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Ref. 10 CFR 50.90
October 5, 2006
3F1006-01
U.S. Nuclear Regulatory Commission
Attn: Document Control Desk
Washington, DC 20555-0001
Subject:

Crystal River Unit 3 - License Amendment Request #292, Revision 0
Additional Storage Patterns for Crystal River Unit 3 Storage Pools A and B

Reference:

Holtec Report No. HI-2063579 dated September 20, 2006, "Licensing Report
for Additional Loading Patterns in Crystal River Unit 3 Pools A and B"

Dear Sir:
In accordance with the provisions of 10 CFR 50.90, Florida Power Corporation, doing
business as Progress Energy Florida, Inc. (PEF), hereby submits License Amendment Request
(LAR) #292, Revision 0. The proposed amendment to the Crystal River Unit 3 (CR-3)
Improved Technical Specification (ITS) will revise the defined pool burnup-enrichment
requirements, storage configuration for fresh fuel and low burnup/high enriched fuel, the
definition of a peripheral assembly, and will include minor editorial changes. The proposed
changes to the ITS do not impact any storage configuration discussed in the CR-3 response to
NRC Inspection Report Number 05000302/2005010 dated January 25, 2006, regarding Section
B.5.b.

CR-3 has two pools for fuel storage in the fuel handling area of the Auxiliary Building. Under
present ITS requirements, fresh fuel must be stored in Pool A in a checkerboard pattern with
empty water cells in the alternate locations. These empty water cells are therefore unavailable
to store fuel. Similarly, some peripheral cell locations in both pools are inaccessible using
current fuel handling equipment. Combining this loss of storage with the volume of spent fuel
currently stored in these pools, prestaging of fresh fuel and off-loading the entire core during
the upcoming refueling outage have become more complicated to execute. Rather than refuel
under such constraints, this LAR has been prepared to redefine storage requirements to provide
a more effective use of pool storage and flexibility for reloading activities. Consequently, PEF
is requesting approval of this amendment by May 15, 2007, to accommodate the delivery of
fresh fuel for the upcoming Fall 2007 refueling outage.
Attachment A provides a description of the proposed change and a justification for the request.
Attachment B provides the regulatory analysis which consists of the No Significant Hazards
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Consideration Determination and the Environmental Impact Statement. Attachment C provides
the proposed ITS and Bases changes in a strikeout and shadowed text format. Attachment D
provides the same information in a revision bar format. Attachment E provides the supporting
technical information, a summary of the detailed criticality analysis performed by Holtec
International. This document was issued by Holtec as non-proprietary so it is suitable for
public disclosure.
This letter establishes no regulatory commitments.
The CR-3 Plant Nuclear Safety Committee has reviewed this request and recommended it for
approval.
If you have any questions regarding this submittal, please contact Mr. Paul Infanger, Manager,
Licensing and Regulatory Programs at (352) 563-4796.

Daniel L. Roderick
Director Site Operations
Crystal River Nuclear Plant
DLR/dar
Attachments:
Description of the Proposed Change and Justification for the Request
A.
B.
Regulatory Analysis (No Significant Hazards Consideration Determination and
Environmental Impact Evaluation)
C.
Proposed Improved Technical Specifications and Bases Changes - Strikeout and
Shadowed Text Format
Proposed Improved Technical Specifications and Bases Changes - Revision Bar
D.
Format
E.
Holtec Report No. HI-2063579, Licensing Report for Additional Loading
Patterns in Crystal River Unit 3 Pools A and B (Non-Proprietary)

xc:

Regional Administrator, Region II
NRR Project Manager
Senior Resident Inspector
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STATE OF FLORIDA
COUNTY OF CITRUS

Daniel L. Roderick states that he is the Director Site Operations, Crystal River Nuclear
Plant for Florida Power Corporation, doing business as Progress Energy Florida, Inc.; that he is
authorized on the part of said company to sign and file with the Nuclear Regulatory Commission
the information attached hereto; and that all such statements made and matters set forth therein
are true and correct to the best of his knowledge, informai.aj, and belief.

Daniel L. Roderick
Director Site Operations
Crystal River Nuclear Plant

The foregoing

document

was

acknowledged

before

me

this

day

2006, by Daniel L. Roderick.

Signature of Notary jhi
State of Florida

IF -J

(Print, type, or stamp Commissioned
Name of Notary Public)
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Known

V

-OR-
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___
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LICENSE AMENDMENT REQUEST #292, REVISION 0
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DESCRIPTION OF THE PROPOSED CHANGE
AND JUSTIFICATION FOR THE REQUEST
DESCRIPTION OF PROPOSED CHANGE:
The proposed amendment to the Crystal River Unit 3 (CR-3) Improved Technical

Specifications (ITS) revises the defined pool burnup-enrichment requirements, storage
configuration for fresh fuel and low burnup/high enriched fuel, the definition of a peripheral
assembly, and will include minor editorial changes. The revisions to Limiting Conditions for
Operation (LCO) 3.7.15 and the ITS Bases are as follows:
A.

LCO Section 3.7.15, "Spent Fuel Assembly Storage" (Attachments C and D contain
revised ITS pages.)
1.

Figure 3.7.15-1, "Burnup versus Enrichment Curve for Spent Fuel Storage Pool
A." This figure defines acceptability of fuel assembly storage in Pool A based
on burnup and the original fuel enrichment. The amendment proposes to add a
new burnup/enrichment curve, identifies the different areas of the figure by a
Category, and adds notes to describe storage restrictions for fuel from the
subdivided areas of the graph. General format changes were also made to
remove a redundant title and to format Figures 3.7.15-1 and -2 similarly.
" The area above the new, upper curve is defined on the figure to be Category
B. The added note states that fuel from this category can be stored with no
restrictions.
" The area between the upper and lower curves is defined on the figure to be
Category A. The added note states that fuel from this category can be stored
with fuel from Category A or B. No further configuration restrictions are
necessary.
* The area below the lower curve is defined on the figure to be Category F.
The added note states that fuel from this category must be. stored in a
one-out-of-two checkerboard configuration with Category B fuel or empty

water cells, and that fuel stored in this fashion must be separated from
Category A fuel by a transition row of Category B fuel.
2.

Figure 3.7.15-2, "Burnup versus Enrichment Curve for Spent Fuel Storage Pool
B." This figure defines acceptability of fuel assembly storage in Pool B based
on burnup and the original fuel enrichment. The amendment proposes to add
notes to describe storage restrictions for fuel from the subdivided areas in the
figure, similar to Figure 3.7.15-1. General format changes were also made to
remove a redundant title and to format Figures 3.7.15-1 and -2 similarly.
* The area above the upper curve is defined on the figure to be Category B. The
added note states that fuel from this category can be stored with no
restrictions.
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" The area between the upper and lower curves is defined on the figure to be
Category BP. The added note states that fuel from this category can be stored
in peripheral rack cells.
" Fuel from the area below the lower curve on the figure is unacceptable for
storage unless surrounded by eight empty water cells. A note relating this has
been added to the graph and as a footnote.
B.

Bases Section B 3.7.14, "Spent Fuel Pool Boron Concentration" (Attachments C and D
contain revised ITS pages.)
The report from the previous analysis is currently listed as a reference for this
section. To complete this list of references, the Holtec report from the current
analysis was added.

C.

Bases Section B 3.7.15, "Spent Fuel Assembly Storage" (Attachments C and D contain
revised ITS pages.)
I1.

In the BACKGROUND section, the new reference is included in the text for the
criticality analysis supporting these changes. Text has been deleted that
indicated fresh fuel could only be stored in Pool A. Text has been added
indicating that fuel up to 5.0 weight percent U-235 and sufficient burnup can be
stored in Pool B provided it is stored in the correct storage configuration. Text
is also added stating that new and low burnup fuel may be stored in Pool B
provided it is surrounded by empty water cells, and that this is primarily for, but
not limited to, performing fuel inspection and reconstitution activities.

2.

In the APPLICABLE SAFETY ANALYSES section, the verb in the first
sentence is changed from are to is (grammar change to support subject/verb
agreement), and a new reference is added in the text for the new criticality
analysis supporting these changes.

3.

In the LCO section, the discussion of Pool A will be revised to reflect the
addition of another curve to Figure 3.7.15-1. The statement that says Figure
3.7.15-1 has two burnup-enrichment regions will be revised to three regions.
Description will be added consistent with the changes made to the figure.
Specifically, the three areas of the figure are described, categorized and storage
requirements assigned:
Category B is assigned to the area of the figure above the upper curve which
describes the higher burnup and enrichment assemblies. Fuel from this area
of the figure has no storage restrictions. This is clarified in the text by
stating fuel from this area of the figure can be placed next to: fuel from
anywhere in the figure. A statement is also included to show that Category
B is defined by the same burnup-enrichment requirements for both Pools A
and B (both figures).
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" Category A is assigned to the area of the figure between the upper and lower
curves. Text is added to show that fuel from this area of the figure can be
stored next to fuel that fall in this category or in Category B with no further
restrictions.
" Category F is assigned to the area of the figure beneath the lower curve.
Text is added to show that fuel from this section of the figure needs to be
stored in a one-out-of-two checkerboard configuration with either empty
water cells or fuel from Category B in the alternate positions. Text is also
added stating that fuel configured in this checkerboard pattern will be
separated from areas of fuel from Category A by a transition row of fuel
from Category B. Reference to the new calculation is also included.
4.

LCO section of 3.7.15 BASES discussion of Pool B will be revised to describe
the three regions in the figure, similar to the changes done for the Pool A. The
Text stating the
existing description of periphery cell is also redefined.
peripheral cells are "...those that are adjacent to the walls of the spent fuel
pool" is changed to "...the outermost row of cells in the pool containingfuel
assemblies." Also, the last sentence stating that fuel with low burnup and high
enrichment cannot be put in Pool B is revised to allow storage of that fuel in
Pool B provided it be surrounded by eight empty water cells.

5.

LCO 3.7.15 BASES REFERENCES section will be revised by adding the new
Holtec report supporting the previously noted revisions.

BACKGROUND
CR-3 has two Spent Fuel Pools, designated as Pool A and Pool B. They are physically joined
together through a transfer canal. Pools A and B are currently licensed to store fuel assemblies
that conform to burnup-enrichment requirements specified in ITS Figures 3.7.15-1 and -2.
Pool A is currently licensed to store fresh fuel assemblies in a checkerboard arrangement (fresh
fuel assemblies alternating with empty water cells). Amendment 193, dated September 13,
2000, introduced the checkerboard arrangement for storing fresh fuel in Pool A as well as the
current burnup and enrichment limits for Pool B. Margin to accidental criticality is maintained
in both pools by meeting the regulatory requirement of a Kew < 0.95. In this amendment, the
storage location for fresh fuel was moved from Pool B to A and the required arrangement was
this checkerboard pattern. When fresh fuel is prestaged during refueling, empty storage space
must be committed to support the checkerboard pattern. Consequently, this space is no longer
available for storage. To recover these lost cells, a new criticality analysis has been performed
by Holtec International. The new analysis reclaims these empty locations by replacing the
empty water cells in the checkerboard pattern with spent fuel assemblies. This configuration
no longer requires tying up empty storage locations. To improve usability of Pool A, the new
analysis also demonstrated that the rest of Pool A could be freed up with no configuration
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requirements on higher burnup fuel if a row of higher burnup assemblies is used as a transition
row around a checkerboarded area of fresh fuel.
The storage location for fresh fuel was moved from Pool B to Pool A in Amendment 193.
This arrangement no longer allows fuel inspection or repair activities on fresh or low burnup
fuel to be carried out in Pool B. This is undesirable. It is more efficient for these activities to
be performed in Pool B simultaneously with refueling activities in Pool A. To allow this, an
analysis was performed to demonstrate that a Keff < 0.95 can be maintained with a fresh fuel
assembly of 5.0 weight percent placed in Pool B, provided the new assembly be surrounded by
eight empty water cells. This means Pool B is safe to use for fresh fuel inspection or repair
activities provided the fuel is stored in the proper configuration.
Current ITS LCO BASES require fuel with certain burnup-enrichment characleristics to be
stored in peripheral cells of the pool. The BASES define a periphery cell to be located
adjacent to the walls of the spent fuel pools. Some of these locations are not actually
accessible using current fuel handling equipment. As such, a new analysis was performed to
verify that these burnt assemblies can be safely stored in the outermost row of storage cells in
the pool that contain a fuel assembly (rather than just in the row at the edge of the pool). This
introduces more storage locations for these burnt assemblies. The definition of peripheral cells
in the ITS is therefore requested to change from "those that are adjacent to the walls of the
spent fuel pool" to "the outermost row of cells in the pool containingfuel assemblies."
Due to the loss of storage capacity associated with existing fresh fuel checkerboard
requirements and inaccessible peripheral cells, and due to the amount of fuel already stored in
the spent fuel pools, prestaging of fresh fuel and off-loading the entire core during the
upcoming refueling outage have become more complicated to execute. Rather than refuel
under such constraints, this proposed amendment has been prepared to redefine storage
requirements to provide a more effective use of pool storage and flexibility for reloading
activities. Consequently, CR-3 is requesting approval of this amendment by May 15, 2007, to

accommodate the delivery of fresh fuel for the upcoming Fall 2007 outage.
JUSTIFICATION FOR THE REQUEST
A criticality analysis of fresh fuel storage configurations in Spent Fuel Pools A and B was
performed by Holtec International. A non-proprietary copy of the report documenting the
calculation, "Licensing Report for Additional Loading Patterns in Crystal River Unit 3 Pools A
and B," is provided as Attachment E. The calculations assumed fuel to have a maximum
initial enrichment of 5.0 weight percent U-235. For normal conditions, no soluble boron was
assumed in the pool water. For accident conditions, soluble boron was assumed consistent
with the current ITS methodology. Similarly, burnup is credited in determining acceptable
storage consistent with current ITS methodology. Both Pool A and Pool B continue to use the
already existing burnup and enrichment correlations in Figure 3.7.15-1 and Figure 3.7.15-2.
The new analysis adds additional configurations and redefines periphery cells as noted below.
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Pool A
The Pool A criticality analysis was performed to evaluate the acceptability of loading
fresh 5.0 weight percent fuel in a one-out-of-two checkerboard configuration in Pool A
with spent fuel meeting the same burnup-enrichment requirements as that needed for
unrestricted storage in Pool B. The existing requirement is to checkerboard the fresh
fuel with empty water cells. A transitional row of fuel meeting Pool B burnupenrichment requirements was also modeled to separate fuel stored in compliance with
current Pool A restrictions and the fresh/spent fuel checkerboard storage area. The
report addresses both normal and accident conditions for these additional Pool A
loading patterns. The analysis validated acceptability of these two new storage
configurations, specifically:
" Storing fresh fuel in a one-out-of-two checkerboard configuration with spent fuel
meeting the Category B unrestricted storage burnup and enrichment curve, and
* Using fuel of Category B requirements to transition between the checkerboard
pattern and the fuel stored in accordance with current Category A requirements.
The maximum reactivity of the Pool A racks with fresh fuel of 5.0 weight percent
initial enrichment stored in this checkerboard configuration, including the transitional
row of type B restricted fuel, was determined to be keff < 0.95. This checkerboard
configuration in Pool A is the proposed method for fresh fuel storage. Figure 1.1 of
Attachment E represents the intended pattern. This is not intended to restrict fresh fuel
storage to the particular cells shown, only to illustrate the patterns and the intended
transition between the checkerboard region and the current Pool A storage: region. The
burnup-enrichment limits for fuel storage in Pool A are specified in revised ITS Figure
3.7.15-1.
Pool B
The Pool B criticality analysis presented in Attachment E evaluated the criticality of
fresh fuel, or fuel not meeting current burnup and enrichment requirements, stored in
Pool B surrounded by eight empty water cells. The intention is to allow activities in
Pool B, such as inspection and repair of fuel, that do not meet current Pool B storage
requirements. Figure 1.2 of Attachment E represents the intended storag•e pattern for
such activities. This representation is not intended to restrict fuel storage to a particular
cell shown, but to illustrate the intended patterns of fresh fuel surrounded by empty
water cells. The analysis also addressed a new definition for peripheral cell storage and
determined that from a reactivity and criticality aspect, the definition of periphery cell
storage can be safely changed from those cells adjacent to the fuel pool walls to the
outermost row of stored fuel. Figure 1.2 of Attachment E similarly shows the analyzed
periphery storage locations to be the outermost row of fuel assemblies in the pool.
Again, this representation is not to assign specific pool locations as peripheral storage.
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No change to the burnup-enrichment limits was necessary for unrestricted storage or for
peripheral cell storage in ITS Figure 3.7.15-2, but clarifying statements were added.
Analyses confirm fuel with initial enrichments up to 5.0 weight percent can be safely stored in
the identified configurations with a Keff < 0.95 percent with 95 percent probability at a 95
percent confidence level. This includes calculation and manufacturing uncertainties, and
assumes fuel conforms to burnup-enrichment limits defined by ITS Figures 3.7.15-1 and -2.
Details of the methodology used in the criticality analysis associated with this proposed license
amendment can be found in Attachment E.
Thermal-Hydraulic Analysis
The previous submittal (License Amendment #239, Revision 0, dated September 16, 1999)
discussed the ability of the spent fuel pool and spent fuel system to handle the maximum
expected pool heat load, based on the increase in number of rack cells with the re-rack of Pool
B. It concluded that the maximum heat load for the pool was based on off-loading a recent
reactor core. As such, the existing ITS allows the pool to be filled with spent fuel, including a
recent full core off-load. This submittal does not change the amount of heat from a full core
off-load or the number of rack cell locations over that assumed in existing analysis. Therefore,
it does not increase the heat load above that previously used to determine pool and spent fuel
system acceptability.
Seismic Concerns
There is no seismic concern. The spent fuel storage racks are designed to Seismic Class I
requirements. The proposed changes in this amendment introduce no rack modifications that
would invalidate the previous analysis. Currently, fresh fuel must be checkerboarded with
empty water cells. The proposed change allows checkerboarding with spent fuel assemblies.

The current CR-3 ITS already allows all rack positions to be filled with spent fuel assemblies if
no fresh fuel is present. Changing the definition of peripheral cell location will not affect the
seismic qualification. Since the racks are already seismically qualified to be fully loaded with
spent fuel, they will also be seismically qualified if the empty water cells in the checkerboard
pattern are filled with spent fuel assemblies.
Fuel Handling Accidents
Fuel Handling Accidents (FHAs) as discussed in Section 14.2.2.3 of the CR-3 Final Safety
Analysis Report (FSAR) assume a fuel assembly is dropped and damaged such that the gap gas
activity of all 208 fuel rods is released. The changes requested by this submittal do not affect
the structure of either fuel handling equipment or the fuel storage racks. No new accident
probabilities are introduced, no additional hazards added. These changes only introduce fresh
and spent fuel storage patterns that still maintain Keff < 0.95. The changes allow fresh fuel to

U.S. Nuclear Regulatory Commission
3FI006-01

Attachment A
Page 7 of 7

be loaded next to spent fuel instead of empty water cells. However, storage configuration is
not an input to, or assumption of, the FHA. Therefore, no changes are made to, or needed in,
the FHA as described in Section 14.2.2.3 of the FSAR.
Risk Considerations
The proposed amendment is not a risk-informed change. The operation of the system will be
the same as is currently considered in the existing CR-3 Probabilistic Risk Analysis.

PROGRESS ENERGY FLORIDA, INC.
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NO SIGNIFICANT HAZARDS CONSIDERATION

Progress Energy Florida, Inc. (PEF) has evaluated the proposed License Amendment Request
(LAR) and the fuel storage configuration changes against the criteria of 10 CFR 50.92(c) to
determine if any significant hazards consideration is involved. PEF has concluded that this
proposed LAR does not involve a significant hazards consideration. The following is a
discussion of how each of the 10 CFR 50.92(c) criteria is satisfied.
(1)

Involve a significant increase in the probability or consequences of an accident
previously evaluated.
The LAR proposes to revise the fresh fuel loading configuration. PEF has reanalyzed
the criticality of the revised storage configuration for fresh fuel checkerboarded with
spent fuel in Pool A, and surrounded by empty water cells in Pool FB. Similarly,
storage of spent fuel in peripheral storage locations, given the new definition, was also
reanalyzed. The revised fuel storage configuration does not affect any structure,
system, component or process related to the operation of Crystal River Unit 3 (CR-3).
As a result, the proposed LAR will not change the probability or consequences of any
accidents previously evaluated that are related to operation of the plant.. Thus, only
those accidents that are related to movement and storage of fuel assemblies could be
potentially affected by the proposed LAR.
Fuel Handling Accidents (FHAs) are analyzed in Section 14.2.2.3 of the CR-3 Final
Safety Analysis Report (FSAR). These include a FHA inside the Reactor Building
(RB) and outside the RB. This LAR involves storage of fuel assemblies, an activity
conducted outside the RB only. Therefore, only the FHA outside the RB event needs to
be considered.
The FHA outside the RB event is described as the dropping of a fuel assembly into the
spent fuel storage pool that results in damage to a fuel assembly and the release of the

gaseous fission products. The current FHA assumes all 208 fuel pins in the dropped
assembly are damaged and the gas gap activity released. The results of that analysis
demonstrate that the applicable dose acceptance criteria, 10 CFR 50.67 and Regulatory
Guide 1.183, "Alternative Radiological Source Terms for Evaluating Design Basis
Accidents at Nuclear Power Reactors," are satisfied. Thus, the consequences of a FHA
are not increased by the allowed change in the fresh fuel configuration. The fresh fuel
storage configurations permit more effective use of already existing storage locations.
They do not change the frequency or method for handling fuel assemblies. Fuel
handling equipment is unaffected. As such, the probability of a FHA has not increased.
Since only one fuel assembly is handled at a time, the consequences of a ]FHA have not
increased.
The current limiting heat load for the spent fuel pool is from the combined impact of
stored spent fuel and a full core off-load. These changes do not increase spent fuel
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storage capacity over that for which the racks are currently analyzed and it does not
increase the amount of heat ejected from an off-loaded core. Consequently, current
analyses for spent fuel pool cooling remain valid. The configuration change allows
fresh fuel to be checkerboarded with spent fuel. Since these changes do not increase
the storage capacity over that already analyzed for the racks, filling the empty water
cells in the checkerboard pattern with spent fuel will not increase the heat :load over that
already analyzed. The Pool B allowance to surround a higher enriched/lower burnup
fuel assembly in Pool B with empty water cells or changing the definition of a
periphery rack cell does not increase the number of spent fuel assembly rack locations
over that previously analyzed. Therefore, there is no increase in the pool heat load
over that already analyzed.
A change in storage configurations in storage Pools A and B does not increase the
probability of a full core off-load or the frequency of establishing maximum heat load
conditions.
The FSAR specifies the normal upper limit of the fuel pool cooling system as 160'F.
Administrative controls are implemented to control when fuel may be moved from the
reactor to the fuel pool to prevent reaching this limit.
Because neither the probability nor the consequences of a FHA are increased, and
because there is not additional heat input to the spent fuel pools, it is concluded that the
LAR does not involve a significant increase in the probability or consequences of an
accident previously evaluated.
(2)

Create the possibility of a new or different kind of accidentfrom any accidentpreviously
evaluated?
Onsite storage of spent fuel assemblies in the spent fuel pools is a normal activity for
which CR-3 has been designed and licensed.

As part of assuring that this normal

activity can be performed without endangering public health and safety, the ability of
CR-3 to safely accommodate different possible accidents in the spent fuel pools, such as
dropping a fuel assembly or the misloading of a fuel assembly, have been analyzed.
The revised fuel storage configurations proposed by the LAR does not change the
methods of fuel movement or fuel storage. No structural or mechanical change to racks
or fuel handling equipment is being proposed. The proposed revisions allow for more
effective use of existing, unmodified rack locations when fresh or highly enriched, low
burnup fuel is stored in the pool. The proposed revisions are a modification to the
criticality analysis only, and therefore the proposed LAR does not create any new or
different kind of accident from those previously evaluated.
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Involve a significant reduction in a margin of safety?
The CR-3 Improved Technical Specification (ITS) ensures the effective neutron
multiplication factor, KeIf, of the spent fuel storage racks is maintained less than or
equal to 0.95 when fully loaded and flooded with unborated water. The revisions
proposed by the LAR likewise ensure Kerw is maintained less than this requirement.
Analyses for the proposed fuel storage configurations have shown that sufficient margin
exists for fuel enriched to the maximum allowed by the CR-3 license, and for all fuel
that is or has been in use at CR-3. Maintaining this margin is assured by remaining
within the limits on initial enrichment and fuel burnup that are specified in the CR-3
ITS and, in the case of highly enriched, low burnup fuel in Pool B, by water hole
spacing. The LAR proposes allowing fresh fuel to be checkerboarded wilh Category B
type fuel in Pool A rather than with empty water cells. It also allows firesh fuel with
high initial enrichment which does not meet current burnup requirements to be placed
in Pool B if surrounded by eight empty water cells. It also proposes to change the
definition of a periphery rack location for storing Category BP type fuel. Analyses
show that the new proposed limits ensure that Keff remains less than 0.95. Attachment
E provides an analysis summary.
The current CR-3 licensing basis allows the use of administrative controls, e.g., curves
of initial fuel assembly enrichment versus burnup, as a means of preventing criticality
in the spent fuel pools. The use of these curves would be continued under this
proposed amendment. The changes to these curves proposed by this LAR consist of
revising the values of burnup and adding notes to restrict loading of certain fuel
assemblies to specific configurations. These types of curves and administrative controls
have been included in the CR-3 operating license and their use implemented by site
procedures for many operating cycles. From this previous use, CR-3 personnel are
familiar with the practice of using administrative controls, such as curves of fuel
assembly enrichment versus burnup, to prevent criticality events when placing fuel

assemblies in the spent fuel pool.
Misloaded and mislocated fuel assemblies were analyzed. The analysis demonstrated
that misloading of a fresh fuel assembly, assuming no soluble poison (boron) in the
water does result in exceeding the criticality margin regulatory limit of Krff = 0.95.
The analysis further shows that a concentration of 165 ppm boron in the Pool A and a
concentration of 46 ppm boron in Pool B is sufficient to ensure Keff < 0.95. LCO
3.7.14 currently requires a minimum boron concentration of 1925 ppm in the spent fuel
pools until fuel is verified as having been loaded in accordance with the enrichment and
burnup requirements of LCO 3.7.15. The soluble boron assumed in the analysis for
this proposed change is substantially less than the 1925 ppm required by the existing
Therefore, existing license requirements for soluble boron remain
license.
conservative.
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ENVIRONMENTAL IMPACT EVALUATION
10CFR51.22(c)(9) provides criteria for and identification of licensing and regulatory actions
eligible for categorical exclusion from performing an environmental assessment. A proposed
amendment to an operating license for a facility requires no environmental assessment if the
amendment changes a requirement with respect to use of a facility component within the
restricted area provided that (i) the amendment involves no significant hazards consideration,
(ii) there is no significant change in the types or significant increase in the amounts of any
effluents that may be released offsite, and (iii) there is no significant increase in individual or
cumulative occupational radiation exposure.
PEF has reviewed this license amendment and has determined that it meets the eligibility
criteria for categorical exclusion set forth in 10 CFR 51.22(c)(9). Pursuant to 10 CFR 51.22,
no environmental impact statement or environmental assessment need to be prepared in
connection with the issuance of the proposed license amendment. The basis for this
determination is that this amendment changes spent fuel storage configurations located inside
the restricted area and:
(i)

The proposed license amendment does not involve a significant hazards
consideration, as described in the significant hazards evaluation.

(ii)

As discussed in the Justification for the Request and the No Significant Hazards
Evaluation, this change does not result in a significant change or significant increase
in the release associated with any Design Basis Accident. The only accident
involved, the FHA, has release rates unaffected by different burnup and enrichment
criteria provided by the new criticality analysis. Since the proposed amendment
only revises the storage patterns within existing racks and does not increase storage
capacity beyond what the racks are designed for, and it does not change handling
methods or alter cooling system and purification activities, there! will be no
significant change in the types or a significant increase in the amounts of any

effluents released offsite.
(iii)

The proposed amendment does not increase spent fuel storage capacity over that
previously analyzed, and it does not change fuel handling methodologies. It
changes the allowable fuel storage patterns within the existing rack cell locations.
There is no additional handling of radioactive or contaminated material for
implementation of the amendment. Water shielding currently in place for fuel
handling and storage remains unchanged.
Therefore, the proposed license
amendment does not result in a significant increase to the individual or cumulative
occupational radiation exposure because this change of methodology within the
criticality analysis could not increase occupational radiation exposure.
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Spent Fuel Pool Boron Concentration
B 3.7.14
BASES

SURVEILLANCE
REQUIREMENTS

SR 3.7.14.1

(continued)

Operating experience has shown significant differences
between boron measured near the top of the pool and that
measured elsewhere. As long as this SR is met, the analyzed
events are fully bounded. The 7 day Frequency is acceptable
because no major replenishment of pool water is expected to
take place over this period of time.
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Storage Racks in Crystal River Unit 3 With Fuel of
5.0% Enrichment, S. E. Turner, Holtec Report HI-931111,
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PLANT SYSTEMS
Spent Fuel Assembly Storage

BASES
BACKGROUND

This document describes the Bases for the Spent Fuel Assembly
Storage which imposes storage requirements upon irradiated and
unirradiated fuel assemblies stored in the fuel storage pools
containing high density racks. The storage areas, which are
part of the Spent Fuel System, governed by this Specification
are:

a.
b.

Fuel storage pool "A" and
Fuel storage pool "B".

In general, the function of the storage racks is to support
and protect new and spent fuel from the time it is placed in
the storage area until it is shipped offsite.
Spent fuel is stored underwater in either fuel storage pool A
or B. Only fuel pool A has the capability to store failed
fuel in containers. Spent fuel pool A features high density
poison storage racks with a 10 1/2 inch center-to-center
distance capable of storing 542 assemblies. Fuel pool A is
capable of storing fuel with enrichments up to 5.0 weight
percent U-235 (Ref. 1, 6, 7, 8 and -9) without exceeding
the criticality criteria of Reference 3 providing the fuel
has sufficient burnup and required storage configuration.
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Spent fuel pool B also contains high density racks having a
9.11 inch center-to-center distance capable of storing 932
assemblies. Fuel pool B is capable of storing fuel with
enrichments up to 5.0 weight percent U-235 (Ref. 2, 7, 8 and
69) without exceeding the criticality criteria of Reference
3, providing the fuel has sufficient burnup and required
storage configuration. New and low burnup fuel wi , not may
be Dlaced into Dool B if surrounded by emntv strAnp rpll11
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(continued)

Both of the spent fuel pools are constructed of reinforced
concrete and lined with stainless steel plate. They are
located in the fuel handling area of the auxiliary building.
New fuel storage requirements are addressed in
"Design Features".

Section 4.0,

APPLICABLE
The function of the spent fuel storage racks are is to
SAFETY ANALYSES support and protect spent fuel assemblies from the time
they are placed in the pool until they are shipped offsite.
The spent fuel assembly storage LCO was derived from the
need to establish limiting conditions on fuel storage to
assure sufficient safety margin exists to prevent
inadvertent criticality. The spent fuel assemblies are
stored entirely underwater in a configuration that has been
shown to result in a reactivity of less than or equal to
0.95 under worse case conditions (Ref. 1, 2, 6, 7, 8 and
89). The spent fuel assembly enrichment requirements in
this LCO are required to ensure inadvertent criticality
does not occur in the spent fuel pool.
Inadvertent criticality within the fuel storage area could
result in offsite radiation doses exceeding 10 CFR 50.67
limits.
The spent fuel assembly storage satisfies Criterion 2 of the
NRC Policy Statement.

LCO

Limits on the new and irradiated fuel assembly storage in high
density racks were established to ensure the assumptions of
the criticality safety analysis of the spent fuel pools is
mai ntai ned.
Limits on initial fuel enrichment and burnup for both new
and for spent fuel stored in pool A have been established.
Two limits are defined:
1.

Initial fuel enrichment must be less than or equal to 5.0
weight percent U-235, and

(continued)
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(continued)

2.

For new, low irradiation, and spent fuel with initial
enrichment less than or equal to 5.0 weight percent and
greater than or equal to 3.5 weight percent, fuel burnup
must be within the limits specified in Figure 3.7.15-1.
Figure 3.7.15-1 presents t
areas of required
fuel assembly burnup as a function of initial
enri chment.
witih anri chmant-hiirniin

-ategory t-: iF-oruei wi
combinations below the
be stored in a one-outrnnfin•irn--inn

I

L

with fiial

J

.

VL~I I ii•,

LI

checkerboard confi gurati on is documented in
References 6, 7, afnd 8 and 9.
Fuel enrichment limits are based on avoiding inadvertent
criticality in the spent fuel pool.
The CR-3 spent fuel
storage system was initially designed to a maximum enrichment
of 3.5 weight percent. Enrichments of up to 5.0 weight
percent are permissible for storage in spent fuel pool A as
long as the fuel burnup is sufficient to limit the worst case
reactivity in the storage pool to less than or equal to 0.95.
Fuel burnup reduces the reactivity of the fuel due to the
accumulation of fission product poisons. Reference 1
documents that the required burnup varies linearly as a
function of enrichment with 10500 megawatt days per metric
ton uranium (Mwd/mtU) required for fuel with 5.0 weight
percent enrichment and 0 burnup required for 3.5 weight
percent enriched fuel.
Similar types of restrictions have been established for Pool
B.
1.

Initial fuel enrichment must be < 5.0 weight
percent U-235, and

2.

For fuel with initial enrichment • 5.0 weight
percent and Ž 2.0 weight percent, fuel burnup
must be within the limits specified in Figure
3.7.15-2.
(continued)
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a. Category.B: Fuel with burnup-enrichment
combinations in the area above the.upper curve
h" can be stored with no restrictions oft
wher.

it

A. hp

Category BP:
combinations
upper curves
cells of the

t.r.d...

That is- this fuel

Fuel with burnup-enrichment
in the area between the lower and
must be stored in the peripheral
pool.
The peripheral cells are

uei, tuei trom Lategory bv or
witn
burnup-enrichment combinations ruei
in the area
below the lower curve cannofe be stored placed
in Pool B, but must be stored in,Pol A.
surrounded by eight empty water cells.
APPLICABILITY

In general, limiting fuel enrichment of stored fuel prevents
inadvertent criticality in the storage pools. Inadvertent
criticality is dependent on whether fuel is stored in the
pools and is completely independent of plant MODE.
Therefore, this LCO is applicable whenever any fuel assembly
is stored in high density fuel storage locations.

ACTIONS

A.1
Required Action A.1 is modified by a Note indicating LCO 3.0.3
does not apply. Since the design basis accident of concern in
this Specification is an inadvertent criticality, and since
the possibility or consequences of this event are independent
of plYant MODE, there is no reason to shutdown the plant if the
LCO or Required Actions cannot be met.
When the configuration of fuel assemblies stored in the spent
fuel pool is not in accordance with Figure 3.7.15-1 or
Figure 3.7.15-2, immediate action must be taken to make the
necessary fuel assembly movement(s) to bring the
configuration into compliance. The Immediate Completion
Time underscores the necessity of restoring spent fuel pool
fuel loading to within the initial assumptions of the
criticality analysis.

(conti nued)
Crystal River Unit 3

B 3.7-75

Revision No. 4-2

I

Spent Fuel Assembly Storage
B 3.7.15
BASES
ACTIONS

A.1

(continued)

The ACTIONS do not specify a time limit for completing
movement of the affected fuel assemblies to their correct
location. This is not meant to allow an unnecessary delay in
resolution, but is a reflection of the fact that the
complexity of the corrective actions is unknown.
SURVEILLANCE
REQUIREMENTS

SR 3.7.15.1
Verification by administrative means that initial enrichment
and burnup of fuel assemblies in accordance with Figure
3.7.15-1 and Figure 3.7.15-2 is required prior to storage of
spent fuel in storage pool A or pool B (as applicable). This
surveillance ensures that fuel enrichment limits, as
specified in the criticality safety analyses (Ref. 1, 2, 6, 7
and 8), are not exceeded. The surveillance Frequency (prior
to storage in high density region of the fuel storage pool)
is appropriate since the initial fuel enrichment and burnup
cannot change after removal from the core.

REFERENCES

1.

Criticality Safety Evaluation of the Pool A S ent Fuel
Storage Racks in Crystal River Unit 3 with Fuel of 5.0%
Enrichment,
S.
E. Turner, Holtec Report HI 931111,
December 1993.

2.

Criticality Safety Analysis of the Westinghouse Spent
Fuel Storage Racks in Pool B of Crystal River Unit 3, S.
E. Turner, Holtec Report HI-992128, May 1999.

3.

NUREG 0800,
9.1.2, Rev.

4.

10 CFR 50.67.

5.

CR-3 FSAR,

6.

Criticality Safety Analysis of the Crystal River Unit
3 Pool A for Storage of 5% Enriched Mark B-11 Fuel in
Checkerboard Arrangement With Water Holes, S. E.
Turner, Holtec Report HI-992285, August 1999.

7.

Criticality Evaluation of CR3 Spent Fuel Pool Storage
Racks with Mark B-12 Fuel, Holtec Report HI-2022907,
September 2002.

8.

Progress Energy Engineering Change EC No. 52456,
"Documentation of Acceptability to Receive and Store
Mk-B/HTP Fuel".

Standard Review Plan,
2, July 1981.

Section 9.1.1 and

Section 9.6.
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1.
2.
3.

Category B: Fuel from this category can be stored with no restrictions.
Category A: Fuel from this category can be stored with fuel from Categories A or B.
Category F: Fuel from this category must be stored in a one-out-of-two checkerboard
configuration with fuel from Category B or empty water cells. Category F fuel stored
in a checkerboard pattern with either Category B fuel or empty water cells must be
separated from Category A fuel by a transition row of Category B fuel.

Figure 3.7.15-1
Burnup versus Enrichment Curve for
Spent Fuel Storage Pool A
Crystal River Unit 3
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1.
2.
3.

Category B: Fuel from this category can be stored with no restrictions.
Category BP: Fuel from this category (between lower and upper curves) can be stored in
the peripheral cells of the pool.
Fuel of any enrichment and burnup including fresh, unburned fuel may be stored in Pool
B if surrounded by eight empty water cells.

Figure 3.7.15-2
Burnup versus Enrichment Curve for
Spent Fuel Storage Pool B
Crystal River Unit 3
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SURVEILLANCE
REQUIREMENTS

SR 3.7.14.1

(continued)

Operating experience has shown significant differences
between boron measured near the top of the pool and that
measured elsewhere. As long as this SR is met, the analyzed
events are fully bounded. The 7 day Frequency is acceptable
because no major replenishment of pool water is expected to
take place over this period of time.

REFERENCES

1.

Criticality Safety Evaluation of the Pool A Spent Fuel
Storage Racks in Crystal River Unit 3 With Fuel of
5.0% Enrichment, S. E. Turner, Holtec Report HI-931111,
December 1993.

2.

Criticality Safety Analysis of the Westinghouse Spent
Fuel Storage Racks in Pool B of Crystal River Unit 3,
S. E. Turner, Holtec Report HI-992128, May 1999.

3.

Criticality Safety Analysis of the Crystal River Unit 3
Pool A for Storage of 5% Enriched Mark 13-11 Fuel in
Checkerboard Arrangement with Water Holes, Holtec
Report HI-992285, August 1999.

4.

Criticality Evaluation of CR3 Spent Fuel Pool Storage
Racks with Mark B-12 Fuel, Holtec Report: HI-2022907,
September 2002.

5.

Progress Energy Engineering Change EC No. 52456,
"Documentation of Acceptability to Receive and Store
Mk-B/HTP Fuel".

6.

Criticality Analysis of Additional Patterns for Crystal
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September 2006.
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Spent Fuel Assembly Storage

BASES
BACKGROUND

This document describes the Bases for the Spent: Fuel Assembly
Storage which imposes storage requirements upon irradiated and
unirradiated fuel assemblies stored in the fuel storage pools
containing high density racks. The storage areas, which are
part of the Spent Fuel System, governed by this Specification
are:
a.
b.

Fuel storage pool "A" and
Fuel storage pool "B".

In general, the function of the storage racks is to support
and protect new and spent fuel from the time it is placed in
the storage area until it is shipped offsite.
Spent fuel is stored underwater in either fuel storage pool A
or B. Only fuel pool A has the capability to store failed
fuel in containers. Spent fuel pool A features high density
poison storage racks with a 10 1/2 inch center-to-center
distance capable of storing 542 assemblies. Fuel pool A is
capable of storing fuel with enrichments up -to 5.0 weight
percent U-235 (Ref. 1, 6, 7, 8 and 9) without exceeding the
criticality criteria of Reference 3 providing the fuel has
sufficient burnup and required storage configuration.
Spent fuel pool B also contains high density racks having a
9.11 inch center-to-center distance capable of storing 932
assemblies. Fuel pool B is capable of storing fuel with
enrichments up to 5.0 weight percent U-235 (Ref. 2, 7, 8 and
9) without exceeding the criticality criteria of Reference
3, providing the fuel has sufficient burnup and required
storage configuration. New and low burnup fuel may be
placed into pool B if surrounded by empty storage cells.
This is primarily for, but not restricted to, fuel
inspection and reconstitution activities (Ref. 9).
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(continued)

Both of the spent fuel pools are constructed of reinforced
concrete and lined with stainless steel plate. They are
located in the fuel handling area of the auxiliary building.
New fuel storage requirements are addressed in Section 4.0,
"Design Features".

The function of the spent fuel storage racks is to support
APPLICABLE
SAFETY ANALYSES and protect spent fuel assemblies from the time they are
placed in the pool until they are shipped offsite. The spent
fuel assembly storage LCO was derived from the need to
establish limiting conditions on fuel storage to assure
sufficient safety margin exists to prevent inadvertent
criticality. The spent fuel assemblies are stored entirely
underwater in a configuration that has been shown to result in
a reactivity of less than or equal to 0.95 under worse case
conditions (Ref. 1, 2, 6, 7, 8 and 9). The spent fuel
assembly enrichment requirements in this LCO are required
to ensure inadvertent criticality does not occur in the
spent fuel pool.
Inadvertent criticality within the fuel storage area could
result in offsite radiation doses exceeding 10 CFR 50.67
limits.
The spent fuel assembly storage satisfies Criterion 2 of the
NRC Policy Statement.

LCO

Limits on the new and irradiated fuel assembly storage in high
density racks were established to ensure the assumptions of
the criticality safety analysis of the spent fuel pools is
maintained.
Limits on initial fuel enrichment and burnup for both new
and for spent fuel stored in pool A have been established.
Two limits are defined:
1.

Initial fuel enrichment must be less than or equal to 5.0
weight percent U-235, and

(continued)
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2.

For new, low irradiation, and spent fuel with initial
enrichment less than or equal to 5.0 weight percent and
greater than or equal to 3.5 weight percent, fuel burnup
must be within the limits specified in Figure 3.7.15-1.
Figure 3.7.15-1 presents three areas of required fuel
assembly burnup as a function of initial enrichment.
a. Category B: Fuel with enrichment-burnup
combinations in the area above the upper curve can
be stored with no restrictions. That is, this fuel
can be stored next to fuel with enrichment-burnu ps
that fall into Categories A, B or F. Category B has
the same burnup-enrichment requirements for Pools A
and B.
b. Category A: Fuel with enrichment-burnup between the
curves can be stored in any configuration with fuel
above the lower curve. That is, this fuel may be
stored next to fuel with enrichment-burnups that
fall into Categories A or B.
c. Category F: Fuel with enrichment-burnup
combinations below the lower curve must be stored
in a one-out-of-two checkerboard configuration with
fuel that has enrichment-burnup combinations above
the upper curve (Category B) or with empty water
cells that contain no fuel. Areas of Category F
fuel stored in the checkerboard combination with
Category B fuel or empty water cells .must be
separated from areas of Category A fuel by a
transition row of Category B celIs. The
acceptability of storing this fuel in the
checkerboard configuration is documented in
References 6, 7, 8 and 9.

Fuel enrichment limits are based on avoiding inadvertent
The CR-3 spent fuel
criticality in the spent fuel pool.
storage system was initially designed to a maximum enrichment
of 3.5 weight percent. Enrichments of up to 5.0 weight
percent are permissible for storage in spent fuel pool A as
long as the fuel burnup is sufficient to limit the worst case
reactivity in the storage pool to less than or equal to 0.95.
Fuel burnup reduces the reactivity of the fuel due to the
accumulation of fission product poisons. Reference 1
documents that the required burnup varies linearly as a
function of enrichment with 10500 megawatt days per metric
ton uranium (Mwd/mtU) required for fuel with 5.0 weight
percent enrichment and 0 burnup required for 3.5 weight
percent enriched fuel.
Similar types of restrictions have been established for Pool
B.
1.

Initial fuel enrichment must be < 5.0 weight
percent U-235, and
(conti nued)
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2.

For fuel with initial enrichment !,'5.0 weight
percent and _>2.0 weight percent, fuel burnup
must be within the limits specified in Figure
3.7.15-2.
a. Category B: Fuel with burnup-enrichment
combinations in the area above the upper curve
can be stored with no restrictions. That is,
this fuel can be stored next to fuel with
burnup-enrichments that fall into Categories B
or BP. Category B has the same burnupenrichment requirements for Pools A and B.
b. Category BP: Fuel with burnup-enrichment
combinations in the area between the lower and
upper curves must be stored in the peripheral
The peripheral cells are
cells of the pool.
the outermost row of cells in the pool
containing fuel assemblies.
c. Fuel of any burnup with an enrichment < 5.0
weight percent, including fresh, unburned
fuel, fuel from Category BP or fuel with
burnup-enrichment combinations in the area
below the lower curve can be placed in Pool B,
but must be surrounded by eight: empty water
cell s.

APPLICABILITY

In general,
inadvertent
criticality
pools and is

limiting fuel enrichment of stored fuel prevents
criticality in the storage pools. Inadvertent
is dependent on whether fuel is stored in the
completely independent of plant MODE.

Therefore, this LCO is applicable whenever any fuel assembly
is stored in high density fuel storage locations.

ACTIONS

A.1
Required Action A.1 is modified by a Note indicating LCO 3.0.3
does not apply. Since the design basis accident of concern in
this Specification is an inadvertent criticality, and since
the possibility or consequences of this event are independent
of plant MODE, there is no reason to shutdown -the plant if the
LCO or Required Actions cannot be met.

(continued)
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A.1

(continued)

When the configuration of fuel assemblies stored in the spent
fuel pool is not in accordance with Figure 3.7.15-1 or
Figure 3.7.15-2, immediate action must be taken to make the
necessary fuel assembly movement(s) to bring the
configuration into compliance. The Immediate Completion
Time underscores the necessity of restoring spent fuel pool
fuel loading to within the initial assumptions of the
criticality analysis.
The ACTIONS do not specify a time limit for completing
movement of the affected fuel assemblies to -their correct
location. This is not meant to allow an unnecessary delay in
resolution, but is a reflection of the fact -that the
complexity of the corrective actions is unknown.
SURVEILLANCE
REQUIREMENTS

REFERENCES

SR 3.7.15.1
Verification by administrative means that initial enrichment
and burnup of fuel assemblies in accordance with Figure
3.7.15-1 and Figure 3.7.15-2 is required prior to storage of
spent fuel in storage pool A or pool B (as applicable). This
surveillance ensures that fuel enrichment lirmits, as
specified in the criticality safety analyses (Ref. 1, 2, 6, 7
and 8), are not exceeded. The surveillance Frequency (prior
to storage in high density region of the fuel storage pool)
is appropriate since the initial fuel enrichment and burnup
cannot change after removal from the core.

1.

Criticality Safety Evaluation of the Pool A Spent Fuel
Storage Racks in Crystal River Unit 3 with Fuel of 5.0%
Enrichment, S.
E. Turner, Holtec Report HI 931111,
December 1993.

2.

Criticality Safety Analysis of the Westinghouse Spent
Fuel Storage Racks in Pool B of Crystal River Unit 3, S.
E. Turner, Holtec Report HI-992128, May 1999.

3.

NUREG 0800, Standard Review Plan, Section 9.1.1 and
9.1.2, Rev. 2, 3uly 1981.

4.

10 CFR 50.67.

5.

CR-3 FSAR,

6.

Criticality Safety Analysis of the!Crystal River Unit
3 Pool A for Storage of 5% Enriched Mark B-11 Fuel in
Checkerboard Arrangement With Water Holes, S. E.
Turner, Holtec Report HI-992285, August 1999.

Section 9.6.
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7.

Criticality Evaluation of CR3 Spent Fuel Pool
Storage Racks with Mark B-12 Fuel, Holtec Report HI2022907, September 2002.

8.

Progress Energy Engineering Change EC No. 52456,
"Documentation of Acceptability to Receive and Store
Mk-B/HTP Fuel".

9.

Criticality Analysis of Additional Patterns for
Crystal River 3 Pools A & B for Progress Energy,
Holtec Report No. HI-2063579, September 2006.
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1. INTRODUCTION AND SUMMARY
This report documents the criticality safety evaluation of additional storage patterns of PWR
spent nuclear fuel in Pool A and Pool B at the Crystal River Unit 3 nuclear power plant operated
by Progress Energy.
The objective of this analysis is to ensure that the effective neutron multiplication factor (kl±f) is
less than or equal to 0.95 with the storage racks fully loaded with fuel of the highest permissible
reactivity and the pool flooded with pure unborated water at a temperature corresponding to the
highest reactivity. The maximum calculated reactivities include a margin for uncertainty in reactivity calculations, including manufacturing tolerances, and are calculated with a 95%
probability at a 95% confidence level [1]. Reactivity effects of abnormal and accident
conditions have also been evaluated to assure that under all credible abnormal and accident
conditions, the reactivity will not exceed the regulatory limit of 0.95.
Crystal River Unit 3 contains two spent fuel pools, Pool A and Pool B, with a different type of
rack in each pool analyzed here:
1.

2.

Pool A: These racks were originally designed for storage of fresh fuel assemblies
with enrichments below 3.5 wt% 235U. They are currently qualified for storage of
enrichments up to 5.0 wt% 235U assemblies with credit for burnup of the spent
fuel assemblies. These racks are designed with a flux trap and contain a fixed
neutron absorber (Carborundum) on each side of the rack storage cells.
Pool B: These racks have been designed to store spent fuel assemblies of a
specified combination of initial enrichment and discharge burnup. These racks
currently contain Boral.

Specifically, the following evaluations were performed for the Crystal River Unit 3 spent fuel
pools:
" The additional storage pattern proposed for use in Pool A is a checkerboard pattern of
fresh and spent fuel assemblies as shown in Figure 1.1, with the spent fuel assemblies
meeting the requirements of Category B from Table 5.9. Calculation of the maximum
keff for 5.0 wt% 235U is given in Table 7.1.
" The additional storage pattern in Pool B is storage of a fresh fuel assembly surrounded by
empty
storage cells as shown in Figure 1.2. Calculation of the maximum ken for 5.0 wt%
235U
is given in Table 7.2.
" Pool B is evaluated to determine the technical basis for revising the definition of
peripheral cells (Category BP).
Reactivity effects of abnormal and accident conditions have also been evaluated. A summary of
the types of accidents analyzed and the soluble boron required to ensure that the maximum klff
remains below 0.95 are shown in Table 7.12 and Table 7.13 for Pool A and Pool B, respectively.
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For Pool A, the most limiting accident condition involves placing a fresh fuel assembly, enriched
to 5.0 wt% 235U in a location intended for Category B fuel. A minimum soluble boron
concentration of 165 ppm must be maintained in the spent fuel pool to ensure that the maximum
keff is less than the regulatory limit of 0.95 under accident conditions. For Pool B, the most
limiting accident condition involves placing a fresh fuel assembly, enriched to 5.0 wU%235U in a
location intended to remain empty, adjacent to a fresh fuel assembly. A minimum soluble boron
concentration of 46 ppm must be maintained in the spent fuel pool to ensure that the maximum
keff is less than the regulatory limit of 0.95 under accident conditions.
In addition to the analysis for each individual rack detailed above, the possibility of an increased
reactivity effect due to the rack interfaces within and between the racks in Pool A was analyzed.
Table 7.14 provides a summary of the various interface calculations performed for the Pool A
spent fuel pool. Interface calculations are performed between racks containing Category A fuel
adjacent to racks containing a checkerboard of fresh and Category B fuel with a row of Category
B fuel separating the two patterns. Additional interface calculations are performed for adjacent
racks both containing a checkerboard pattern of Category B fuel and fresh fuel assemblies. The
results in Table 7.14 shows that the maximum reactivity is less than 0.95 with a 95% probability
at a 95% confidence level.
For Pool B racks interface calculations are not necessary for the reasons discussed in Section 7.4.
2. METHODOLOGY
The principal method for the criticality analysis of the high-density storage racks is the threedimensional Monte Carlo code MCNP4a [2]. MCNP4a is a continuous energy three-dimensional
Monte Carlo code developed at the Los Alamos National Laboratory. MCNP4a was selected
because it has been used previously and verified for criticality analyses and has all of the
necessary features for this analysis. MCNP4a calculations used continuous energy cross-section
data based on ENDF/B-V and ENDF/B-VI. Exceptions are two lumped fission products
calculated by the CASMO-4 depletion code that do not have corresponding cross sections in
MCNP4a. For these isotopes, the CASMO-4 cross sections are used in MCNP4a. This approach
has been validated in [3] by showing that the cross sections result in the same reactivity effect in
both CASMO-4 and MCNP4a.
Benchmark calculations, presented in Appendix A, indicate a bias of 0.0009 with an uncertainty of+
0.0011 for MCNP4a, evaluated with a 95% probability at the 95% confidence level [1]. The
calculations for this analysis utilize the same computer platform and cross-section libraries used for
the benchmark calculations discussed in Appendix A.
The convergence of a Monte Carlo criticality problem is sensitive to the following parameters:
(1) number of histories per cycle, (2) the number of cycles skipped before averaging, (3) the total
number of cycles and (4) the initial source distribution. The MCNP4a criticality oulput contains
a great deal of useful information that may be used to determine the acceptability of the problem
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convergence. This information has been used in parametric studies to develop appropriate
values for the aforementioned criticality parameters to be used in storage rack criticality
calculations. Based on these studies, a minimum of 10,000 histories were simulated per cycle, a
minimum of 100 cycles were skipped before averaging, a minimum of 150 cycles were
accumulated, and the initial source was specified as uniform over the fueled regions
(assemblies). Further, the output was reviewed to ensure that each calculation achieved
acceptable convergence. These parameters represent an acceptable comprom',"se between
calculational precision and computational time.
Fuel depletion analyses during core operation were performed with CASMO-4 (using the 70-group
cross-section library), a two-dimensional multigroup transport theory code based on capture
probabilities [4-6]. CASMO-4 is used to determine the isotopic composition of the spent fuel. In
addition, the CASMO-4 calculations are restarted in the storage rack geometry, yieleing the twodimensional infinite multiplication factor (kia) for the storage rack to determine the reactivity effect
of fuel and rack tolerances, temperature variation, depletion uncertainty, and to perform various
studies. For all calculations in the spent fuel pool racks, the Xe-135 concentration in the fuel is
conservatively set to zero.
The maximum kcff is determined from the MCNP4a calculated leff, the calculational bias, the
temperature bias, and the applicable uncertainties and tolerances (bias uncertainty, calculational
uncertainty, rack tolerances, fuel tolerances, depletion uncertainty) using the following fbrmula:
2 2
Max keff' = Calculated krr + biases + [Y, (Uncertaintyi) ]/

In the geometric models used for the calculations, each fuel rod and its cladding were described
explicitly and reflecting or periodic boundary conditions were used in the radial direction which has
the effect of creating an infinite radial array of storage cells.
3. ACCEPTANCE CRITERIA
The high-density spent fuel PWR storage racks for Crystal River have been analyzed in
accordance with the applicable codes and standards listed below. The objective of this analysis is
to ensure that the effective neutron multiplication factor (kefr) is less than or equal to 0.95 with
the storage racks fully loaded with fuel of the highest permissible reactivity and the pool flooded
with pure unborated water at a temperature corresponding to the highest reactivity. The
maximum calculated reactivities include a margin for uncertainty in reactivity calculations,
including manufacturing tolerances, and are calculated with a 95% probability at a 95% confidence level [1].
Applicable codes, standards, and regulations or pertinent sections thereof, include the following:
1The maximum keff value listed in Table 7.1 through Table 7.2 may differ from the calculated value based on this
formula (Ak = 0.0001) due to rounding.
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" Code of FederalRegulations, Title 10, Part 50, Appendix A, General Design Criterion

62, "Prevention of Criticality in Fuel Storage and Handling."
" USNRC Standard Review Plan, NUREG-0800, Section 9.1.2, Spent Fuel Storage, Rev. 3
- July 1981.
" 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.
* L. Kopp, "Guidance on the Regulatory Requirements for Criticality Analysis of Fuel
Storage at Light-Water Reactor Power Plants," NRC Memorandum from L. Kopp to T.
Collins, August 19, 1998.
* USNRC Regulatory Guide 1.13, Spent Fuel Storage Facility Design Basis, Rev. 2
(proposed), December 1981.
* ANSI ANS-8.17-1984, Criticality Safety Criteria for the Handling, Storage and
Transportation of LWR Fuel Outside Reactors.
" Code of Federal Regulation 1OCFR50.68, Criticality Accident Requirements
4. ASSUMPTIONS
To assure the true reactivity will always be less than the calculated reactivity, the following
conservative design criteria and assumptions were employed:
1) Moderator is borated or unborated water at a temperature in the operating range that results
in the highest reactivity, as determined by the analysis.
2) Neutron absorption in minor structural members is neglected, i.e., spacer grids are replaced
by water.
3) The effective multiplication factor of an infinite radial array of fuel assemblies was used in the
analyses, except for the assessment of certain abnormal/accident conditions where neutron
leakage is inherent.
4) The rack tolerances of the Pool A racks are shown in Table 5.7. The actual tolerances used in
the analysis for Pool A are described in Section 7.2.2. In most cases the tolerances used in the
analysis bound the actual tolerances. The exception is the storage cell id and pitch. The actual
tolerance is ± 1/16" (0.0625"), whereas the analyzed tolerance in 0.06". This sm 'll discrepancy
has a negligible effect on reactivity when combined statistically with the other uncertainties.
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Additionally, other rack manufacturing tolerances such as the neutron absorber width were
overestimated, providing an additional level of conservatism. The tolerance for the neutron
absorber thickness in Pool A is assumed to be approximately 10% of the nominal thickness.
5) The fuel rod pitch tolerance was assumed to be +0.00258/-0.00387 inches. This is based on a
tolerance of the overall assembly width of+0.010/-0.015 inches divided by the square root of the
fuel rod array. The tolerance of the overall assembly width is based on industry standards for
other 15x15 fuel assemblies.
6) APSRs and BPRAs are assumed to cover the entire active fuel length of the assembly during
core operation. No credit is taken for fuel assembly inserts in the rack.
7) More recent assemblies are verified to have axial blankets. It is assumed that for
enrichments at and above 2.6 wt%0 35U, the axial blankets at the top and bottom 6 inches of
the active fuel length are enriched to 2.6 wt%. For assemblies with enrichments below 2.6
wt%, the axial blankets are neglected, i.e., the blankets are modeled at the same enrichment
as the center portion of the assembly. Older fuel assembly designs were manufactured
without axial blankets. The discussion in Section 7.1.4 addresses the older non-blanketed
fuel.
8) Any new fuel assembly with an enrichment greater than 2.6 wt% 235U is assumed to have
axial blankets. Therefore, fresh fuel assemblies are analyzed at 5.0 wt% 235U with 6 inch
axial
blankets at the top and bottom of the active fuel length with an enrichment of 2.6 wt%
23
5

U.

5. INPUT DATA
5.1 Fuel Assembly Specification
The spent fuel storage racks are designed to accommodate Mark B 15x15 fuel assemblies. The
design specifications for these fuel assemblies, which were used for this analysis, are given in
Table 5.1.
5.2 Core Operating Parameters
Core operating parameters are necessary for fuel depletion calculations perfbrmed with
CASMO-4. The core parameters necessary for the depletion calculations are presented in Table
5.2.
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5.3 Axial Burnup Distribution
Axial burnup profiles for blanketed fuel assemblies were provided by Progress Energy and
presented in Table 5.3a. The axial burnup profile for non-blanketed assemblies are from
reference [9] and shown in Table 5.3b.
5.4 Core Inserts
There is the potential for an insert (BPRA or APSR or both) to be located in the assembly during
core operation. The design specifications for the BPRAs and APSRs are given in Tables 5.4
through 5.6.
5.5 Crystal River Storage Rack Specification
The storage cell characteristics for the Pool A and Pool B racks which are used in the criticality
evaluations are summarized in Table 5.7 and Table 5.8.
Only the B 4 C is credited in the composition of the Carborundum in the Pool A ra-,ks. This is
conservative as it neglects the other components of the Carborundum which may absorb
additional neutrons.
5.5.1 Pool A Style Storage Racks
The Pool A storage cells are composed of stainless steel walls sandwiching a Carborundum
neutron absorber panel, centered on each side of the storage cell. The steel walls define the
storage cells and the flux-trap water-gap used to augment reactivity control. The Carborundum
is additionally assumed to be partially degraded (15% loss of B4 C). Figure 5.2 provides a
sketch of the Pool A racks along with the critical dimensions. Additionally, the Pool A racks
contain neutron absorber on the peripheral faces of the rack modules, facing either another rack
module or the spent fuel pool wall.
The calculational models consist of a group of four storage cells (2x2) with periodic boundary
conditions through the centerline of the water gap on the outer boundary of the four cells, thus
simulating an infinite array of Pool A storage cells. Figure 5.1 shows the actual MCNP4a
calculational model of the nominal Pool A spent fuel storage cell, as drawn by the twodimensional plotter in MCNP4a for the 2x2 array of storage cells.
5.5.2 Pool B Style Storage Racks
The Pool B storage cells are composed of a single Boral neutron absorber panel affixed to the
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stainless steel walls of adjacent storage cells. Stainless steel sheathing is used to affix the
neutron absorber to the storage cell walls, and to position the neutron absorber in the center of
the cell. Figure 5.4 provides a sketch of the Pool B racks along with the critical dimensions.
The Boral neutron absorber in the Pool B racks is 144 inches in length, which is approximately
the same length as the active fuel region of the Mark 15x15 assemblies. Therefore, special
consideration was given to the potential for misalignment between the active fuel region and
neutron absorber in the axial direction. Based on the axial location of the Boral panels and the
active fuel length there could be as much as a 1.864 inch misalignment near the bottom of the
active fuel region. Therefore, all models of the Pool B racks conservatively include a 2 inch
misalignment between the active fuel region and the Boral absorber panels. This also addresses
the possibility of a 2 inch misalignment between the active fuel region and the fixed neutron
absorber near the top of the assembly due to the fuel assembly not sitting properly in the storage
cell.
The calculational models consist of a group of 49 storage cells (7x7) with periodic boundary
conditions through the centerline of the Boral panel on the outer boundary of the cells, thus
simulating an infinite array of Pool B storage cells. Figure 5.3 shows a portion of the actual
MCNP4a calculational model of the nominal Pool B spent fuel storage cell, as drawn by the twodimensional plotter in MCNP4a for the 7x7 model.
5.5.3 Gaps Between Adjacent Racks
In addition to the calculations for Pool A and Pool B in Crystal River Unit 3, the reactivity effect
of potential interaction between adjacent racks and between different loading patterns is
addressed. The Pool B racks contain Boral panels on all exterior surfaces and therefore the
design basis infinite array calculations are bounding for the interface analysis. In Pool A, the
minimum distance between racks is controlled to be more than 1 inch. This distance is less than
the inter-rack flux trap width of 1.227 inches. Therefore, additional calculations were performed
to address the potential interaction between adjacent racks.
6. COMPUTER CODES
The following computer codes were used during this analysis.
* MCNP4a [2] is a three-dimensional continuous energy Monte Carlo code developed at Los
Alamos National Laboratory. This code offers the capability of performing full threedimensional calculations for the loaded storage racks. MCNP4a was run on. the PCs at
Holtec.
" CASMO-4, Version 2.05.14 [4-6] is a two-dimensional multigroup transport theory code
developed by Studsvik of Sweden. CASMO-4 performs cell criticality calculations and
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burnup depletion calculations. In addition, CASMO-4 has the capability of analytically
restarting/resuming depletion calculations for spent fuel assemblies that are located in the
rack configuration. This code was used to determine the reactivity effects of tolerances and
fuel depletion. The CASMO-4 code was run on a PC at Holtec.
7. ANALYSIS
This section describes the calculations that were used to determine the acceptable storage criteria
for the Pool A and Pool B racks. In addition, this section discusses the possible abnormal and
accident conditions.
Unless otherwise stated, all calculations assumed nominal characteristics for the fuel and the fuel
storage cells. The effect of the manufacturing tolerances is accounted for with a reactivity
adjustment as discussed below.
As discussed in Section 2, MCNP4a was the primary code used in the PWR calculations.
CASMO-4 was used to determine the reactivity effect of tolerances and for depletion
calculations. MCNP4a was used for reference cases and to perform calculations which are not
within the capabilities of CASMO-4 (e.g. eccentric fuel positioning, axial burnup distributions,
and fuel misloading).
Figures 5.1 and 5.3 are pictures of the basic calculational models used in MCNP4a. These
pictures were created with the two-dimensional plotter in MCNP4a and clearly indicate the
explicit modeling of fuel rods in each fuel assembly. In CASMO-4, a single cell is raodeled, and
since CASMO-4 is a two-dimensional code, the fuel assembly hardware above and below the
active fuel length is not represented. The three-dimensional MCNP4a models that included axial
leakage assumed approximately 30 cm of water above and below the active fuel length.
7.1 CalculationalMethodologiesApplicable to Pool A and Pool B
7.1.1 Moderator Temperature Effect
For the depletion calculations, the temperature at the top of the active region is used as the
moderator temperature (see Table 5.2). However, the reactivity in the rack is dominated by the
area slightly below the top of the active region, where the moderator temperature in the core is
lower. Since the reactivity of the fuel assembly in the rack increases significantly with increasing
moderator temperature in the core, the assumption used in the depletion calculations is
conservative.
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7.1.2 Identification of Reference Fuel Assembly
CASMO-4 calculations were performed to determine which of the five assembly types in Table
5.1 is bounding in the Pool A and Pool B racks. In the analysis, the fuel assembly is depleted in
the core configuration and restarted in the rack configuration. In all scenarios, the guide tubes
are assumed to be filled with spent fuel pool water (no core inserts) when the assembly was
modeled in the core and the rack. Table 7.3 and Table 7.4 show the bounding assembly type for
each Category of fuel intended to be stored in Pool A and Pool B, respectively. In essence the
Mark B-1OF assembly is used for assemblies with higher bumup (Category B) and the Mark B11 assembly is used for fresh fuel assemblies and spent fuel assemblies with low bumups
(Category A). These assembly types are therefore used in all subsequent calculations.
7.1.3 Reactivity Effect of Inserts During Depletion
Due to variations in plant operation, it is impossible to predict the exact exposure intervals that
BPRAs and APSRs will be in the assemblies. Therefore, for conservatism, BPRAs are assumed
to be present early in the assembly's life, when the BPRA has a greater reactivity effect than the
APSR. APSRs are then assumed to be inserted into the assembly once the BPRA has received a
high enough burnup for their reactivity worth to be less than that of the APSRs, typically around
15 GWD/MTU. By modeling the strongest absorbing insert in the assembly during core
depletion, the neutron spectrum is hardened, resulting in the depletion of less 2..U and the
production of more fissile plutonium isotopes in the assembly. This subsequently results in the
highest reactivity of the assembly in the rack with the insert removed.
To determine the burnup at which to change from a BPRA to an APSR, termed here as the
"crossover burnup", depletion calculations are performed in CASMO-4 with the both the Mark
B-1OF and Mark B-Il assemblies containing an APSR, a BPRA or no insert. The calculated
core reactivities as a function of burnup are compared between the three assemblies (with APSR,
with BPRA and with no insert) and the burnup at which the reactivity of the assembly with the
BPRA is equal to the reactivity of the assembly with the APSR is calculated. Calculations are
performed to determine the reactivity of the assembly with an APSR or BPRA for enrichments
between 2.0 and 5.0 wt% 235U in 0.5 wt% increments for each type of assembly. Table 7.5
presents an example of the reactivity effect of the presence of fuel inserts (BPRA, APSR and no
insert) in the Mark B-10F assembly for an enrichment of 5.0 wt% 235U.
The enrichment
dependency of the crossover burnup is shown in Table 7.6 for the Mark B-10F and Mark B-1I
assemblies. These values are used in all depletion calculations with the exception of the
determination of the bounding assembly discussed in the previous section.
7.1.4 Reactivity Effect of Axial Burnup Distribution and Axial Blankets
Initially, fuel loaded into the reactor will deplete with a slightly skewed cosine power
distribution. As burnup progresses, the bumup distribution will tend to flatten, becoming more
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highly burned 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) occur in regions of
lower reactivity worth due to neutron leakage. Consequently, it would be expected that over
most of the burnup history, distributed bumup fuel 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.
Generic analytic results of the axial burnup effect for assemblies without axial blankets have
been provided by Turner [9] based upon calculated and measured axial burnup distributions.
These analyses confirm the minor and generally negative reactivity effect of the axially
distributed burnup compared to a flat distribution, becoming positive at burnups greater than
about 30 GWDiMTU. The trends observed in [9] suggest the possibility of a small positive
reactivity effect above 30 GWD/MTU increasing to slightly over 1% Ak at 40 GWD/MTU.
Since more recent assemblies at Crystal River 3 have axial blankets, the reactivity effect of axial
blankets with the axial burnup distribution is determined. Calculations are performed with the
two axial bumup distributions as shown in Table 5.3a and with an axially flat distribution.
Calculations are performed for both Pool A and Pool B at enrichments between 2.0 wt% 235U
and 5.0 wt% 23"U in 0.5 wt% increments at the burnups for Category B fuel from Table 5.9. For
enrichments of 3.0 wt% 235U and above, enriched blankets of 2.6 wt% are assumed at the top and
bottom 6 inches of the assembly. For enrichments below 3.0 wt%, the axial blankets are
neglected, i.e. the blankets are modeled at the same enrichment as the center section of the
assembly. Table 7.7 provides representative examples of the reactivity effect when axial
blankets are included in the model; the flat axial burnup distribution produces a higher reactivity
than the distributed axial burnup profiles for burnup and enrichment combinations considered in
this analysis. Therefore, all MCNP calculations are performed with an axially flat distribution as
this produces conservative results.
For Pool B, previous analysis [11] investigated the reactivity effect of non-blanketed fuel. The
study showed that non-blanketed fuel, which has a maximum enrichment of 4.24 wto 235U at the
appropriate burnup for Category B, was found to be acceptable below the regulatory criteria of
0.95. These results are still applicable for the analysis presented in this report. Therefore, both
blanketed and non-blanketed fuel is bounded by the flat distribution.
For Pool A, the reactivity of the checkerboard of fresh and spent fuel assemblies will be
dominated by the 5 wt% fresh fuel assemblies (which have axial blankets that are credited). To
determine if any reactivity effect is associated with non-blanketed spent fuel assemblies in the
Pool A checkerboard configuration, an additional calculation is performed with the spent fuel
containing no axial blankets at 5.0 wt% 235 U at the appropriate burnup for Category B fuel. The
axial distribution for the non-blanketed spent fuel is presented in Table 5.3b. The conclusion is
that the maximum kfr with blanketed fuel and a flat axial burnup distribution bounds the
maximum ker with non-blanketed fuel and the distribution shown in Table 5.3b. Therefore, use
of the flat profile with axial blankets is conservative.
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7.1.5 Isotopic Compositions
To perform the criticality evaluation for spent fuel in MCNP4a, the isotopic composition of the
fuel is calculated with the depletion code CASMO-4 and then specified as input data in the
MCNP4a run. The CASMO-4 calculations to obtain the isotopic compositions for MCNP4a
were performed generically, with one calculation for each enrichment, and burnups in
increments of 2.5 GWD/MTU or less. The isotopic composition for any given bumup is then
determined by linear interpolation.
7.1.6 Uncertainty in Depletion Calculations
Since critical experiment data with spent fuel is not available for determining the tuncertainty in
bumup-dependent reactivity calculations, an allowance for uncertainty in reactivity was assigned
based upon other considerations. Assuming the uncertainty in depletion calculations is less than
5% of the total reactivity decrement, a bumup dependent uncertainty in reactivity for burnup
calculations may be assigned [7]. This allowance is statistically combined with the other
reactivity allowances in the determination of the maximum kff for normal conditions where
assembly bumup is credited.
7.2 PoolA
The goal of the criticality calculations for the Pool A racks is to qualify the racks for
checkerboard storage of fresh and spent fuel assemblies with design specifications as shown in
Table 5.1. The purpose of the criticality calculations are to determine the acceptability of the
enrichment and bumup combinations for the spent fuel assemblies with nominal initial
enrichments up to 5.0 wt% 235U and minimum required burnups from Category B as shown in
Table 5.9.
7.2.1 Eccentric Fuel Assembly Positioning
The fuel assembly is assumed to be normally located in the center of the storage rack cell.
Nevertheless, MCNP4a calculations were made with the fuel assemblies assumed to be in the
comer of the storage rack cell (four-assembly cluster at closest approach). These calculations
indicate that eccentric fuel positioning results in an equivalent reactivity. Calculations were
performed at 2.0 wt% and 5.0 wt% initial enrichment for the spent fuel assembly. Both results
are within the statistical uncertainty of the calculations with the centrally located fuel assemblies.
Therefore, all calculations are performed with the fuel assemblies positioned in the center of the
storage cells.
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7.2.2 Uncertainties Due to Manufacturing Tolerances
In the calculation of the final kinf, the effect of manufacturing tolerances on reactivity must be
included. CASMO-4 was used to perform these calculations. As allowed in [7], the
methodology employed to calculate the tolerance effects combine both the worst-case bounding
value and sensitivity study approaches. The evaluations include tolerances of the rack
dimensions (see Table 5.7) and tolerances of the fuel dimensions (see Table 5.1). For the
bounding assemblies (Mark B-10F and Mark B-11), calculations are performed for different
enrichments and burnups. The reference condition is the condition with nominal dimensions and
properties. To determine the Ak associated with a specific manufacturing tolerance, the kinf
calculated for the reference condition is compared to the kinf from a calculation with the
tolerance included. Note that for the individual parameters associated with a tolerance, no
statistical approach is utilized. Instead, the full tolerance value is utilized to determine the
maximum reactivity effect. All of the Ak values from the various tolerances are statistically
combined (square root of the sum of the squares) to determine the final reactivity allowance for
manufacturing tolerances. Only the Ak values in the positive direction (increasing reactivity)
were used in the statistical combination. The fuel and rack tolerances included in this analysis
are described below:
Fuel Tolerances
" Increased Fuel Density " Increased Fuel Enrichment * Fuel Rod Pitch - +0.00258 in./-0.00387 in.
* Fuel Rod Cladding Outside Diameter * Fuel Rod Cladding Inner Diameter * Fuel Pellet Outside Diameter * Guide Tube Outside Diameter * Guide Tube Inside Diameter Rack Tolerances
* Variable Cell Inner Dimension & Constant Water Gap " Variable Cell Inner Dimension & Constant Pitch " Box Wall Thickness - ± 0.007 in.
" Neutron Absorber Thickness - ± 0.005 in. (-10% nominal thickness)
" Neutron Absorber Width - ± 0.125 in.
The reactivity effect of the fuel and rack tolerances shown above were calculated for
enrichments between 2.0 and 5.0 wt% 235U for the Mark B-10F and for an enrichment of 3.5
2

The tolerance for the storage cell id and storage cell pitch are given as

The tolerance modeled was 1R.

W This discrepancy in modeling the reactivity effect of the storage cell id and pitch tolerances has a negligible
effect on reactivity when combined statistically with the other uncertainties. Additionally, other rack manufacturing
tolerances such as the neutron absorber width were overestimated, providing an additional level of co:aservatism.
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wt% to 5.0 wt% for Mark B- 11 assemblies. Table 7.8 provides representative examples of the
reactivity effect of the fuel and rack tolerances for the Pool A racks.
7.2.3 Temperature and Water Density Effects
Pool water temperature effects on reactivity in the Pool A racks have been calculated with
CASMO-4 for the Mark B-10F assembly for enrichments between 2.0 and 5.0 wt% 231U in 0.5
wt% increments and for the Mark B- 11 assembly for an enrichment of 5.0 wt%. The results in
Table 7.9 shows that the spent fuel pool temperature coefficient of reactivity is negative, i.e. a
lower temperature results in a higher reactivity. Consequently, all CASMO-4 calculations are
evaluated at 4 °C, which corresponds to the highest density of water.
In MCNP4a, the Doppler treatment and cross-sections are valid only at 300K (26.85 'C).
Therefore, a Ak is determined in CASMO-4 from 26.85 'C to 4 'C, and is included in the final
k~ff calculation as a bias. The temperature bias is shown on Table 7.1 for the Pool A racks.
7.2.4 Calculation of Maximum kerr
Using the calculational model shown in Figures 5.1 and 5.2 and the reference Mark B-IOF and
Mark B-i1 fuel assemblies, the keff in the Pool A storage racks has been calculated with
MCNP4a. The determination of the maximum keff, which is based on the formula in Section 2, is
summarized in Table 7.1. Results show that the maximum k~ff of the Pool A racks is less than
0.95 at a 95% probability at a 95% confidence level with no credit for soluble boron.
7.2.5 Abnormal and Accident Conditions
The effects on reactivity of credible abnormal and accident conditions are examined in this
section. This section identifies which of the credible abnormal or accident conditions will result
in exceeding the limiting reactivity (keff < 0.95). For those accident or abnormal conditions that
result in exceeding the limiting reactivity, a minimum soluble boron concentration is determined
to ensure that keff<: 0.95. The double contingency principal of ANSI/ANS-8.1-1998 [8] (and the
USNRC letter of April 1978) specifies that it shall require at least two unlikely independent and
concurrent events to produce a criticality accident. This principle precludes the necessity of
considering the simultaneous occurrence of multiple accident conditions.
7.2.5.1 Abnormal Temperature
All calculations for Pool A are performed at a pool temperature of 4'C. As shown in Section
7.2.3 above, the temperature coefficient of reactivity is negative, therefore any increase in
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temperature above 41C would cause a reduction in the reactivity. Table 7.9 shows the reactivity
effects of increasing the temperature and boiling in the spent fuel pool.
7.2.5.2 Dropped Assembly - Horizontal
For the case in which a fuel assembly is assumed to be dropped on top of a rack, the fael assembly
will come to rest horizontally on top of the rack with a minimum separation distance from the active
fuel region of more than 12 inches, which is sufficient to preclude neutron coupling (i.e., an
effectively infinite separation). Consequently, the horizontal fuel assembly drop accident will not
result in a significant increase in reactivity. Furthermore, the soluble boron in the spent fuel pool
water assures that the true reactivity is always less than the limiting value for this -dropped fuel
accident.
7.2.5.3 Dropped Assembly - Vertical
It is also possible to vertically drop an assembly into a location that might be occupied by
another assembly or that might be empty. Such a vertical impact would at most cause a small
compression of the stored assembly, if present, or result in a small deformation of the baseplate
for an empty cell. These deformations could potentially increase reactivity. However, the
reactivity increase would be small compared to the reactivity increase created by the abnormal
location of a fresh assembly discussed in the following section. The vertical drop is therefore
bounded by this abnormal location accident and no separate calculation is performed for the drop
accident.
7.2.5.4 Abnormal Location of a Fuel Assembly
7.2.5.4.1 Misloaded Fresh Fuel Assembly
The misloading of a fresh unburned fuel assembly could, in the absence of soluble poison, result in
exceeding the regulatory limit (kff of 0.95). This could possibly occur if a fresh fuel assembly of the
highest permissible enrichment (5.0 wt%) were to be inadvertently misloaded into a storage cell
intended to be used for spent fuel in the checkerboard loading pattern. For the misloading accident
in the Pool A checkerboard arrangement, various enrichment and burnup combinations of the spent
fuel were analyzed.
The corresponding MCNP4a calculational model consists of a 5x5 array of cells containing a
checkerboard arrangement of fresh fuel and Category B spent fuel, with an adcitional fresh
misloaded assembly in the center cell that was intended to store a spent fuel assembly. The model is
surrounded by periodic boundary conditions, which generates an infinite arrangement of 5x5 arrays
with a misloaded assembly. Calculations are performed with 0 ppm and 400 ppm soluble boron, and
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the final soluble boron concentration is determined by linear interpolation with a target maximum
k1ff, of 0.9450.
7.2.5.4.2 Mislocated Fresh Fuel Assembly
The mislocation of a fresh unburned fuel assembly could, in the absence of soluble poison, result in
exceeding the regulatory limit (k f of 0.95). This could possibly occur if a fresh fuel assembly of the
highest permissible enrichment (5.0 wt%) were to be accidentally mislocated outside of a storage
rack adjacent to other fuel assemblies. However, there is a rail on the outside of the Pool A racks
that prevents a mislocated assembly from approaching to less than 4 inches from the edge of the rack
module. This distance, combined with the inherent neutron leakage at these locations is.sufficient to
ensure that a mislocated assembly will not increase the reactivity of the Pool A racks.
7.3 Pool B
The goal of the criticality calculations for the PWR Pool B racks is to qualify the racks for
storage of fresh fuel assemblies with design specifications as shown in Table 5.1 and a maximum
nominal initial enrichment of 5.0 wt% 235U that are surrounded by empty storage cells. The
purpose of the criticality calculations is to determine the acceptability of this storage
configuration.
7.3.1 Eccentric Fuel Assembly Positioning
The fuel assembly is assumed to be normally located in the center of the storage rack cell.
Nevertheless, MCNP4a calculations were made with the fuel assemblies assumed to be in the
comer of the storage rack cell (four-assembly cluster at closest approach). These calculations
indicate that eccentric fuel positioning results in a decrease in reactivity. The highest reactivity,
therefore, corresponds to the reference design with the fuel assemblies positioned in the center of
the storage cells.
7.3.2 Uncertainties Due to Manufacturing Tolerances
In the calculation of the final kinf the effect of manufacturing tolerances on reactivity must be
included. CASMO-4 was used to perform these calculations. As allowed in [7], the
methodology employed to calculate the tolerance effects combine both the worst-case bounding
value and sensitivity study approaches. The evaluations include tolerances of the rack
dimensions (see Table 5.8) and tolerances of the fuel dimensions (see Table 5.1). For the
bounding assemblies (Mark B-10F and Mark B-11), calculations are performed for different
enrichments and bumups. The reference condition is the condition with nominal dimensions and
properties. To determine the Ak associated with a specific manufacturing tolerance, the kinf
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calculated for the reference condition is compared to the kinf from a calculation with the
tolerance included. Note that for the individual parameters associated with a tolerance, no
statistical approach is utilized. Instead, the full tolerance value is utilized to determine the
maximum reactivity effect. All of the Ak values from the various tolerances are statistically
combined (square root of the sum of the squares) to determine the final reactivity allowance for
manufacturing tolerances. Only the Ak values in the positive direction (increasing reactivity)
were used in the statistical combination. The fuel and rack tolerances included in this analysis
are described below:
Fuel Tolerances
" Increased Fuel Density " Increased Fuel Enrichment " Fuel Rod Pitch - +0.00258 in./-0.00387 in.
" Fuel Rod Cladding Outside Diameter " Fuel Rod Cladding Inner Diameter " Fuel Pellet Outside Diameter * Guide Tube Outside Diameter * Guide Tube Inside Diameter Rack Tolerances
" Variable Cell Inner Dimension & Pitch * Box Wall Thickness * Sheathing Thickness " Neutron Absorber Gap Thickness " Neutron Absorber Thickness " Neutron Absorber Width " Neutron Absorber 10 B Loading The reactivity effect of fuel and rack tolerances shown above were performed for enrichments
between 2.0 and 5.0 wt% 235U for the Mark B-10F assemblies and for an enrichment of 5.0 wt%
235U for the Mark-B-11 assemblies. Table 7.10 provides representative examples of the
reactivity effect of the fuel and rack tolerances for the Pool B racks.
7.3.3 Temperature and Water Density Effects
Pool water temperature effects on reactivity in the Pool B racks have been calculated with
CASMO-4 for enrichments between 2.0 and 5.0 wt% 235U in 0.5 wt% increments for the Mark
B-1OF assembly and an enrichment of 5.0 wt% 23 5U for the Mark B-1I assembly. The results in
Table 7.11 show that the spent fuel pool temperature coefficient of reactivity is negative, i.e. a
lower temperature results in a higher reactivity. Consequently, all CASMO-4 calculations are
evaluated at 4 'C, which corresponds to the highest density of water.
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In MCNP4a, the Doppler treatment and cross-sections are valid only at 300K (26.85 'C).
Therefore, a Ak is determined in CASMO-4 from 26.85 °C to 4 'C, and is included in the final
k~ff calculation as a bias. The temperature bias is shown in Table 7.2.
7.3.4 Calculation of Maximum kef
Using the calculational model shown in Figures 5.3 and 5.4 and the reference fuel assembly, the
k~ff in the Pool B storage racks has been calculated with MCNP4a. Summary of the calculation
of the maximum kff for storage of a fresh fuel assembly surrounded by empty storage cells is
shown in Table 7.2. Results show that the maximum kff of the Pool B racks is less than 0.95 at a
95% probability at a 95% confidence level with no credit for soluble boron.
7.3.5 Abnormal and Accident Conditions
The effects on reactivity of credible abnormal and accident conditions are examined in this
section. This section identifies which of the credible abnormal or accident conditions will result
in exceeding the limiting reactivity (keff < 0.95). For those accident or abnormal conditions that
result in exceeding the limiting reactivity, a minimum soluble boron concentration is determined
to ensure that k~ff < 0.95. The double contingency principal of ANS-8.1-1998 [8] (and the
USNRC letter of April 1978) specifies that it shall require at least two unlikely independent and
concurrent events to produce a criticality accident. This principle precludes the necessity of
considering the simultaneous occurrence of multiple accident conditions.
7.3.5.1 Abnormal Temperature
All calculations for Pool B are performed at a pool temperature of 4°C. As shown in Section
7.3.3 above, the temperature coefficient of reactivity is negative, therefore any increase in
temperature above 40 C would cause a reduction in the reactivity. Table 7.11 shows the
reactivity effects of increasing the temperature and boiling in the spent fuel pool.
7.3.5.2 Dropped Assembly - Horizontal
For the case in which a fuel assembly is assumed to be dropped on top of a rack, the fuel assembly
will come to rest horizontally on top of the rack with a minimum separation distance from the active
fuel region of more than 12 inches, which is sufficient to preclude neutron coupling (i.e., an
effectively infinite separation). Consequently, the horizontal fuel assembly drop accident will not
result in a significant increase in reactivity. Furthermore, the soluble boron in the spent fuel pool
water assures that the true reactivity is always less than the limiting value for this dropped fuel
accident.
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7.3.5.3 Dropped Assembly - Vertical
It is also possible to vertically drop an assembly into a location that might be occupied by
another assembly or that might be empty. Such a vertical impact would at most cause a small
compression of the stored assembly, if present, or result in a small deformation of the baseplate
for an empty cell. These deformations could potentially increase reactivity. However, the
reactivity increase would be small compared to the reactivity increase created by the misloading
of a fresh assembly discussed in the following section. The vertical drop is therefore bounded by
this misloading accident and no separate calculation is performed for the drop accident.
7.3.5.4 Abnormal Location of a Fuel Assembly
7.3.5.4.1 Misloaded Fresh Fuel Assembly
The misloading of a fresh unburned fuel assembly could, in the absence of soluble poison, result in
exceeding the regulatory limit (keff of 0.95). This could possibly occur if a fresh fuel assembly of the
highest permissible enrichment (5.0 wt%) were to be inadvertently misloaded into one of the empty
storage cells surrounding the fresh fuel assembly. For the misloading accident in the Pool B rack,
enrichments between 2.0 and 5.0 wt% 235U in 0.5 wt% intervals were analyzed at the appropriate
Category B burnup.
The corresponding calculational model consists of a 7x7 array of Pool B storage cells with fresh
unburned assemblies in two of the nine center storage cells. The model is surrounded by periodic
boundary conditions, which generates an infinite arrangement of 7x7 arrays with a misloaded
assembly. Calculations are performed with Oppm and 400ppm soluble boron, and the final soluble
boron concentration is determined by linear interpolation with a target maximum kfr, of 0.9450.
7.3.5.4.2 Mislocated Fresh Fuel Assembly
The mislocation of a fresh unburned fuel assembly could, in the absence of soluble poison, result in
exceeding the regulatory limit (keir of 0.95). This could possibly occur if a fresh fuel assembly of the
highest permissible enrichment (5.0 wt%) were to be accidentally mislocated outside of a storage
rack adjacent to other fuel assemblies. The Pool B racks contain Boral neutron absorber on all
exterior surfaces of the rack, so this condition is bounded by the misloaded assembly analysis in the
previous section. The presence of a fuel assembly outside the rack would have a smaller reactivity
effect than if the fresh fuel assembly were placed in the center of the rack intended to be empty
because of the radial neutron leakage.
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7.4 Interfaces Between Racks
In addition to the calculations performed for each individual rack detailed in the preceding
sections, the possibility of an increased reactivity effect due to the rack interfaces within and
between the racks was determined. Figure 1.1 is a layout of the Crystal River 3 Pool A. The
minimum distance between Pool A racks is 1". This is smaller than the flux-trap distance
between storage cells within the rack.
Calculations are performed to determine if the smaller distance between rack modules causes an
increase in reactivity beyond that analyzed in the design basis cases in the previous sections.
Interface calculations between racks include one rack containing a checkerboard paltern of fresh
and spent fuel (Category B) with a row of Category B spent fuel facing an adjacent rack with
uniform loading of spent fuel (Category A). Additionally, calculations are performed with both
racks containing a checkerboard pattern of fresh and spent fuel (Category B), with the
checkerboard pattern maintained across the gap.
Representative examples of the calculations are presented in Table 7.14 and shows that while the
interface between racks does result in an increase in the reactivity above that calculated for the
design basis calculations, the maximum calculated reactivity with a 95% probability at a 95%
confidence level is less than 0.95.
For Pool B, interface calculations are not necessary because the design basis calculations are
bounding. Pool B racks do not have a water gap between the storage cell locations and the
exterior of the racks contain Boral neutron absorber. Therefore no interface calculations are
performed.
7.5 Definition of PeripheralCells in Pool B
In the previous analysis of Pool B, peripheral cells were considered to be storage cell locations
adjacent to the walls of the spent fuel pool, such as row BT in Figure 1.2. This does not consider
the possibility of the row of storage cells closest to the spent fuel pool wall (row I3T in Figure
1.2) remaining empty, with the second row (row BS in Figure 1.2) containing fuel that meets the
requirements for Category BP and the internal cells containing fuel meeting the requirements for
Category B. The previous calculations considered a 30cm radial water reflector exterior to the
rack periphery to account for radial neutron leakage. This model is conservative for the
condition where the peripheral cells of the rack are empty, and the second row of the rack
contains Category BP fuel. Therefore, the spent fuel loading configuration depicted in Figure
1.2 is acceptable.
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Assembly type
Fuel pellet outside diameter, in.
Cladding inside diameter, in.
Cladding outside diameter, in.
Cladding material
Stack density, g/cc
Maximum
enrichment, wt%
6
235

Table 5.1
PWR Fuel Assembly Specifications
Fuel Rod Data
Mark B-1O/B-9 4
Mark B-11
Mark B-10F
0.3735
0.3700
0.3615
0.380
0.377
0.368
0.430
0.430
0.416
Zr-4
Zr-4
M5
10:522
__l_ 10.40.522.522

__5.0
5.0

u

Fuel Assembly Data
15x15
15x15
208
208
0.568
0.568
16
16
0.0
0.530
0.498
0.498

Fuel rod array
Number of fuel rods
Fuel rod pitch, in.
Number of guide tubes
Guide Tube outside diameter, in.
Guide Tube inside diameter, in. 7
Number of instrument tubes
Instrument Tube outside8
diam eter, in.
Instrument Tube inside diameter,
in.

Active fuel Length, in. 9

_

5.0

5.0

15x15
208
0.568
16
0.530
0.498
1

0.493

0.493
_

0.441

_

_

_

0.441

0.493
0.441

Mark B/HTP
0.3735
0.380
0.430
M5
10.522

15x15
208
0.568
16
0.530
0.498
1

0.493
!

0.400

143.050

143.0

III

142.290

140.595 - 141.80

The Crystal River spent fuel pools also contain older fuel assembly types, Mark B3 and Mark B4. These assembly types are identical to the Mark B-10/B-9
assembly, with the exception of the fuel density and fuel pellet OD. For these parameters the Mark B-0/1B-9 bounds the Mark B-3 and Mark B-4 assemblies.
5Conservatively, the fuel pellet tolerance for the B-10F assembly were applied to the B-I 1 assembly.
Conservatively, a larger tolerance was used for the enrichment.
7No tolerance was specified for the guide tube inner diameter. The tolerance specified is that for the cladding thickness.
8Tolerances for instrument tube dimensions were not considered in the analysis.
9The active fuel length is conservatively modeled as 144 inches.

4
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Table 5.2
Core Operating Parameters for Depletion Analyses
Value

Parameters
Soluble Boron Concentration (cycle average), ppm

1000

Reactor Specific Power, MW/MTU

30.0

Core Average Fuel Temperature, 'F

1238

Core Average Moderator Temperature at the Top
of the Active Region, 'F

604

In-Core Assembly Pitch, Inches
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Table 5.3a
Axial Bumup Profile for Blanketed Assemblies
Axial Segment
(cm)
0 to 15.20
15.20 to 25.06
25.06 to 38.73
38.73 to 58.73
58.73 to 78.73
78.73 to 98.73
98.73 to 118.73
118.73 to 138.73
138.73 to 158.73
158.73 to 178.73
178.73 to 198.73
198.73 to 218.73
218.73 to 238.73
238.73 to 258.73
258.73 to 278.73
278.73 to 298.73
298.73 to 318.73
318.73 to 332.40
332.40 to 342.26
342.26 to 357.46

Relative Burnup
50GWD/MTU
40 GWD/MTU
0.6032
0.5519
0.8173
0.7971
0.9589
0.9489
1.0309
1.0394
1.0638
1.0806
1.0729
1.0911
1.0740
1.0921
1.0727
1.0901
1.0715
1.0876
1.0711
1.0859
1.0717
1.0846
1.0725
1.0836
1.0738
1.0824
1.0744
1.0804
1.0723
1.0741
1.0601
1.0556
1.0185
1.0024
0.9345
0.8989
0.7845
0.7472
0.5668
0.5257

Table 5.3b
Non-Blanketed Assemblies [9]
for
Axial Burnup Profile
Axial Segment (cm)
0 to 15.24
15.24 to 30.48
30.48 to 60.96
60.96 to 121.92
121.92 to 182.88
182.88 to 243.84
243.84 to 304.80
304.80 to 335.28
335.28 to 350.52
350.52 to 365.76

Project No. 1566

Relative Burnup
0.5485
0.8477
1.077
1.105
1.098
1.079
1.050
0.9604
0.7338
0.467
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Table 5.4
BPRA Data
Parameter
Max Number of BPRs per assembly
Outer Diameter of BPRA Clad (inches)
Inner Diameter of BPRA Clad (inches)
Cladding Material
Poison Material
Max Poison Material Loading

Value
16
0.430
0.360
Zirc-4
B 4 C in A1203
0.027584 gm l°B/inch (3.5 wt%

Max Pellet Density (g/cm)

3.38

Pellet Diameter (inches)"0

0.340

34C)

Table 5.5
Weight Percents of BPRA Materials (3.5 wt% B 4 C)
Material
Boron-10
Boron-11
Carbon
Aluminum
Oxygen

Wt %
0.50063
2.23809
0.76128
51.07266
45.42734
Table 5.6
APSR Data

Parameter
Max Number of APSR rodlets per assembly
Clad Outer Diameter (inches)
Clad Inner Diameter (inches)
Poison Radius (inches)
Poison Density (g/cm 3 )
Cladding Material
Poison Material

Value
16
0.440
0.386
0.375
8.3
SS-304
Inconel 600 (ASTM B 166)1

10BPRAs were modeled as having a pellet diameter equal to the cladding inner diameter, but with a slightly lower
density (3.35 g/cm3). This results in approximately the same amount of '°B if the actual pellet OD wzs modeled
with the higher density. This modeling difference will have a negligible effect on the reactivity effeci of
manufacturing tolerances and the calculation of the isotopic inventory of the spent fuel.
11Modeled as Inconel 750 in CASMO, as this material has the closest composition to Inconel 600.
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Table 5.7
Fuel Rack Specifications - Pool A Racks

Value

Parameter
Cell ID, Inches
Box Wall Thickness, Inches

8.937

1

0.060 l

-

0.048

Neutron Absorber Thickness, Inches

6.6875 J

Neutron Absorber Width, Inches
Neutron Absorber Areal Density (g-'0 B/cm 2)12

0.012 (min)

Jl

10.5

Cell Pitch, Inches

1MK

1.227

Water Gap, Inches

12 The areal density of the B-10 is further reduced by 15% to accommodate suspected degradation of the

Carborundum poison material.
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Table 5.8
Fuel Rack Specifications - Pool B Racks

Value

Parameter

8.908 M

Cell ID, Inches

0.075 M 11

Box Wall Thickness, Inches

Sheathing Thickness

1iN
0.020 [ail

Neutron Absorber Pocket Thickness

0.107

9.11

Cell Pitch, Inches

7.5

Neutron Absorber Width

•

1

0.075 ]

Neutron Absorber Thickness

0.0216

B-10 Areal Density

Project No. 1566

1
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Table 5.9
Burnup and Enrichment Specifications

Category A

Burnup rGWD/MTU]
Category B

0

6.41

-

Enrichment
2.0

Project No. 1566

Category BP

2.5
3.0
3.5
4.0
4.5

0
0
0
3.5
7.0

13.26
19.56
25.47
31.94
37.46

1.42
6.33
11.16
15.59
20.00

5.0

10.5

42.73

24.34

Report No. HI-2063579
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Table 7.1
Summary of the Criticality Safety Analyses for Pool A Checkerboard Loading of Fresh Fuel and
Spent Fuel
Design Basis Burnup at 5.0 wt% 23-U

42.73 MWD/MTU

Soluble Boron

13
14

0 ppm

Uncertainties
Bias Uncertainty (95%/95%)
Calculational Statistics (95%/95%, 2.0xo)
Fuel Eccentricity
Rack Tolerances
Fuel Tolerances
Depletion Uncertainty

± 0.0011
± 0.0012
-4-0.0000
. 0.0080
+ 0.0042
-0.0042

Statistical Combination of Uncertainties13

± 0.0101

Reference k~f (MCNP4a)

0.9302

Total Uncertainty (above)
Temperature Bias
Calculational Bias (see Appendix A)

0.0101
0.0012
0.0009

Maximum keff

0.942514

Regulatory Limiting keff

0.9500

Square root of the sum of the squares.
The largest maximum kff for the Pool A racks is 0.9427 with the spent fuel modeled at 3.5wt%

2351[

with a

bumup of 25.47 GWD/MTU.
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Table 7.2
Summary of the Criticality Safety Analyses for Pool B for Storage of Fresh Fuel Assemblies
Surrounded by Empty Storage Cells
Design Basis Bumup at 5.0 wt% 235U
Soluble Boron
Uncertainties
Bias Uncertainty (95%/95%)
Calculational Statistics (95%195%, 2.Oxa)
Fuel Eccentricity
Rack Tolerances
Fuel Tolerances
Depletion Uncertainty
Statistical Combination of Uncertainties15

0 MWD/MTU
0 ppm

± 0.0011
± 0.0012
± 0.0000
± 0.0078
± 0.0055
± 0.0136
+ 0.0167

Reference kfr (MCNP4a)

0.9253

Total Uncertainty (above)
Temperature Bias
Calculational Bias (see Appendix A)

0.0167
0.0030
0.0009

Maximum keff

0.9459"6

Regulatory Limiting keff

0.9500

Square root of the sum of the squares.
The largest maximum k~ff for the Pool B racks is 0.9469 with the spent fuel modeled at 3.5wt% 2351 with a

15

16

bumup of 25.47 GWD/MTU.
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Table 7.3
Bounding Fuel Assembly for Pool A
Catego
Burnup

Enrichment

rGWD/MTUh

A
Bounding
Assembly

Catego B
Bounding
Burnup
Assembly
[GWD/MTU]

2.0
2.5
3.0
3.5
4.0
4.5

0.0
3.5
7.0

B11
B11
Bll

6.41
13.26
19.56
25.47
31.94
37.46

5.0

10.5

B11

42.73

Project No. 1566

Fresh Fuel
Bounding
Bumup
-

BlOF

0.0

Report No. HI-2063579
Shaded Information is Proprietary

Assembly

[GWD/MTU]

BlOF
BlOF
BlOF
BlOF
BlOF
BlOF

-

B11
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Table 7.4
Bounding Assembly for Pool B
Enrichment
2.0
2.5
3.0
3.5
4.0
4.5
5.0

Project No. 1566

Catego B
Bounding
Burnup
[GWD/MTU] Assembly
BlOF
6.41
BlOF
13.26
BlOF
19.56
BlOF
25.47
BlOF
31.94
BlOF
37.46
BlOF
42.73

Fresh Fuel
Bounding
Burnup
[GWD/MTU] Assembly

Report No. HI-2063579
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-

-

0.0

B11
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Table 7.5
Reactivity Effect of Insert Type for the Mark B-10F Assembly in the Core
Enrichment 5.0 wt0 235U
Burnup
(GWD/MTU)
0.0
1.0
3.0
5.0
7.0
9.0
10.0
12.5
15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0
42.5
45.0
47.5
j
50.0

Project No. 1566

Empty
1.32299
1.2727
1.25384
1.23458
1.21535
1.19673
1.18772
1.16609
1.1457
1.12631
1.10771
1.08976
1.07229
1.05529
1.03872
1.02251
1.00664
0.99111
0.9759
0.96102
0.9465
0.93231
0.91847

Insert Type
APSR
1.27227
1.22572
1.2079
1.18949
1.1711
1.15331
1.14472
1.12415
1.10485
1.0865
1.06896
1.05206
1.03565
1.01975
1.00428
0.98921
0.9745
0.96015
0.94615
0.9325
0.91923
0.90632
0.89376

Report No. HI-2063579
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BPRA
1.15486
1.12097
1.11623
1.1107
1.105
1.09966
1.09717
1.09124
1.08539
1.07941
1.07248
1.06412
1.05417
1.04281
1.03032
1.01705
1.00332
0.98938
0.97544
0.96162
0.94804
0.93474
0.92174
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Table 7.6
Burnup Value at which APSRs and BPRAs Have Equivalent Reactivity Effect
Burnup

Enrichment
2.0
2.5
2.61/
3.0
3.5
4.0
4.5
5.0

17

Mark B-1OF
9.66
11.38
11.72
13.08
14.68
16.26
17.69
19.17

Mark B-11
9.58
11.29
11.63
12.99
14.59
16.16
17.58
19.06

Burnup values for 2.6 wt% calculated by linear interpolation between 2.5 wt% and 3.0 wt%.

Project No. 1566
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Table 7.7
Reactivity Effect of Axial Burnup Distribution

Pool
A

Enrichment
2.0

Burnup
6.41

A

5.0

42.73

B

2.0

6.41

B

5.0

42.73

Project No. 1566

Report No. HI-2063579
Shaded Information is Proprietary

Profile
flat
40

0.7801
0.7748

50

0.7770

flat
40
50
flat
40
50
flat
40

0.7805
0.7695
0.7695
0.9389
0.9355
0.9352
0.9402
0.9278

50

0.9274

kcalc
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Table 7.8
Reactivity Effect of Fuel and Rack Tolerances for Pool A Racks
5.0 wt%, 0 GWVD/MTU
5.0 wt%, 42.5 GWD/MTU
Tolerance
Mark B-1 OF

Mark B-11

Fuel Tolerance
Fuel Density
Fuel Enrichment
Fuel Rod Pitch
Fuel Rod Clad OD
Fuel Rod Clad ID
Fuel Pellet OD
Guide Tube OD
Guide Tube ID
Statistical Combination

Ak
0.0018
0.0023
0.0026
0.0012
0.0000
0.0005
0.0002
0.0002
0.0041

Ak
0.001:5
0.0017
0.0029
0.002')
0.000')
0.0004
0.0002
0.0004
0.0042

Rack Tolerance
Cell ID, Constant Water Gap
Water Gap, Constant Cell Pitch
Box Wall Thickness
Neutron Absorber Thickness
Neutron Absorber Width
Statistical Combination

Ak
0.0000
0.0052
0.0015
0.0029
0.0019
0.0064

Ak
0.000')
0.0066
0.0021
0.003.5
0.002:3
0.0080)

Project No. 1566
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Table 7.9
Reactivity Effect of Temperature Variation in Pool A Racks
Temperature (IF)

39.2 (4 °C)
68 (20 °C)
80.33 (300K)
150 (max normal temp)
254 (120 °C)
254 + 10% Void

Project No. 1566

5.0 wt%, 42.5 GWD/iMTU
Mark B-10F
Ak
Reference
-0.0004
-0.0007
-0.0038
-0.0109
-0.0284

Report No. HI-2063579
Shaded Information is Proprietary

5.0 wt%, 0 GWD/MTU
Mark B-11
Ak
Reference
-0.0007
-0.0012
-0.0056
-0.0155
-0.034.5
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Table 7.10
Reactivity Effect of Fuel and Rack Tolerances for Pool B Racks
5.0 wt%, 0 GWD/MTU
5.0 wt%, 42.5 GWD/MTU
Tolerance
Mark B-11
Mark B-10F
Ak
Ak
Fuel Tolerance
0.0011
0.0015
Fuel Density
0.0021
0.0027
Fuel Enrichment
0.0047
0.0041
Fuel Rod Pitch
0.0015
0.0007
Fuel Rod Clad OD
0.0003
0.0002
Fuel Rod Clad ID
0.0003
0.0004
Fuel Pellet OD
0.0002
0.0001
Guide Tube OD
0.0002
0.0001
Guide Tube ID
0.0055
0.0052
Statistical Combination
Rack Tolerance
Cell ID, Pitch
Box Wall Thickness
Sheathing Thickness
Neutron Absorber Gap
Neutron Absorber Width
Neutron Absorber Thickness
10B Loading
Statistical Combination

Project No. 1566

Ak
0.0027
0.0000
0.0001
0.0002
0.0011
0.0042
0.0031
0.0060

Report No. HI-2063579
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Ak
0.0039
0.0001
0.0001
0.0003
0.001.4
0.005.3
0.004D
0.007,8
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Table 7.11
Reactivity Effect of Temperature Variation in Pool B Racks
Temperature (°F)

39.2 (4 °C)
68 (20 -C)
80.33 (300K)
150 (max normal temp)
254 (120 °C)
254 + 10% Void

Project No. 1566

5.0 wt%, 42.5 GWD/MTU
Mark B-10F
Ak
Reference
-0.0014
-0.0021
-0.0076
-0.0185
-0.0398

Report No. HI-2063579
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5.0 wt%, 0 GWD/MTU
Mark B-11
Ak
Reference
-0.0020
-0.0030
-0.0100
-0.0239
-0.0452
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Table 7.12
Pool A Accident Conditions
Abnormal/Accident Condition
Abnormal Temperature
Dropped Assembly - Horizontal
Dropped Assembly - Vertical
Misloaded Assembly
Mislocated Assembly
Minimum Requirement

Project No. 1566

Soluble Boron Requirement
Negative
Negligible
Negligible
165 ppm
Negligible
165 ppm

Report No. HI-2063579
Shaded Information is Proprietary
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Table 7.13
Pool B Accident Conditions

Project No. 1566

Abnormal/Accident Condition
Abnormal Temperature
Dropped Assembly - Horizontal

Soluble Boron Requirement
Negative
Negligible

Dropped Assembly - Vertical

Negligible

Misloaded Assembly
Mislocated Assembly
Minimum Requirement

46 ppm
Misloading Bounding
46 ppm

Report No. HI-2063579
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Table 7.14
Interface Calculations for Pool A
Interface Calculation
Racks with Category A fuel adjacent to racks containing
a checkerboard of fresh and Category B spent fuel with a

Category A
Enrichment/Burnup

Category B
Enrichmcnt/Burnup

Reactivity
(kc,,f)

3.5/0.0

2.0/6.41

0.9498

4.0/3.5
4.5/7.0
5.0/10.5
3.5/0.0
4.0/3.5
4.5/7.0
5.0/10.5

2.0/6.41
2.0/6.41
2.0/6.41
5.0/42.73
5.0/42.73
5.0/42.73
5.0/42.73

0.9458
0.9468
0.9461
0.9487
0.9442
0.9455
0.9448

NA
NA
NA
NA
NA
NA

2.5/13.26
3.0/19.56
3.5/25.47
4.0/31.94
4.5/37.46
5.0/42.73

0.9467
0.9469
0.9463
0.9468
0.9476
0.9474

row of Category B spent fuel separating the two patterns.

Adjacent Pool A racks both containing a checkerboard
pattern of Category B spent fuel and fresh fuel assemblies

Project No. 1566
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Figure 1.1: Proposed Pool A Layout Configuration
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Figure 1.2:

Proposed Pool B Layout Configuration
East Wall
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Leaend (Figures 1.1 and 1.2):18
Category A: Fuel of any type with initial maximum enrichment, up to 5 wt% (nominal 4.95) with
burnup greater than, Minimum Burnup = 7*Enrichment - 24.5
Category F: Fresh fuel of any type with initial maximum enrichment, up to 5 wt% (nominal 4.95).
Category BP: Fuel of any type with initial maximum enrichment, up to 5 wt% (nominal 4.95) with
burnup greater than, Minimum Burnup = (-0.326)*Enrichment 2 + 11.572*Enrichment -25.469.
Category B: Fuel of any type with initial maximum enrichment, up to 5 wt% (nominal 4.95) with
burnup greater than, Minimum Burnup = (-0.5086)*Enrichment2 + 15.684*Enrichment -22.895.
E: Empty cell location.

18The polynomial equations for Category B and Category BP fuel in this legend are trend fits of the data in
Table
5.9. The burnup and enrichment values in Table 5.9 are the Technical Specification bumup versus enrichment
values used for verification that fuel may be loaded into a specific rack location.
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Figure 5.1:

Project No. 1566

A Two-Dimensional Representation of the Actual Calculational Model Used for the
Pool A Rack Analysis for Checkerboard Loading of Fresh Fuel and Spent Fuel. This
Figure was Drawn (To Scale) with the Two-Dimensional Plotter in MCNP4a.
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Figure 5.2:

Project No. 1566

Sketch of Pool A Racks, Detailing Important Dimensions (NOT TO SCALE, all
dimensions in inches)
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Figure 5.3:

Project No. 1566

A Two-Dimensional Representation of the Actual Calculational Model Used for the
Pool B Rack Analysis for Loading of Fresh Fuel Surrounded by Empty Storage Cell
Locations. This Figure was drawn (To Scale) with the Two-Dimensional Plotter in
MCNP4a.
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Figure 5.4:

Sketch of Pool B Racks, Detailing Important Dimensions and Tolerances. (NOT TO
SCALE, all dimensions in inches)
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Appendix A
Benchmark Calculations
(total number of pages: 26 including this page)
Note: because this appendix was taken from a different report, the next page is labeled
"Appendix 4A, Page 1".
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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 KEN05a [4A.2]
uses group-dependent cross sections. For the KENO5a analyses reported here, the 238group library was chosen, processed through the NITAWL-II [4A.2] program to create a
working librai-y and to account for resonance self-shielding in uranium-238 (N'ordheim
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 10B 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 calculations for all cases selected and
analyzed, as referenced in the table. The effect of the major variables are discussed in
subsequent gections 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. KENO5a computes and prints the "energy of the average
lethargy causing fission" (EALF). In MCNP4a, by utilizing the tally option with the
identical 238-group energy structure as in KENO5a, the number of fissions in. each group
may be collected and the EALF determined (post-processing).

t

Small but observable trends (errors) have been reported 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 klf for the benchmark critical experiments as a
function of the EALF for MCNP4a and KENO5a, respectively (UO2 fuel only). The
scatter in the data (even for comparatively minor variation in critical parameters)
represents experimental errort 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 wouild 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
lcn of exactly 1.000) for the two methods of analysis are shown in the table below.
Caleulational Bias of MCNP4a and KENO5a
MCNP4a

0.0009 +0.0011

KENO5a

0.0030±0.0012

The bias and standard error of the bias were derived directly from the calculated klf values
in Table 4A. 1 using the following equationsPt, 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).
-= 1 •

(4A.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.
tt

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
KENO5a.
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nX

2
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.

k1)-

(4A.2)

K O

(4A.3)

n (n-1)

Bias = (1- k)

where k, are the calculated reactivities of n critical experiments; 0, 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 M4A. 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, ( I- R ), is the actual bias which is added to the MCNP4a and KENCSa results.
The second term, Koa, is the uncertainty or standard error associated with the bias. The K
values 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 KENO5a are 2.04 and 2.05, respectively.
The bias values are used to evaluate the maximum klf values for the rack designs.
KENO5a 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
to 5.74 w/o and therefore span the enrichment range for rack designs. Figures 4A.3 and
4A.4 show the calculated lyf 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 KENO5a). 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 enrichments.
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 450 slope of the curve. Since it is very unlikely that two
independent methods of analysis would be subject to the same error, this comp•rison is
considered confirmation of the absence of an enrichment effect (trend) in the bias.
4A.3

Effect of I 0B 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 "Cable 4A. 1)
and shows the reactivity worth (Ak) of the absorber.t
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 KENO5a (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 incremental (Ak) change in
reactivity due to the absorber.
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4A.4

Miscellaneous and Minor Parameters

4A.4.1

Reflector Material and Spacings

PNL has performed a number of critical experiments with thick steel and lead :reflectors.t
Analysis of these critical experiments are listed in Table 4A.5 (subset of data ia Table
4A. 1). There appears to be a small tendency toward overprediction of krr 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.4.2

Fuel Pellet Diameter and Lattice Pitch

The critical experiments selected for analysis cover a range of fuel pellet diameters from
0.3 11 to 0.444 inches, and lattice spacings from 0.476 to 1.00 inches. In the rack designs,
the fuel pellet diameters range from 0.303 to 0.3805 inches O.D. (0.496 to 0.580 inch
lattice spacing) for PWR fuel and from 0.3224 to 0.494 inches O.D. (0.488 to 0.740 inch
lattice spacing) for BWR fuel. Thus, the critical experiments analyzed provide a 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

Soluble Boron Concentration Effects

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 KENO5a) 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 turn, 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

MQX-Fel~

The number of critical experiments with PuO2 bearing fuel (MOX) is more limited than for
U0 2 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 lkf of
1.00, indicating that when Pu is present, both MCNP4a and KENO5a 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 KENQ5a calculated reactivities are below 1.00, suggesting that a small trend may exist
with KENO5a. It is also possible that the overprediction in ktf for both codes rnay 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 Klf 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_
Identification

Reference

_

_

EALF t (eV)

Enrich.

MCNP4a

KENO~a

MCNP4a

KENO~a

I

B&W-1484 (4A.7)

Core I

2.46

0.9964 ± 0.0010

0.9898± 0.0006

0.1759

0.1753

2

B&W-1484 (4A.7)

Core II

2.46

1.0008 ± 0.0011

1.0015 ± 0.0005

0.2553

0.2446

3

B&W-1484 (4A.7)

Core IM

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 ± 0.0006

0.1422

0.1426

5

B&W-1484 (4A.7)

Core X

2.46

0.9980 ± 0.0014

0.9922 ± 0.0006

0.1513

0.1499

6

B&W-1484 (4A.7)

Core XI

2.46

0.9978 ± 0.0012

1.0005 - 0.0005

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 XMI

2.46

1.0020 ± 0.0010

0.9952 ± 0.0006

0.1988

0.1965

9

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 1t

2.46

0.9910"± 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 XVII

2.46

0.9962 ± 0.0012

0.9942 ± 0.0005

0.2083

0.2021

[

3B&W'-I484 (4A.7)

Core XVIi.,-

~

~

00366

1.003 ±,.--.,

n nn",'

I.....±0..00.

".1705

ina
7o•n17l•
n.
f~fR

......
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Table 4A.1
Summary of Criticality Benchmark Calculations
Calculated ki.f
Identification

Reference

1EALF ' (en)

Enrich.

MCNP4a

KENOSa

MCNP4a

KENO5a

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 XXI

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

0.9970 ± 0.0010

0.9924 - 0.0006

1.4475

1.4680

18

B&W-1645 (4A.8)

S-type Fuel, w/746 ppm B

2.46

0.9990 ± 0.0010

0.9913 ± 0.0006

1.5463

1.5660

19

B&W-1645 (4A.8)

SO-type Fuel, w11156 ppm B

2.46

0.9972,

0.0009

0.9949 - 0.0005

0.4241

0.4331

20

B&W-1810 (4A.9)

Case 1 1337 ppm B

2.46

1.0023 - 0.0010

NC

0.1531

NC

21

B&W-1810 (4A.9)

Case 12 1899 ppm B

2.46/4.02

1.0060 ± 0.0009

NC

0.4493

NC

22

French (4A.10)

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

4.7S

0.9979 ± 0.0010

NC

0.1736

NC

Steel Reflector, 0 separation

2.35

NC

1...04 n.0006

NC

0.1018

26 1 PNL-3602 (4A.11)

"-
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Table 4A.1
Summary of Criticality Benchmark Calculations
Calculated

Reference

Identification

k,-_

EALF i (eV)

Enrich.

MCNP4a

KENO5a

MCNP4a

KENO5a

27

PNL-3602 (4A.11)

Steel Reflector, 1.321 cm sepn.

2.35

0.9980 ± 0.0009

0.9992 ± 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 ± 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.

2.35

0.9962 ± 0.0008

0.9939 ± 0.0006

0.0973

0.0968

31

PNL-3602 (4A.11)

Steel Reflector, 0 cm sepn.

4.306

NC

1.0003 ± 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)

Steel 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. It

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

Pnr _.92, (AAA1.
. . . ..
.

Refl,.pn, 1 q5g cm spnn.
•
Lead
...... ...... ...
*'
.............

4.306

1.0000

0.2883
p e diA

0.2930

IL1..". .I
39

± 0.0012

0.9985

± 0.0007
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Table 4A.1
Summary of Criticality Benchmark Calculations
RA~

Calculatcd k
Reference

Identification

(eV)

Enrich.

MCNP4a

KENOSa

MCNP4a

KENO5a

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

0.982 ± 0.0010

0.981 ± 0.0007

0.1172

0.1162

46

PNI2615 (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 (4A.13)

Exp. 031 - Boral plates

4.306

0.9994 ± 0.0012

0.9969 ± 0.0007

0.1165

0.1171

48

PNL-7167 (4A.14)

Experiment 214R - with flux trap

4.306

0.9991 ± 0.0011

0.9956 ± 0.0007

0.3722

0.3812

49

PNL-7167 (4A.14)

Experiment 214V3 - with flux trap

4.306

0.9969 ± 0.0011

0.9963 ± 0.0007

0.3742

0.3826

50

PNL-4267 (4A.15)

Case 173 - 0 ppm B

4.306

0.9974 ± 0.0012

NC

0.2893

NC

51

PNI,4267 (4A.15)

Case 177 - 2550 ppm B

4.306

1.0057 ± 0.0010

NC

0.5509

5z

PN1-5803 (4A.4)

MOX Fuel - Typt 3.2

2,,

,1..,,..0,,

I~

~

EAP...

AlI

M11_ ....

A

..

006

01971

NC
II0.8868
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Table 4A.1
Summary of Criticality Benchmark Calculations
EALFt (eV)

Calculated k,.

Identification

Reference

Enrich.

MCNP4a

KENOSa

MCNP4a

KENO5a

53

PNL-5803 (4A.16)

MOX Fuel - Type 3.2 Exp. 43

20% Pu

1.0058 ± 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 ± 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 52 PuO2 0.52" pitch

6.6% Pu

0.9996 ± 0.0011

1.0005 ± 0.0006

0.8665

0.8417

57

WCAP-3385 (4A.17)

Saxton Case 52 U 0.52" pitch

5.74

1.0000 ± 0.0010

0.9956 ± 0.0007

0.4476

0.4580

58

WCAP-3385 (4A.17)

Saxton Case 56 PuO2 0.56" pitch

6.6% Pu

1.0036 ± 0.0011

1.0047 ± 0.0006

0.5289

0.5197

59

WCAP-3385 (4A.17)

Saxton Case 56 borated PuO2

6.6% Pu

1.0008 ± 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 PuO2 0.79" pitch

6.6% Pu

1.0063 ± 0.0011

1.0133 ± 0.0006

0.1520

0.1555

62

WCAP-3385 (4A.17)

Saxton Case 79 U 0.79" pitch

5.74

1.0039 ± 0.0011

1.0008 ± 0.0006

0.1036

0.1047

Notes: NC stands for not calculated.

t

EALF is the energy of the average lethargy causing fission.

tt These experimental results appear to be statistical outliers (> 3a) suggesting the possibility of unusually large experimental
error. Although they could justifiably be excluded, for conservatism, they were retained in determining the cazculatiuonl

basis.
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Table 4A.2
COMPARISON OF MCNP4a AND KENOSa CALCULATED REACTIVITIESt
FOR VARIOUS ENRICHMENTS
Calculated ker ± lo
Enrichment

MCNP4a

KENI5a

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 8xSR fuel assembly.
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Table 4A.3
MCNP4a CALCULATED REACTIVITIES FOR
CRITICAL EXPERIMENTS WITH NEUTRON ABSORBERS

Ref.

Experiment

Ak
Worth of
Absorber

MCNP4a
Calculated
kff

EALF'
(eV)

4A.13

PNL-2615

Boral Sheet

0.0139

0.9994±0.0012

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

Expt 214R flux trap

0.1931

0.9991±0.0011

0.3722

tEALF is the energy of the average lethargy causing fission.
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Table 4A.4
COMPARISON OF MCNP4a AND KENO5a
CALCULATED REACTIVITIESt FOR VARIOUS 1' B LOADINGS
Calculated k.r ± lo

1013, g/em2

MCNP4a

KENO5a

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

0.04

0.9173 ± 0.0011

0.9179 ±:0.0004

0.0004
0

Based on a 4.5% enriched GE 8x8R fuel assembly.
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Table 4A.5
CALCULATIONS FOR CRITICAL EXPERIMENTS WITH
THICK LEAD AND STEEL REFLECTORSt

Ref.

Case

E, wt%

Separation,
cm

4A. 11

Steel
Reflector

2.35

1.321

0.9980±0.0009

0.9992±0.0006

2.35

2.616

0.9968±0.0009

0.9964±0.0006

2.35

3.912

0.9974±0.0010

0.9980±0.0006

2.35

-c

0.9962±0.0008

0.9939±0.0006

4.306

1.321

0.9997±0.0010

1.0012±0.0007

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

cc

0.9910±0.0020

0.9947±0.0007

4.306

0.55

1.0025±0.0011

0.9997±0.0007

4.306

1.956

1.0000±0.0012

0.9985±0.0007

4.306

5.405

0.9971±0.0012

0.S946±0.0007

Steel
Reflector

4A. 11

Lead
Reflector

4A. 12

t

MCNP4a lqn

KENOSa kq

Arranged in order of increasing reflector-fuel spacing.
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Table 4A.6
CALCULATIONS FOR CRITICAL EXPERIMENTS WITH VARIOUS SOLUBLE
BORON CONCENTRATIONS

Calculated kI

Reference

Experiment

Boron
Concentration,
ppm

4A.15

PNL-4267

0

4A.8

B&W-1645

886

0.9970

4A.9

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 ± 0.0010

MCNP4a
0.9974 4 0.0012
- 0.0010

KENO5a

0.9924 - 0.0006
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Table 4A.7
CALCULATIONS FOR CRITICAL EXPERIMENTS WITH MOX FUEL
MCNP4a

Reference
PNL-5803
[4A. 16]

WCAP3385-54
[4A. 17]

KENOSa

kIr

EALF"

kdr

EALF"

MOX Fuel - Exp. No. 21

1.0041±0.0011

0.9171

1.0046±0.0006

0.8868

MOX Fuel - Exp. No. 43

1.0058±0.0012

0.2968

1.0036±0.0006

0.2944

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

Saxton @ 0.52" pitch

0.9996±0.0011

0.8665

1.0005±0.0006

0.8417

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

0.6389

NC

Saxton @ 0.79" pitch

1.0063±0.0011

0.1520

1.0133±0.0006

Caset

NC

0.1555

Note: NC stands for not calculated

t

Arranged in order of increasing lattice spacing.

tt

EALF is the energy of the average lethargy causing fission.
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