range from 0.303 to 0.3805 inches 0.D. (0.496 to 0.580 inch
lattice spacing) for PWR fuel and from 0.3224 to 0.494 inches O.D. (0.488 t0 0.740 inch
lattice spacing) for BWR fuel. Thus, the critical experiments analyzed provide 2 reasonable
representation of power reactor fuel. Based on the data in Table 4A.1, there does not
appear to be any observable trend with either fuel pellet diameter or lattice pitch, at least
over the range of the critical experiments applicable to rack designs.

4A.4.3 Wﬂmﬁm

Various soluble boron concentrations were used in the B&W series of critical experiments

and in one PNL experiment, with boron concentrations ranging up to 2550 ppm. Results of
MCNP4a (and one KENOQOS5a) calculations are shown in Table 4A.6. Analyses of the very
high boron concentration experiments (> 1300 ppm) show a tendency to slightly
overpredict reactivity for the three experiments exceeding 1300 ppm. In turm, this would
suggest that the evaluation of the racks with higher soluble boron concentrations could be
slightly conservative.

! Parallel experiments with a depleted uranium reflector were also performed but not

included in the present analysis since they are not pertinent to the Holtec rack design.
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4A.5 MOX Fuel

The number of critical experiments with PuO, bearing fuel (MOX) is more limited than for
U0, fuel. However, a number of MOX critical experiments have been analyzed and the
results are shown in Table 4A.7. Results of these analyses are generally above a K of
1.00, indicating that when Pu is present, both MCNP4a and KENOS5a overpredict the
reactivity. This may indicate that calculation for MOX fuel will be expected to be
conservative, especially with MCNP4a. It may be noted that for the larger lattice spacings,
the KENOSa calculated reactivities are below 1.00, suggesting that a small trend may exist
with KENOS5a. It is also possible that the overprediction in k_, for both codes may be due
to a small inadequacy in the determination of the Pu-241 decay and Am-241 growth. This
possibility is supported by the consistency in calculated ko over a wide range of the
spectral index (energy of the average lethargy causing fission).
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Table 4A.1

Summary of Criticality Benchmark Calculations

Calculated k. EALF ' (eV)
Reference Identification Eunrich. MCNP4a KENO5a _MCNPtIa KENO5a
1 | B&W-1484 (4A.7) Core I 2.46 0.9964 + 0.0010 0.9898+ 0.0006 l-:l.1759 0.1753
2 | B&W-1484 (4A.7) Core I 2.46 1.0008 + 0.0011 1.0015 1 0.0005 0.2553 0.2446
3 | B&W-1484 (4A.7) Core II 2.46 1.0010 + 0.0012 1.0005 £ 0.0005 0.1999 0.1939
4 | B&W-1484 (4A.7) Core IX 2.46 0.9956 + 0.0012 0.9901 1 0.0006 0.1422 0.1426
5 | B&W-1484 (4A.7) Core X 2.46 0.9986 + 0.0014 0.9922 + 0.0006 0.1513 0.1499
6 | B&W-1484 (4A.7) Core XI 2.46 0.9978 + 0.0012 10005 + 0.000S 0.2031 0.1947
7 | B&W-1484 (4A.7) Core XII 2.46 0.9988 + 0.0011 0.9978 + 0.0006 0.1718 0.1662
8 | B&W-1484 (4A.7) Core X111 2.46 1.0020 + 0.0010 0.9952 + 0.0006 0.1988 0.1965
0 | B&W-1484 (4A.7) Core XIV 2.46 0.9953 £ 0.0011 0.9928 + 0.0006 0.2022 0.1986
10 | B&W-1484 (4A.7) Core XV " 2.46 0.9910 1+ 0.0011 0.9909 £ 0.0006 0.2092 0.2014
11 | B&W-1484 (4A.7) Core XVI " 2.46 0.9935 + 0.0010 0.9889 + 0.0006 0.1757 0.1713
12 | B&W-1484 (4A.7) Core XV 2.46 0.9962 % 0.0012 0.9942 + 0.0005 0.2083 0.2021
13 | B&W-1484 (4A.7) | Core Xvil 2.46 1.0036 1 0.0012 0.9931 + 0.0006 0.1705 0.1708
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Table 4A.1

Summary of Criticality Benchmark Calculations

Calculated K. EALE' (eV)
Reference Identification Enrich, MCNP4a KENOSa MCNP4a KENOSa
14 | B&W-1484 (4A.7) Core XIX 2.46 0.9961 + 0.0012 0.9971 + 0.0005 0.2103 0.2011
15 | B&W-1484 (4A.7) Core XX 2.46 1.0008 + 0.0011 0.9932 + 0.0006 0.1724 0.1701
16 | B&W-1484 (4A.7) Core XX1 2.46 0.9994 + 0.0010 0.9918 + 0.0006 0.1544 0.1536
17 | B&W-1645 (4A.8) S-type Fuel, w/886 ppm B 2,46 0.9976 + 0.0010 0.9924 + 0.0006 1.4475 1.4680
18 | B&W-164S (4A.8) S-type Fuel, w/746 ppm B 2.46 0.9996 + 0.0010 0.9913 + 0.0006 1.5463 1.5660
19 | B&W-1645 (4A.8) SO-type Fuel, w/1156 ppm B - 2,46 0.9972 + 0.0009 0.9949 + 0.0005 0.4241 0.4331
20 | B&W-1810 (4);.9) Case 1 1337 ppm B 2.46 1.0023 £ 0.0010 NC 0.1531 NC
21 B&W—l810 (4A.9) Case 12 1899 ppm B 2.46/4.02 | 1.0060 + 0.0009 NC 0.4493 NC
22 | French ({IA.IO) Water Moderator 0 gap 4.75 0.9966 + 0.0013 NC 0.2172 NC
23 | French (4A.10) Water Moderator 2.5 cm gap 4.75 0.9952 + 0.0012 NC 0.1778 NC
24 | French (4A.10) Water Moderator 5 cm gap 4.75 0.9943 + 0.0010 NC 0.1677 NC
25 | French (4A.10) Water Moderator 10 cm gap 4.75 0.9979 + 0.0010 NC 0.1736 NC
26 | PNL-3602 (4A.11) Steel Reflector, 0 separation 235 NC 1.0004 £ 0.0006 NC 0.1018
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Table 4A.1

Summary of Criticality Benchmark Calculations

Calculated k., EALF ' (eV)
Reference Identification Enrich. MCNP4a KENOSa MCNP4a KENOSa
27 | PNL-3602 (4A.11) Steel Reflector, 1.321 cm sepn. 2,35 0.9980 + 0.0009 0.9992 1 0.0006 0.1000 0.0909
28 | PNL-3602 (4A.11) Steel Reflector, 2.616 cm sepn 2.35 0.9968 + 0.0009 0.9964 1 0.0006 0.0981 0.0975
29 | PNL-3602 (4A.11) Steel Reflector, 3.912 cm sepn. 2.35 0.9974 £ 0.0010 0,9980 + 0.0006 0.0976 0.0970
30 | PNL-3602 (4A.11) Steel Reflector, infinite sepn. 235 0.9962 + 0.0008 0.9939 1 0.0006 0.0973 0.0968
31 | PNL-3602 (4A.11) Steel Reflector, 0 cm sepn. 4.306 .NC 1.0003 1 0.0007 NC 0.3282
32 | PNL-3602 (4A.11) Steel Reflector, 1.321 cm sepn. 4.306 0.9997 £ 0.0010 1.0012 + 0.0007 0.3016 0.3039
33 | PNL-3602 (4A.11) Steel Reflector, 2.616 cm sepn. 4.306 0.9994 + 0.0012 0.9974 + 0.0007 0.2911 0.2927
34 | PNL-3602 (4A.11) Stee! Reflector, 5.405 cm sepn. 4.306 0.9969 + 0.0011 0.9951 + 0.0007 0,2828 0.2860
35 | PNL-3602 (4A.11) Steel Reflector, Infinite sepn. "' 4.306 0.9910 + 0.0020 0.9947 + 0.0007 0.2851 0.2864
36 | PNL-3602 (4A.11) Steel Reflector, with Boral Sheets 4.306 0.9941 + 0.0011 0.9970 £ 0.0007 0.3135 0.3150
37 | PNL-3926 (4A.12) Lead Reflector, 0 cm sepn. 4.306 NC 1.0003 £ 0.0007 NC 0.3159
38 | PNL-3926 (4A.12) Lead Reflector, 0.55 cm sepn. 4.306 1.0025 + 0.0011 0.9997 + 0.0007 0.3030 0.3044
39 | PNL-3926 (4A.12) Lead Reflector, 1.956 cm sepn. 4.306 1.0000 + 0.0012 0.9985 + 0.0007 0.2883 0.2930
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Table 4A.1

Summary of Criticality Benchmark Calculations

Calculated k.o EALE' (e
Reference Identification Earich. MCNP4a KENOSa MCNP4a KENOSa

40 | PNL-3926-(4A.12) Lead Reflector, 5.405 cm sepn. 4,306 0.9971 £ 0.0012 0.9946 + 0.0007 0.2831 0.2854
41 | PNL-2615 (4A.13) Experiment 004/032 - no absorber 4.306 0.9925 + 0.0012 0.9950 £ 0.0007 0.1155 0.1159
42 | PNL-2615 (4A.13) Experiment 030 - Zr plates 4.306 NC 0.9971 £ 0.0007 NC 0.1154
43 | PNL-2615 (4A.13) Experiment 013 - Steel plates 4.306 . NC 0.9965 + 0.0007 NC 0.1164
44 | PNL-2615 (4A.13) Experiment 014 - Steel plates 4.306 'NC 0.9972 + 0.0007 NC 0.1164
45 PNL-2615 (4A.13) Exp. 009 1.05% Boron-Steel plates 4.306 0.9982 + 0.0010 | 0.9981 + 0.0007 0.1172 0.1162
46 | PNL-2615 (4A.13) Exp. 012 1.62% Boron-Steel plates 4.306 0.9996 + 0.0012 0.9982 + 0.0007 0.1161 0.1173
47 | PNL-2615 '(4.A.13) Exp. 031 - Boral plates 4.306 0.9994 + 0.0012 0.9969 1 0.0007 0.1165 0.1171
48 | PNL-7167 (4A.14) Experiment 214R - with flux trap 4.306 0.9991 1 0.0011 0.9956 + 0.0007 0.3722 0.3812
49 | PNL-7167 (4A.14) Experiment 214V3 - with flux trap 4,306 0.9969 4 0.0011 0.9963 + 0.0007 0.3742 0.3826
50 | PNL-4267 (4A.15) Case 173 - Oppm B 4,306 0.9974 + 0.0012 NC 0.2893 NC

51 | PNL-4267 (4A.15) Case 177 - 2550 ppm B 4.306 1.0057 £ 0.0010 NC 0.5509 NC

52 | PNL-5803 (4A.16) MOX Fuel - Type 3.2 Exp. 21 20% Pu 1.0041 + 0.0011 1.0046 + 0.0006 0.9171 0.8868
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Table 4A.1

Summary of Criticality Benchmark Calculations

Calculated k. EALF' (eW)
Reference Identification Enrich. . MCNP4a KENOS5a MCNP4a KENOSa

53 | PNL-5803 (4A.16) MOX Fuel - Type 3.2 Exp. 43 20% Pu 1.0058 1 0.0012 1.0036 + 0.0006 0.2968 0.2944
54 | PNL-5803 (4A.16) MOX Fuel - Type 3.2 Exp. 13 20% Pu 1.0083 4 0.0011 0.9989 + 0.0006 0.1665 0.1706
55 | PNL-5803 (4A.16) | MOX Fuel - Type 3.2 Exp. 32 20% Pu | 1.0079 + 0.0011 | 0.9966 + 0.0006 0.1139 0.1165
56 | wCAP-3385 (4A.17) | Saxton Case §2 PuO2 0.52" pitch 6.6% Pu 0.999-6 4 0.0011 1.0005 + 0.0006 0.8665 0.3417
57 | WCAP-3385 (4A.17) | Saxton Case 52 U 0.52" pitch 5.74 1.0006 4 0.0010 0.9956 1 0.0007 0.4476 0.4580
58 | WCAP-3385 (4A.17) | Saxton Case 56 PuO2 0.56" pitch 6.6% Pu 1.0036 1 0.0011 1.0047 4 0.0006 0.5289 0.5197
59 | WCAP-3385 (4A.17) Sﬁxton Case 56 borated Pu0O2 6.6% Pu 1.0008 1 0.0010 NC 0.6389 NC

60 | WCAP-3385 (4A.17) | Saxton Case 56 U 0.56" pitch 5.74 0.9994 + 0.0011 0.9967 + 0.0007 0.2923 0.2954
61 | WCAP-3385 (4A.17) | Saxton Case 79 Pu02 0.79" pitch | 6.6% Pu | 1.0063 + 0.0011 1.0133  0.0006 0.1520 0.1555
62 | WCA-338¢ (4A.1Ty | Sexton Case 79 U 0.79" pitch ____14 1.0039 &+ 0.0011 1.0008 + 0.0006 0.1036 0.1047

Notes: NC stands for not calculated.
! EALF is the energy of the average lethargy causing fission.

tt  These experimental results appear to
error. Although they could justifiably b

basis.

be statistical outliers (> 30) sugge
e excluded, for conservatism, they were reta

sting the possibility of unusually

large experimental

ined in determining the calculational
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Table 4A.2

COMPA:RISON OF MCNP4a AND KENO5a CALCULATED REACTIVITIES'
FOR VARIOUS ENRICHMENTS
Calculated kg + 10
Enrichment MCNP4a KENO5a
3.0 0.8465 + 0.0011! 0.8478 + 0.0004
3.5 0.8820 + 0.0011 0.8841 + 0.0004
3.75 0.9019 + 0.0011 0.8987 + 0.0004
4.0 0.9132 £ 0.0010 0.9140 + 0.0004
4.2 0.9276 + 0.0011 0.9237 + 0.0004
4.5 0.9400 + 0.0011 0.9388 + 0.0004 |
' Based on the GE 8x8R fuel assembly.
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Table 4A.3

MCNP4a CALCULATED REACTIVITIES FOR
CRITICAL EXPERIMENTS WITH NEUTRON ABSORBERS

Ak MCNP4a
Worth of Calculated EALF'
Ref. Experiment Absorber K (eV)
4A.13 | PNL-2615 | Boral Sheet 0.0139 | 0.999440.0012 { 0.1165
4A.7 B&W-1484 | Core XX - 0.0165 | 1.0008+0.0011 |0.1724
4A.13 PNL-2615 | 1.62% Boron-steel 0.0165 0.9996+0.0012 | 0.1161
4A.7 | B&W-1484 | Core XIX 0.0202 | 0.9961+0.0012 }0.2103
4A.7 B&W-1484 | Core XXI 0.0243 | 0.9994+0.0010 | 0.1544
4A.7 B&W-1484 | Core XVII 0.0519 | 0.9962+0.0012 | 0.2083
4A.11 | PNL-3602 | Boral Sheet 0.0708 | 0.9941+0.0011 | 0.3135
4A.7 B&W-1484 | Core XV 0.0786 | 0.9910+0.0011 | 0.2092
4A.7 B&W-1484 | Core XVI 0.0845 | 0.9935+0.0010 | 0.1757
4A.7 B&W-1484 | Core XIV 0.1575 | 0.9953+0.0011 |0.2022
4A.7 B&W-1484 | Core XIII 0.1738 | 1.0020+0.0011 | 0.1988
4A.14 | PNL-7167 | Expt214R flux trap 0.1931 | 0.999140.0011 {0.3722

'EALF is the energy of the average lethargy causing fission.
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Table 4A.4

COMPARISON OF MCNP4a AND KENO5a

CALCULATED REACTIVITIES' FOR VARIOUS '°B LOADINGS

Calculated k4 + 10

1°B g/cm® MCNP4a KENOSa
0.005 1.0381 + 0.0012 1.0340 £ 0.0004
0.010 0.9960 + 0.0010 0.9941 + 0.0004
0.015 0.9727 + 0.0009 0.9713 + 0.0004
0.020 '0.9541 + 0.0012 0.9560 + 0.0004
0.025 0.9433 + 0.0011 0.9428 + 0.0004
0.03 0.9325 + 0.0011 0.9338 + 0.0004
0.035 0.9234 + 0.0011 0.9251 + 0.0004
0.04 0.9179 + 0.0004

Based on a 4.5% enriched GE 8x8R fuel assembly.

0.9173 + 0.0011

Appendix 4A, Page 16




CALCULATIONS FOR CRITICAL EXPERIMENTS WITH

Table 4A.5

THICK LEAD AND STEEL REFLECTORS!

Separation,
Ref. Case E, wt% cm MCNP4a K KENO52 k.o
4A.11 Steel 2.35 1.321 0.9980+-0.0009 0.9952+0.0006
Reflector
2.35 2.616 0.9968 1+-0.0009 0.9964 +0.0006
2.35 3.912 0.9974+£0.0010 0.9980+:0.0006
2.35 « 0.9962+0.0008 0.9939+0.0006
4A.11 Steel 4.306 1.321 0.9997+0.0010 1.0012+0.0007
Reflector
4.306 2.616 0.9994 +0.0012 0.9974 £ 0.0007
4.306 3.405 0.9969+0.0011 0.9951+0.0007
4.306 © 0.9910+0.0020 0.9947+0.0007
4A.12 Lead 4.306 0.55 1.002540.0011 0.9997 +0.0007
Reflector
4.306 1.956 1.0000+0.0012 0.9985 +0.0007
4.306 5.405 0.9971+0.0012 0.9946+0.0007

Asranged in order of increasing reflector-fuel spacing.
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Table 4A.6

CALCULATIONS FOR CRITICAL EXPERIMENTS WITH VARIOUS SOLUBLE

BORON CONCENTRATIONS

Calculated k
Boron
Concentration,
Reference Experiment | ppm MCNP4a KENOSa
4A.15 PNL-4267 0 0.9974 1 0.0012 -
4A.8 B&W-1645 886 0.9970 + 0.0010 0.9924 + 0.0006
4A9 B&W-1810 1337 1.0023 + 0.0010 -
4A.9 B&W-1810 1899 1.0060 + 0.0009 -
4A.15 PNL-4267 2550 1.0057 4 0.0010 -

Appendix 4A, Page 18




Table 4A.7

CALCULATIONS FOR CRITICAL EXPERIMENTS WITH MOX FUEL
MCNP4a KENOSa
Reference Case' X EALF" K EALF"
PNL-5803 | MOX Fuel - Exp. No. 21 1.0041 t0.00il 0.9171 1.0046+0.0006 0.8868
tea-1el MOX Fuel - Exp. No. 43 1.0;)58 +0.0012 0.2968 1.0036+0.0006 0.2544
MOX Fuel - Exp. No. 13 1.0083 £0.0011 0.1665 0.9989 +.0.0006 0.1706
MOX Fuel - Exp. No. 32 1.0079+0.0011 0.1139 0.9966 +0.0006 0.1165
WCAP- Saxton @ 0.52" pitch 0.9996 £0.0011 0.8665 1.0005 +0.0006 0.8417
i:isﬁf; Saxton @ 0.56" pitch 1.0036+0.0011 0.5289 1.0047 +0.0006 0.5197
Saxton @ 0.56" pitch borated 1.0008 £0.0010 0.6339 NC NC
Saxton @ 0.79" pitch 1.0063 +0.0011 0.1520 1.0133 £0.0006 0.1555

Note: NC stands for not calculated

t

Arranged in order of increasing lattice spacing.

EALF is the energy of the average lethargy causing fission.
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AFFIDAVIT PURSUANT TO 10CFR2.790

I, Kalyan K. Niyogi, being duly sworn, depose and state as follows:

1)

@)

I am Director of Consulting Division of Holtec International and have reviewed
the information described in paragraph (2) which is sought to be withheld, and
am authorized to apply for its withholding.

The information sought to be withheld is included in the following Holtec
International Calculation Report:

Holtec Report No. HI-2012620, “Evaluation Of The Effect Of The Use Of TPBARS On Fuel
Storage Requirements”, Revision 2.

This information is considered proprietaryto Holtec International.

3)

“)

In making this application for withholding of proprietary information of which it
is the owner, Holtec International relies upon the exemption from disclosure set
forth in the Freedom of Information Act ("FOIA"), 5 USC Sec. 552(b)(4) and
the Trade Secrets Act, 18 USC Sec. 1905, and NRC regulations 10CFR Part
9.17(a)(4), 2.790(a)(4), and 2.790(b)(1) for "trade secrets and commercial or
financial information obtained from a person and privileged or confidential"
(Exemption 4). The material for which exemption from disclosure is here sought
is all "confidential commercial information", and some portions also qualify
under the narrower definition of "trade secret", within the meanings assigned to
those terms for purposes of FOIA Exemption 4 in, respectively, Critical Mass
Energy Project v. Nuclear Regulatory Commission, 975F2d871 (DC Cir. 1992),
and Public Citizen Health Research Group v. FDA, 704F2d1280 (DC Cir.
1983).

Some examples of categories of information which fit into the definition of
proprietary information are:

a. Information that discloses a process, method, or apparatus, including
supporting data and analyses, where prevention of its use by Holtec's
competitors without license from Holtec International constitutes a
competitive economic advantage over other companies;
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AFFIDAVIT PURSUANT TO 10CFR2.790

®)

(6)

b. Information which, if used 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 of a
similar product.

c. Information which reveals cost or price information, production,
capacities, budget levels, or commercial strategies of Holtec International,
its customers, or its suppliers;

d. Information which reveals aspects of past, present, or future Holtec
International customer-funded development plans and programs of
potential commercial value to Holtec International;

e.  Information which discloses patentable subject matter for which it may be
desirable to obtain patent protection.

The information sought to be withheld is considered to be proprietary for the
reasons set forth in paragraphs 4.2, 4.b, 4.d, and 4.¢, above.

The information sought to be withheld is being submitted to the NRC in
confidence. The information (including that compiled from many sources) is of
a sort customarily held in confidence by Holtec International, and is in fact so
held. The information sought to be withheld has, to the best of ny knowledge
and belief, consistently been held in confidence by Holtec International. No
public disclosure has been made, and it is not available in public sources. All
disclosuresto third parties, including any required transmittals to the NRC, have
been made, or must be made, pursuant to regulatory provisions or proprietary
agreements which provide for maintenance of the information in confidence. Its
initial designationas proprietary information, and the subsequentsteps takento
prevent its unauthorized disclosure, are as set forth in paragraphs (6) and (7)
following.

Initial approval of proprietary treatment of a document is made by the manager
of the originating component, the person most likely to be acquainted with the
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AFFIDAVIT PURSUANT TO 10CFR2.790

(7

()

)

value and sensitivity of the information in relation to industry knowledge.
Access to such documents within Holtec International is linited on a "need to
know" basis.

The procedure for approval of external release of such a document typically
requires review by the staff manager, project manager, principal scientist or
other equivalent authority, by the manager of the cognizant marketing function
(or his designee), and by the Legal Operation, for technical content, competitive
effect, and determination of the accuracy of the proprietary designation.
Disclosures outside Holtec International are limited to regulatory bodies,
customers, and potential customers, and their agents, suppliers, and licensees,
and others with a legitimate need for the information, and then only in
accordance with appropriate regulatoryprovisions or proprietary agreements.

The information classified as proprietary was developed and compiled by Holtec
International at a significant cost to Holtec International. This information is
classified as proprietary because it contains detailed descriptions of analytical
approaches and methodologies not available elsewhere. This information would
provide other parties, including competitors, with information from Holtec
International's technical database and the results of evaluations performed by
Holtec International. Release of this information would improve a competitor's
position without the conpetitor having to expend similar resources for the

development of the database. A substantial effort has been expended by Holtec
International to develop this informtion.

Public disclosure of the information sought to be withheld is likely to cause
substantial harm to Holtec International's competitive position and foreclose or
reduce the availability of profit-making opportunities. The information is part
of Holtec International'scomprehensive spent fuel storage technology base, and
its commercial value extends beyond the original development cost. The value
of the technology base goes beyond the extensive physical database and
analytical methodology, and includes development of the expertise to determine
and apply the appropriate evaluation process.

The research, development, engineering, and analytical costs comprise a
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substantial investment of time and money by Holtec International.

The precise value of the expertise to devise an evaluation process and apply the
correct analytical methodology is difficult to quantify, but it clearly is
substantial.

Holtec International's competitive advantage will be lost if its competitors are
able to use the results of the Holtec International experience to normalize or
verify their own process or if they are able to claim an equivalentunderstanding
by demonstrating that theycan arrive at the same or similar conclusions.

The value of this information to Holtec International would be lost if the
information were disclosedto the public. Making such information available to
competitors without their having been required to undertake a similar
expenditure of resources would unfairly provide competitors with a windfall,
and deprive Holtec International of the opportunityto exerciseits competitive
advantage to seek an adequatereturn on its large investment in developing these
very valuable analytical tools.
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STATE OF NEW JERSEY )
) ss:
COUNTY OF BURLINGTON )
Dr. K. K. Niyogi, being duly sworn, deposes and says:

That he has read the foregoing affidavit and the matters stated therein are true and
correct to the best of his knowledge, information, and belief.

Executed at Marlton, New Jersey, this 15th day of November, 2001.

XK. Niyogi
Holtec International

Subscribed and sworn before ne this _ i day of N evemba__2001.

%) oo @ Jop

MARIA C. PEPE
NOTARY PUBLIC OF NEW JERSEY

My Commission Expires April 26, 2008
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