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INTRODUCTION AND BACKGROUND

In early 1977, the Federal Government announced the indefinite suspension
of the reprocessing of spent nuclear fuei to recover the unused fissile
material. In 1977, the government also announced plans to acquire
facilities for receipt and storage of spent fuel assemblies from light
water reactors, but such plans have neither been implemented nor
authorized. Therefore, utilities with operating reactors have had to
make other provisions for storing spent fuel discharged from such
reactors.

Even prior to these federal actions in 1977, it became obvious that there
would not be adequate reprocessing capacity available on a schedule
sufficient to handie al! the spent fuel then being discharged from
operating reactors. This shortfail in capacity was the result of one
nearly complete reprocessing facility being declared commercially
impractical and two other facilities being indefinitely delayed due to
changes in federal ragulations and other licensing difficulties.

In 1975, OPPD responded to this apparent shortfall in available
reprocessing capacity with a decision to replace the original fuel
storage racks in the spent fuel pool. 1In 1976, the original spent fuel
racks were replaced with higher density storage racks which would provide
adequate storage space on-site in the spent fuel pool for all fuel to be
discharged through 1985. Since this decision had to be made well in
advance of the repocessing deferral announced in 1977, providing racks
with storage capacity to handle fuel until 1985 appeared to be a prudent
decision which was generally consistent with industry practice at that

time.

However, the subsequent failure of the Federal government to assume res-
ponsibility for spent fuel storage in lieu of redrocessing has made it
necessary for OPPD to once again consider other available means for
providing storage for <pent fuel to be discharged from Fort Calhoun
beyond 1985.

4 Rev. 1 Data 01/21/83



OPPD conducted a detailed evaluation of the alternatives available f.r
disposition of spent fuel to be discharged rom Fort Calhoun as summarized in
Section 2.0 of this document. Based on that evaluation, it was concluded that
reracking the Fort Calhoun spent fuel pool ajain with higher density

storage racks which take credit for fuel burn-up, could provide a maximum
capacity to accommodate all spent fuel assemblies to be discharged through
1994. Further, it was also established that such racks could be designed to
accommodate storage canisters which could be filled with fuel rods which have
been disassembled and tightly packed in the canister. This procedure allows
the equivalent of two fuel assemblies to be stored in a single storage rack
position and can thereby provide sufficient storage capacity to accommodate all
the spent fuel likely to be discharged from Fort Calhoun during its useful
operating lifetime. Further, as described in Section 10.0 of this document,
these evaluations have shown that reracking the spent fuel pool is also by far
the lTeast expensive alternative for accommodating the spent fuel discharged
from Fort Calhoun. Therefore, OPPD chose to proceed with the design,
licensing, procurement and installation of replacement spent fuel racks because
it was the only viable alternative available.

5 Rev. 1 Date 01/21/83



ALTERNATIVES FOR DISPOSTION OF SPENT FUEL TO
FORT CALHOUN

The alternatives for spent fuel disposition considered by OPPD are shown

in Figure 2.0-1, which also summarizes the criteria used for the

evaluation of these alternatives. In view of the history of recurrent
ent fuel disposition problems, a solution was sought which would

11 the spent fuel likely to be discharged from Fort Calhoun
the expiration of its operating license in 2008. Table 2.0-1
ides a tentative schedule of fuel discharges from Fort Calhoun that
sed as the basis in this evaluation.
ne alternctives considered was the potential for rediuction of
spent fuel storage requirements by reducing the number ot fuel assemblies
discharged. While fuel cycle optimizaticn might allow some rediction in

3

nulative yearly discharges, such potential reductions are not of

sufficient magnitude to significantly affect the solution to the spent
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tion problem for Fort Calhoun.

both domestic and foreign, were considered in the

+

t uncertainties surrounding the reprocessing

presen

being a viable solution.

was given to the option involving stand alone

1

storage facil (
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ities

Currently, the only

[SFSF would be OPPD to construct a ISFSF

However, 1s option was found to be one of

and also involved significant

v
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wentation. Therefore, use of
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ernative,




Severa: on site storage options which do not involve modifications to the
present spent fuel pool or racks were carefully considered during the
evaluation. One or more of these options appear to offer a storage
alternative which may be less costly and could involve fewer licensing
risks than utilization of an ISFSF. In addition, there appear to be no
serious technical problems associated with implementation of most of
these concepts. However, these storage concepts have yet to be
demonstrated or licensed for use at any nuclear power plant in the United
States. In addition, these storage concepts are significantly more
costly than alternatives involving the use of existing on-site
facilities.

In consideration of the alternatives involving the use of existing
on-site facilities, it was determined that replacing the presently
installed stainless steel racks with efficient high density racks, which
utilize two region storage, would be the best alternative. Region 1
utilizes poison material, and Region 2 takes credit for fuel burnup.
This could extend the date for loss of full core discharge capability
from 1985 to 1994. It was also determined that by implementing
disassembly and compact storage (DCS), and taking credit for depleted
fuel of individual fuel rods in canisters, the new high density racks
could easily accommodate all the fuel likely to be discharged from Fort
Calhoun through the year 2008. In addition, reracking with high density
racks utilizing a poison material in Region 1 was determined to be among
the least costly alternatives and to involve the lowest licensing risks.
This region is reserved for fuii core discharge, (FCD) and damaged fuel.
Region 2 takes credit for fuel burn-up, and contains no poison material.
Damaged fuel may also be <tored in this region if the fuel burnup meets
the criteria listed in Section 4.0. Although DCS has not yet been
approved for use in a commercial nuclear power plant, it was determined
that there are no known technical problems barring implementation of this
srice saving concept.
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However, the timing for demonstration, approval, and implementation of
actual DCS operations involves significant uncertainty, and the on-site
alternatives which require early implementation of DCS thereby share this
uncertainty.

Such alternatives would have utilized DCS in combination with the
presently installed racks (to the extent consistent with structural and
seismic considerations) or with a new and more efficient non-poison rack
design. While the alternatives which rely on early implementation of DCS
are among the least costly, the inherent schedule uncertainty associated
with this c.ternative is undesirable.

Therefore, the favored alternative resulting from our evaluation is the
replacement of the current racks with higher density racks whick utilize
a neutron poison material in Region 1 and no neutron poison material in
Region 2. These new racks would expand the fuel pool storage capacity to
729 whole fuel assemblies, as compared to the current capacity of 483
assemblies. Region 1 contains 198 cells, and Region 2 contains 531 cells.
[f it becomes necessary to implement DCS operations in 1994, the ultimate
storage capacity of the racks with DCS will be approximately 1325 fuel
assemblies, which is in excess of the current estimate for total storage
requirements for Fort Calhoun.

8 Rev. 1 Date 01/21/83




TABLE 2.0-1

Fort Calhoun Unit No. 1

Spent Fuel Discharge Schedule

Refueling Outage
Cycle Start End
5 01/80 - 06/80
6 09/81 - 11/81
7 12/82 - 03/83
8 03/24 - 05/84
9 09/85 - 11/85
10 03/87 - 05/87
11 09/88 - 11/88
12 03/90 - 05/90
13 09/91 - 11/91
14 02/93 - 05/93
15 09/94 - 11/94
16 09/96 - 05/96
17 09/97 - 11/97
18 03/99 - 05/99
19 09/2000 - 11/2000
20 03/2002 - 05/2002
21 09/2003 - 12/2003
22 03/2005 - 05/2005
23 09/2006 - 11/2006
24 03/2008 - 05/2008
25 09/2009 - 11/2009
26 03/2011 - 05/2011
27 09/2012 - 11/2012

(No. of Assemblies)

Number of
Assemblies

Discharged

40
40
28
a4
45
a4
44
45
a4
44
45
a4
a4
45
a4
44
45
44
a4
45
44
a4
a5

Cumulative Number
0f Assemblies
Discharged

197
237
265
309
354
398
442
487
531
575
620
664
708
753
797
841
886
930
974
1019
1063
1107
1152
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3.0

GENERAL DESCRIPTION OF THE NEW SPENT FUEL STORAGE RACKS

The new spent fuel storage racks will be made up of two regions. Region
1 will comprise fuel racks containing BoraflexR, These racks will
contain 198 fuel cells to be used for a Full Core Discharge, and for
failed or damaged fuel. This Region will also be used for temporary
storage of freshly discharged fuel. Region 2 racks with 531 fuel cells
will not contain any poison material, and as such credit is taken for
depleted fuel to be stored in this region. Region 2 can also store
damaged fuel as long as the fuel depletion is such that it meets the
criteria of Section 4.0. Administrative controls and procedures will be
established to limit storage of freshly discharged fuel in Region 1 only.
Also during refueling operation mechanical interlocks will be provided to
Timit travel of the spent fuel pool fuel handling machine (FH-12) to
Region 1 only. This will help to prevent any error which might result in
the movement of a fuel assembly with less than the required burnup to
Region 2. A more detailed discussion of this storage concept is
described in the Criticality Analysis Section 4.0. Proposed
administrative controls are discusssed in Sub-Section 3.7.

The proposed rack modules will be free standing and thus free to slige or
rock on the floor during a seismic event. The sliding and rocking
analyses are discussed in Section 7.0.

Free standing racks offer the following advantages:

1) Uplift loads are eliminated on any pool floor embedments,

2) Horizontal forces are reduced relative to a vertically restrained
rack,

11 Rev. 1 Date 01/21/83




3.1

3) All modules are designed to be independently self-supporting, and
4) Individual modules can be easily removed and installed.

MODULE CONSTRUCTION

Except for dimensions these racks are structured and fabricated similar
to the Alabamba Power Company, Farley's racks, which were licensed by the
NRC. The rack module is composed of poison canisters, a bottom grid, and
rack support feet, ( Ref. PaR dwg P-33929-D). Except for the neutron
absorber and the threaded feet all rack materials are fabricated from 300
series stainless steel.

Poison canisters are die formed and welded together at the top to

form tne top grid. These canisters also provide lead-in surfaces for the
fuel.

The poison canisters are also die formed and welded to the bottom grid.
The fuel support surfaces and fuel rack support feet are integral to the

pottom grid. The feet can be adjusted to facilitate leveling at
installation.

The neutron absorber (Borafleiﬁb used in Region 1 is encased with a
stainless steel wrapper and is firmly held against the inner canister, as
shown on PaR drawing No. P-33929-D. This outer wrapper is composed of
two 'L' shaped sheets, of .024" ¢+ .002" stainless steel. These 'L’
sheacts are firmly pressed against the neutron absorber and inner canister

and are then spot welded aiong the canister length it diagonally opposite
corners.

12 Rev., 1 Date 01/21/83




The 'L' sheets have folded edyes (double thickness) where they are to be
joined to each other, to dissipate weld heat. The 'L' sheets are also
formed at right angles to the canister length to prevent vertical
movement of the neutron absorber. Pool water is free to come in contact
with the neutron absorbers. The outer stainless steel sheets are to
maintain the neutron absorber in position and not used as structural
elements.

In this arrangement, a water space is provided between the Boraflef®
sheets to produce a flux trap effect necessary to meet criticality
control requirements. The close spacing of adjacent fuel assemblies in
this design is made possible by minimizing the stainless steel and water
which separates the edge of the fuel assemblies from the Borafleﬂ@
sheets.

This efficient design allows a minimum pitch between adjacent stored fuel
assemblies of 9.90", with adjacent storage boxes spaced apart by 1.23"
minimum. The storage box wall is .09" + .004" thick. The Boraflef®
sheets are .085" + .010" thick with a minimum loading of .020 gm B10/cm2.
Each storage cell is 161" long to accommodate the fuel assemblies which
are 148.83".

The nominal and minimum interior square width dimension of the fuel can
will be 8.46 inches and 8.43 inches, respectively. The minimum can
opening will be checked by a full length gage with an 8.315" square cross
section,

After assembly, each poison canister will be checked to assure its
capability to accept a full length dummy fuel bundle (8.22" square cross
section) vertically within +/-.125". This procedure will account for the
combined cross sectional tolerance, straightness, twist, and opening
squareness.

13 Rev. 1 Date 01/21/83




Each sterage box will have a welded-in bottom cruciform. This botton
cruciform provides the vertical support for the fuel assembly, and the
open bottom permits cooling water to flow freely up through the fuel
assembly.

Estimated Total
Module Size Capacity Quartity Module Weight (1bs) Cavities
8x9 72 1 15,800 72
7x9 63 7 13,825 44]
6x9 54 4 11,350 216
Total 729

3.2 STRUCTURAL MATLRIALS

The following tatle lists the materials to be used in the rack
modules.

A1l stainless steel property values ar2 per the ASME Pressure Vessel
Code, Section III, and Subsection NF, Appendix I. All material,
fabrication and welding and inspectiun of the racks will be done in
accordance with ASME Section Il Subsz:Cion NF,

DESCRIPTION ALLOY MAT'L SPEC. FY, MIN. (KSI)
Grid Members 304SS ASTM A-240 30

[Inner Canister 304SS ASTM A-666 Gride B* 45

Outer Canister 3045S ASTM A-250 30
Wrapper

14 Rev. 1 Date 01/21/83




DESCRIPTION ALLOY MAT'L SPEC. FY, MIN. (KSI)

Threaded Foot 17-4 PH ASTM A-564 115
H-1100
Foot Metal 304L ASTM A-240 or A-276 30 **
Weld Filler 308L
Metal

*The ASTM A-666 material that is used is equivalently qualified to the
ASME Code, Subsectior NF (SA-240 material) with the exception of the
higher yield stress (Grade B) which is documented by certified material
test reports.

**The 304L Stainless Steel that will be ordered will have a minimum yield
of 30 KSI.

The allowable stresses in the heat affected zones of the weld and base
material, utilizing ASTM A-666 in storage rack construction, are higher
than the allowables of ASME SA-240 steel. Neither the ASME or ASTM Code
requires an assured reduction in yield strength in heat affected zones of
the weld and base material. Tests have been performed by an independent
testing laboratory on samples of welded A-666, Grade B material. These
tests indicate an average yield stress 17.9 percent higher than the
minimum yield stress specified by ASTM for unwelded A-666 Grade B
material and 76.9 percent higher than the minimum yield stress specified
for SA-240 material. Further, A-666 material is currently in use in a
comparable spent fuel rack design (Alabama Power Company,

J. M. Farley Plant). This design was licensed by the NRC and has design
stresses in the heat affected zones based upon the ASTM Code allowable
stresses for the A-666 material. The design stresses for the proposed
Fort Calhoun racks will be comparable to those currently licensed.

15 Rev. 1 Date 01/21/83




In this particular design the stress corrosion cracking problem is not a
concern due to several factors. Stress corrosion cracking may occur
where extensive intergranular precipitation is found in combination with
tensile stresses. While some residual stresses cannot be avoided in this
design, the amount of heat input from welding is small and the rate of
cooling rapid. Low heat input, a maximum interpass temperature of 350°F
for &'l welds, and rapid cooling due to the configuration minimizes the
intergranular precipitation. Intergranuiar precipitation occurs when a
high temperature is held for a long period of time: i.e., for 2 hours,
which will not be the case.

In addition to the above factors all welds will be made with 308L filler
metal and the heaviest weldment (the foot corner) will have a2 .03 percent
maximum carbon content. These factors also greatly reduce the level of
susceptibililty to stress corrosion.

The racks will be fabricated and welded in accordance with ASME Section
II1, Subsection NF.

Spent fuel storage modules have been manufactured previously of welded
Type 304 stainless steel for nuclear applications with no indication of
stress corrosion cracking problems.

Rack verticality is achieved by remotely adjusting the pedestals. The
pedestals are designed with leveling screws (refer to P-33929-D) that can
be remotely adjusted with a long handled tool. The racks will have to be
lifted approximately 1/4" by the auxiliary building crane to take the
load off the pedestals. Each pedestal will be adjusted to achieve
verticality. Use of the long handled tools will reduce exposure to
personnel installing the racks. (refer to P-33931-D for tocl)

16 Rev. 1 Date 01/21/83
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3.3

Each rack pedestal bottom plate rests on a bearing plate which is sized
to keep the floor loadings below 500 psi. This provides the mechanism
for transmitting rack horizontal loads through the pedestal to the shim
plate to the floor.

The leveling screw design will meet all the necessary criteria and
requirements and will provide a safe method for installing the new fuel

racks.

POISON MATERIAL EVALUATION

Borafles® has been selected as the poison material for the racks based on
the results of an extensive test program extending over the past several
years. This material is a silicone rubber, borcn carbide solid which is
extremely stable in the spent fuel pool environment of hot borated water
and fonizing radiation. A number of tests have been performed by the
vendor to verify the suitability of this material for spent fuel racks
and additional test programs are continuing.

Evaluation of the effects of gamma irradiation on Boraflefﬁ)in various
environments has been conducted and is continuing at the University of
Michigan. The reference listed below presents data which demonstrates
that the exposure of Borafled® in air to 2.81 x 108 rads gamma from a
spent fuel scurce results in no significant physical changes and does
not generate any harmful gases. DNata is also presented showing that
irradiation of 1.03 x 1011 rads gamma, with a substantial concurrent

air neutron flux, deionized water, and borated water environments causes
some increase in hardness and change of tensile strength of Boraflef®,
During this irradiation a certain amount of gas is generated, but beyond
approximately 1 x 1010 rads gamma, the rate of gas generation does not
exceed the rate observed when a sample container filled with only
borated or deionized water is irradiated.
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3.4

3'5

To date, all test data indicate that, through a cumulative irradiation in
excess of 1 x 1011 rads gamma, there is no significant deterioration of
Boraflef® which could affect its suitability for long term use in the
spent fuel racks. As of Nov. 1982, Borafleﬂﬁ’has been approved for use
in the spent fuel racks at six operating nuclear plants.

Ref: "Irradiation Study of Boraflex Neutron Shielding Materials," Report
748-10-1, Brand Industries Services, Inc., July 25, 1979.

CAVITY IDENTIFICATION SYSTEM

A cavity identification sy:*em will be provided on the perimeter of the
fuel storage racks. Stainiess steel strips with alphanumeric characters
(approx. 2.5"-3" size characters), which can be read at the top of the
fuel pocl, will be attached to the perimeter of the storage rack array,
where space permits. This type of identification has been used and well
accepted at numerous plants. Also cell numbers will be etched on the
sloped lead-ins on one side of each cell. This identification will be
readable through the under water camera, and may be used as a back up for
verification/auditing purposes only.

INSTALLATION

At the time of reracking, the Fort Calhoun spent fuel pool will contain
approximately 265 spent fuel assemblies, and therefore, careful
consideration will be given to the sequence of rack removal and
installation. Procedures will be established so that any crane 1ifts of
either the replacement or existing racks will not be conducted over racks
which contain spent fuel assemblies. Such procedures will ensure that a
potential rack handling accident will not result in any significant
release of radioactivity from the damage of spent fuel stored in the
pool.
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3.6

The use of special devices will comply with the criteria listed in NUREG-
0612, in that, special lifting devices used for rack installation (see
PaR dwg. P-33932-D) will meet tha criteria of ANSI N14.6 - 1978. Non-
special devices for the removal of the existing spent fuel storage racks
and the installation of the new spent fuel storage racks presently are
available within the District. These devices meet the criteria of AISI
B30.9-1971.

The removal sequence of the existing racks is dictated by the design
utilized to interconnect these racks. The first rack to be removed must
be B-1 in the southwest corner of the pool, and this will be followed by
sequential removal of racks A-4 through A-1. New racks will then be
installed. Next, existing racks B-2 and A-8 through A-5 will be removed
after relocating any fuel assemblies stored in these racks. New racks
will then be installed. Existing racks B-3 and A-12 through A-9 will be
removed. Finally, existing racks C-1 through C-6 will be removed, and
new racks will be installed to complete the re-racking. Sufficient
storage capacity will be maintained at all times during this operation to
accommodate the approximately 265 spent fuel assemblies expected to be in
the pool at the time of re-racking, plus a full core discharge.

Prior to removing each spent fuel assembly from the existing racks to the
new racks (Regions 1 or 2), each spent fuel assembly burnup will be
obtained to verify that this fuel can be discharged to the nonpoisoned
racks. The criteria for storing fuel in Region 2 is listed in Section
3.7

SAFE LOAD PAT/{ FOR REMOVAL AND INSTALLATION OF SPENT FUEL STORAGE RACKS

This section addresses the methods and assumptions used to determine the
safe load path for the re-racking process. This is not the actual
procedure, but is a preliminary guideline to indicate what will be
included in the actual procedures. A preliminary procedure is provided
in Appendix 'A'.
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3.7

ADMINISTRATIVE CONTROLS

With a two region storage, administrative controls will be required to be
met prior to discharging fuel to the spent fuel pool.

One of the controls will be tnat each fuel assembly burnup will be
determined and verified after being discharged from the core. The burnup
on spent fuel currently stored in the pool ci” be determined from records
that exist. The information on fuel burnup is required to determine if
the fuel should be stored in Region 1 or 2.

Fuel assembly burnup is currently calculated using the CECOR computer
code which utilizes flux measurements from the incore detectors. The
code then constructs power distributions and successive runs of the code
on a core follow basis, providas the assembly burnups. At the end of a
fuel cycle, a final exposure map and the burnup for all dischargad
assemblies can be obtained. The ROCS simulation code which is used for
fuel management also provides ralculations of the assembly burnups. The
acreement between CECOR and ROCS is very good, so either may be used for
determining the burnups of each discharged assembly.

Minimum assembly exposure will be verified and shown to be above the
minimum required assembly exposure per Fig. 4.3-4.

Another cuatrol is that, during refueliny conditions freshly discharged
fuel from the reactor will be placed in Region 1. No freshly discharged
fuel will be placed in Region 2 until minimum assembly exposure has been
verified by calculation. To prevent freshly discharged fuel from being
placed in Region 2, the fuel handling machine will be interlocked to
prevent movement to that region during refueling operations. Full core
discharges will be to Region 1 only.
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4.0

CRITICALITY ANALYSIS FOR THE SPENT FUEL STORAGE RACKS

The following discussion sumaarizes the design of the spent fuel racks
with respect to the criticality design. The analytical technioue
described below is similar to that used to successfully license spent
fuel racks for several other plants, the most recent being those for
Point Beach Units 1 and 2, Nine Mile Point Unit 1, and Callaway.

During a normal refueling operation, each fuel assembly is first moved
from the core to Region 1. After the refueling operation is complete and
the suitability of each spent fuel assembly for movement into Region 2 is
verified, this fuel may be moved into Region 2.

Region 1 of the pool is designed to maintain unirradiated fuel of up to
4.0 w/o U-235 in a safe, coolable, subcritical configuration. Region 2
is designed to store fuel which does not exceed pre-established
reactivity criteria. Consequently, the 1imit on acceptable initial
enrichment varies with the exposiure at the time of storage. For
instance, 4.0 w/o fuel is acceptable for storage in Region 2 only after a
predetermined minimum exposure has been reached.

A somewhat lower minimum exposure would be acceptable for fuel with a

lower initial enrichment. The criteria for Region 2 of the pool are
specifically listed and compared to the present criteria in Table 4.0-1.
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4.1

ANALYTICAL TECHNIQUE REGION 1 (Assumes Unirradiated Fuel)

The LEOPARD (1) computer program was used to generate macroscopic

cross sections for input into four energy group diffusion theory calcula-
tions which were performed with the PDQ-7(2) program. LEOPARD cal-
culates the neutron energy spectrum over the entire energy range from
thermal tc 10 Mev and determines averaged cross sections over appropriate
energy groups. The fundamental methods used in the LEOPARD program are
those used in the MUFT(3) and SOFOCATE(4) programs which were

developed under the Naval Reactor Program and thus, are well founded

and extensively tested techniques. In addition, Westinghouse Electric
Corporation, the developers of the original LEOPARD program, demon-
strated the accuracy of these methods by extensive analysis of measured
critical assemblies consisting of slightly enriched UO, fuel rods. (5)

Pickard, Lowe and Garrick, Inc. (PLG) has made a number of improve-
ments to the LEOPARD program to increase its accuracy for the
calculation of reactivities in systems which contain significant amounts
of plutonium mixed with UDp. PLG has tested the accuracy of the

program modifications by analyzing a series of U0, and Pu0,-U0>

critical experiments. These benchmarking analyses not only demon-
strate the improvements obtained for the analysis of Pu0p-U0p systems,
but also demonstrate that these modifications have not adversely
affected the accuracy of the PLG modified LEOPARD program for
calculations of slightly enriched U0, systems.
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The U0y criticality experiments chosen for benchmarking included varia-
tions in Hy0/U0p volume ratios, U-235 enrichments, pellet diameters and
cladding materials. Although the LEOPARD model also accurately
calculates the reactivity effects of soluble boron, these experiments
have not been included in the LEOPARD benchmarking criticals since the
spent fuel pool calculations do not involve soluble boron.

Neutron leakage was represented by using measured buckling input to
infinite lattice LEOPARD calculations to represent the critical assembly.
A summary of the results are provided in Table 4.1-1 for the 27 measured
criticals chosen as being directly applicable for benchmarking the
LEOPARD model for generating group average cross sections for spent

fuel rack criticality calculations. The average calculated keff is
0.9979 and the standard deviation from this average is 0.0080 ak.
Reference 5 raised questions concerning the accuracy of the measured
buckling reported for cases No. 12 through No. 19. If these cases are
excluded, the average calculated keff for the remaining 19 experiments is
1.0006, with a standard deviation from this value of 0.0063 ak. In all
of these experiments there are significant uncertainties in the measured
bucklings which are necessary inputs to the LEOPARD analysis. These
uncertainties are of the same order of magnitude as the indicated errors
in the LEOPARD results, and therefore, a more definitive set of
experimental data was used to establish the accuracy of the combined
LEOPARD/PDQ-7 model for the criticality analysis of the spent fuel racks.
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The PDQ series of programs have been extensively developed and tested
over a period of 20 years and the current version, PDQ-7, is an accurate
and reliable model for calculation the subcritical margin of the proposed
spent fuel rack arrangement. This code, or a mathematically equivalent
method, is used by all U.S. suppliers of light water reactor cores and
reload fuel. In addition, this code has received extensive utilization
in the U.S. Naval Reactor Program.

As a specific demonstration of the accuracy of the calculational model
used for the spent fuel rack calculations, the combined LEOPARD/PDQ-7
model was used to compare calculated critical parameters to measured
parameters for fourteen just critical assemblies. The criticals are high
neutron leakage systems with 7 large variation in U/Hp0 volume ratio and
include parameters in the same range as those applicabie to the proposed
fuel rack design. Experiments including soluble boron were included in
this demonstration to ensure the ability of PDQ-7 to calculate neutron
leakage effects. The use of soluble boron allows clianges in the neutron
leakage of the assembly while maintaining a uniform lattice and thus,
allows a better test of the accuracy of the model. Furthermore, soluble
boron eliminates the error associated with the measured bucklings which
is inherent in the LEOPARD benchmarks, thus permitting determinations of
the actual calculational uncertainty which must be accounted for in a
spent fuel rack criticality amalysis.

The combined LEOPARD/PDQ-7 calculations resulted in a calculated average
keff Of 0.9928 with a standard deviation of 0.0012 ak. These results, as
shown in Table 4.1-2 demonstrate that the LEOPARD/PDQ-7 caiculational
model can determine the reactivity of the proposed spent fuel rack
arrangements with an accuracy of 0.010 ak, at the 95 percent confidence
level.
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The cross sections for the BorafleXB’ neutron absorbing material which
is an integral part of the design, were calculated using fundamental
techniques that have been successfully applied in the past to thin
heavily absorbing mediums such as control rods.

This procedure is straight forward and is comprised of several well
defined steps:

1. The B0 from the thin Borafle® sheets is homoger.ized in an
appropriate amount of water and LEOPARD is used to obtain un-
shielded macroscopic B0 cross sections.

2. Integral transport theory is applied in slab geometry using They's
method for calculating flux depressions and shielding factors to
determine an appropriate B0 number density. This approach is
similar to that of Amouyal and Benoist.

3. The B10 number density calculated in Step 2 is homogenized in
water, and LEOPARD is used to obtain corrected macroscopic 310
cross sections.

4. Blackness theory is applied to obtain macroscopic cross sections
which will produce the required boundary conditions at the

® sheets.

surface of the Boraflex
In addition to the fourteen critical assemblies in Table 4.1-2, the
LEOPARD/PDQ-7 model was used to calculate the kefg for twelve additional
critical assemblies, seven of which incorporated thin, heavily-absorbing
materials for which the procedure just described was used to determine
the macroscopic cross section.
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These twelve criticals were performed by Battelle Pacific Northwest
Laboratories specifically for the purpose of providing benchmark critical
experiments in support of spent fuel criticality analysis. They are
described in detail in Reference 17. The results of these critical
experiments are summarized in Table 4.1-3. The first seven of the twelve
experiments included fixed neutron poison absorber plates, and the
average calculated kgff for these just critical assemblies was 0.9926,
with a standard deviation of 0.0006 ak. The other five critical
experiments in this series do not include absorber plates and the average
calculated keff for these critical assemblies was 0.9938, with standard
deviation of 0.0014 ak. The overall average calculated kgfs for the
twelve assemblies was 0.9931, with a standard deviation value of 0.0011
ak.

This extensive series of U0z critical experiments further supports the
applicability of the methods described above for use in calculating the
subcritical margin of the fuel storage rack design, and demonstrates
that the calculational accuracy of 0.010 ak at the 95 percent confidence
level as established for the LEOPARD/PDQ-7 model, applies, equally

well to designs incorporating fixed neutron aksorbers for which
biackness theory is used to calculate the macroscopic cross sections.

As a result of this approach to separately benchmark both the cross
sections and the diffusion theory calculations against applicable
critical assemblies, the "transport theory correction factor" is
implicitly included in the derived calculational uncertainty factor.

The PDQ-7 program was used in the final predictions of the reactivity of
the spent fuel storage racks. The calculations were performed in four
energy groups and toke into account all the significant geometric details
of the fuel assemblies, fuel boxes, and major structural components. The
geometry used for most of the calculations is a basic cell representing
one-quarter of the area of a repeating array of stainless-steel boxes.
The specific geometry of this basic cell is shown in Figure 4.1-1.
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4.2

ANALYTICAL TECHNIQUE REGION 2 (Assumes Irradiated Fuel)

The following discussion is applicable to the fuel storage in Region 2 of
the pool. Since the criticality analyses for Region 2 are subject to po-
tentially larger uncertainties than those applicable to Region 1, the un-
certainties applicable to the Region 2 analysis are independently
derived.

The analytical methods used for criticality analysis of Region 1 are also
incorporated into the criticality analysis of Region 2. The isotopic
composition is calculated as a function of irradiation time, assembly
average exposure, and subsequent decay using the LEOPARD (1) and
CINDER(18) computer programs. Once the isotopic compositions of the fuel
assemblies are known, the subsequent criticality calculations for the
spent fuel racks in Region 2 are performed in a manner that is analogous
to the calculations for Region 1.

The accuracy of the exposure dependent isotopic concentrations calculated
with the LEOPARD program is demonstrated in Figure 4.2-1 through Figure
4,2-11. Figures 4.2-1 through 4.2-8 show comparisons of LEOPARD cal-
culated data with measured data from a UDp fuel assembly irradiated in
the Yankee-Rowe reactor while Figures 4.2-9 through 4.2-11 show
corresponding data for a mixed oxide (Pu0p-U0p) fuel assembly irradiated
in the SAXTON reactor.

Except for the data labeled PLG calculation, the data and curves on
Figures 4.2-1 through 4.2-8 and Figures 4.2-9 through 4.2-11 are taken
directly from References 19 and 20, respectively. In all cases, the
accuracy of the calculations labeled PLG is within the uncertainty in the
measured data.
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The accuracy of reactivity calculations for irradiated fuel can be demon-
strated i~ part by the analysis of critical arrays of mixed oxide fuel
rods which contain high concentrations of the plutonium isotopes.

Tables 4.2-1 and 4.2-2 show results of criticality analyses for the
SAXTON (8) and £SADA(9) sets of experiments which cover a wide range of
water-to-oxide volume ratios. A summary of these data is shown in Table
4.2-3. For the mixed oxide criticals, the calculated mean kgff is 0.9969
with a standard deviation about this value of 0.0066 ak.

The other major uncertainty in the calculations for Region 2 is
associated with the calculated reduction in fuel assembly reactivity
associated with the depletion of the heavy metals and the accumulation of
fission pruducts as a function of fuel assembly exposure. As an example,
consider a 4.0 w/o (initial enrichment) Fort Calhoun fuel assembly at
36,000 MWD/MT. The total reactivity loss from the fresh unirradiated
case is 0.238 ak/k, of which approximately 50% can be attributed to the
build-up of fission products. Calculations of reactor reactivity
*ifetimes using the same analytical methods as used in this analysis
demonstrate an accuracy of better than +5% Therefore, the resulting
uncertainty in the calculated fuel assembly ke associated with fuel
depletion would be conservatively estimated at 0.0119 ak/k (= .05 x .238
ak/k). The corresponding uncertainty in the calculated Region 2
multiplication factor is 0.0107 ak on a base case Kegion 2 ke of 0.8960.

In order to provide further assurance of the conservative nature of these
calculations, the decay of all fission products following discharge of
the fuel assembly was taken into account. This was accomplished with the
aid of the CINDER(18) code which treats a total of 136 nuclides in 84
linear chains. The fission product inventory for each fuel assembly was
decayed for thirty years following its removal from the reactor core, and
the time point of minimum fission product absorption within the thirty
year period was used as the basis for determining the fission product
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4.3

macroscopic absorption cross sections for that particular fuel assembly
at that specific exposure. The minimum occurs at approximately 100 days
into the decay and from then on continues to increase as illustrated in
Figure 4.2-12. Reduction in the fission product inventory due tc leakage
or escape to the plenunm has been found to be negligible. (21)

CALCULATICONAL APPROACH

4.3.1 Calculational Approach Region 1

The calculational approach used the basic cell to calculate the
reactivity of an array of uniform spent fuel racks and to account for any
reactivity perturbations of the actual spent fuel rack array versus the
assumed infinite array. The effects of manufacturing tol ‘rances, as well
as thermal uncertanties, including fuel and water temperature and density
variations, are also treated as perturbations on the calculated
reactivity of the basic cell.

The adequacy of the calculational mesh selected for this type of cell
calculation has been verified by comparison with the results of an
identical geometry which used a finer calculational mesh (two times the
number of mesh intervals in each direction). The finer calculational
mesh resulted in a minor change in the value of ke, with an observed
increase of +0.0004 ak.

The fuel assemblies used for this analysis are characterized by the Com-
bustion Engineering "14 x 14" design for which data are provided in
Table 4.3-1. The fuel assemblies were assumed to be unirradiated with
an assembly enrichment of 4.0 weight percent U-235. This is equivalent
to a loading of 46.61 gm of U-235 per axial centimeter of fuel assembly.
A1l of the calculations were performed at a uniform pool temperature of
68°F, except for instances where the reactivity effects of pool
temperature were taken into account as a perturbation on the basic cell
calculations.
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4.3.2 Calculational Approach Region 2

Reactivity calculations, using the LEOPARD and PDQ-7 models described
previously for the Region 1 analysis, were performed for Region 2. The
geometry used for these calculations is the same as that used for the
keginn 1 analysis as illustrated in Figure 4.1-1 except that Boraflefl is
not present. [he specific geometry and dimensions of this basic cell are
shown in Figure 4.3-1.

Implementation of this specific design for Region 2 of the pool was based
on the selection of a base ke which does not include tolerances or uncer-
tainties. For example, the use of a base ke value of 0.91 assures that
the final ke value inc'uding all uncertainties and tolerances for Region
2 will be less than 0.95. Figure 4.3-2 provides the Fort Calhoun fuel
assembly ke at 68°F, with a minimua fission product inventory, as a
function of exposure for several selected initial fuel assembly
enrichments. Figure 4.3-3 shows the Region 2 spent fuel storage rack ke
as a function of fuel assembly k= based on several selected initial
enrichments over a range of fuel assembly exposures.

Finally, the limiting curves presented in Figure 4.3-4, are constructed
for a range of spent fuel storage rack base ke values based on Figures
4.3-2 and 4.3-3. These curves show the limiting exposure (i.e., the
minimum acceptable exposure) which must be achieved in any Fort Cal-
houn fuel assemhly of the indicated initial enrichment to qualify that
fuel assembly for transfer from Region 1 to Region 2 of the pool. By
observing these limits on fuel assembly exposure, a safe subcritical
margin is maintained in Region 2. Thus, by selection of appropriate
design criteria, calculation of appropriate limits on minimum fuel
assembly exposure, and implementation of appropriate controls on fuel
assembly movements, large numbers of irradiated fuel assemblies may be
safely stored in Region 2 without undue risk to the health of both the
public and plant personnel.
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4'4

MANUFACTURING TOLERANCES AND THERMAL CONSIDERATIONS

4.4.1 Manufacturing Tolerances and Thermal Considerations Region 1

The worst case in terms of manufacturing tolerances, from a reactivity
perspective, is represented by the maximum fuel box dimensions
together with the minimum water channel width between fuel boxes.

This minimun pitch combination of dimensions (9.90 inches) results in
the maximum thickness of water surrounding the fuel assembly, which
maximizes the fuel neutron absorption fraction; and also results in the
minimum amount of water between Borafleiﬁzneutron absorber sheets,
which minimizes the thermalization of neutrons in the narrow flux trap
between fuel boxes and thus minimizes the absorption fraction in the
BoraflefR. The dimensions provided in Figure 4.1-1 describe this
situation for the Boraflex ® at a maximum thickness of 0.095 inches.
The ko of this minimum pitch spent fuel storage rack cell at 68°F for
a fuel assembly enrichment of 4.0 weight percent U-235 is 0.9349.
Figure 4.4-1 presents the spent fuel storage rack reactivity as a
function of fuel assembly enrichment.

For the average rack cell, the pitch will be 9.935 inches, and the ke
for this cell is 0.9258. Thus, the perturbation in ke due to tolerances
on fuel box cell dimensions is +0.0091 ak.

If the minimum thickness of the stainless steel box wall itself is
considered, which is 0.086 inches compared to the nominal thickness of
0.09 inches, the resulting perturbation is +0.0009 ak. The wrapper has

a nominal thickness of .024 inches + .002 inches tolerance, the resulting
pertubation due to the tolerance is +.0002 ak. ‘
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The reactivity of the basic cell as a function of B10 1oading in the
Boraflef® is shown in Figure 4.4-2. The B10 loading which was used for
the criticality analysis was the minimum loading incorporated into the
design. This corresponds to a 810 10ading of 0.020 grams per square
centimeter of cross sectional area with a nominal thickness of 0.085
inches ¢+ inches 0.01 inches. Increasing the thickness tc the maximum
value of 0.095 inches, while maintaining the minimum loading of .020 gm
B10/cm? results in the most limiting ke. These assumptions were

used in performing the basic cell reactivity calculation.

With regard to fuel position uncertainties within the fuel boxes,
calculations confirm that fuel assemblies located in their normal central
position in the fuel box are in the most reactive position of the fuel
box. The perturbation on the basic spent fuel rack cell is therefore
considered to be 0.0 ak for the fuel positioning uncertainty.

The reactivity of the basic cell as a function of temperature is shown
in Figure 4.4-3, With a maximum pool temperature of 200°F, the ke

is less than the value of ke at 68°F. This is expected for a design
which incorporates a heavy loading of Bl0 as a neutron poison and
indicates that the lower temperature conditions produce a higher spent
fuel ke. Since the reference case was based on a .amperature of 68°F,
which is clearly conservative, including a reactivity effect for
temperature is not necessary .

The sensitivity of the spent fu:1 rack multiplication factor to
variations in the water densit' throughout the pool is illustrated in
Figure 4.4-4. The heavy B10 lsading produces the most reactive condition
at full water density. The large flow area provided by this rack design
essentially makes it impossible to trap steam or air in the water boxes
when the fuel boxes are filled with water.
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The reactivity of the spent fuel storage rack was evaluated for the
effect of manufacturing tolerances on U0, density. The reference cell is
based on a fuel design value of 94% theoretical density. The worst case
examined was UOp at a density of 96% theoretical density. The resulting
perturbation to the basic cell was determined to be .0023 Ak due to the
increase in pellet density from 94% to 96%. However, the maximum pellet
density to be allowed in the fuel asemblies is 95.5% and for this density
the corresponding pertubation is .0017ak.

There are two axial effects which result in perturbations of the basic
cell ak which assumc: an infinite and uniform height of fuel and poison.
The poison material is 120 dinches in height which leaves 4 inches at
the top and bottom of the active fuel! without poison material. Omis-
sion of this poison material increases the calculated ke« by 0.0012 ak.
Since the active fuel height is only 128 inches there is a small but
significant leakage of neutrons from the top and bottom of the fuel
assemblies. This perturbation in ke is calculated to be -0.0027 ak.
Therefore, the net perturhation in ke due to axial affects is:

+0.0012 - 0.0027 = -0.0015

A summary of the perturbrations to the basic cell reactivity calculations
is shown in Table 4.4-1. As shown in Table 4.4-1, the conservatively
calculated reactivity of the spent fuel rack fully loaded with
unirradiated bundles, 4.0 weight percent U-235 and no burnable poison is
0.9415, at a pool temperat-re of 68°F for the most pessimistic
manufacturing conditions and including calculational uncertainties. A
more realistic estimate of the maximum reactivity which would be achieved
in the racks is also shown in Table 4.4-1. With the minimum allowable
concentration of soluble boron in the pool water (i.e., 1700 ppm), the
maximum ke is 0.7411.
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4.4.2 Manufacturing and Thermal Considerations Region 2

The reactivity perturbations associated with manufacturing and thermal
tolerances and uncertainties as noted for Region 1 were re-evaluated for
depleted fuel for applicability in the Region 2 configuration. This re-
evaluation assumed Fort Calhoun fuel characterized by a 4.0 w/o U-235
initial enrichment at 36,000 MWD/MT exposure. This fuel assembly and
exposure were selected as being typical of the irradiated fuel being con-
sidered for storage.

Specific calculations were performed on the irradiated fuel for
variations in all relevant physical dimensions, temperature, and water
density. Table 4.4-2 provides a summary of the reactivity perturbations
to the Region 2 spent fuel storage racks. Detailed results of these
calculations fur Region 2 are presented in Figure 4.4-5 and 4.4-6 for the
effects of temperature and water density, respectively.

As shown in Table 4.4-2, the conservatively calculated reactivity of the
spent fuel rack fully loaded with irradiated bundles, 4.0 w/o U-235 is
0.9459, at a pool temperature of 68°F for the most pessimistic
manufacturing conditions and calculational uncertainties. With the
minimum allowable concentration of soluble boron in the pool water (i.e.,
1700 ppm), the maximum ke is 0.6380.
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4.5

DESIGN CONSERVATISMS

The High Density Rack design concept for Region 1 is based on currently
accepted conservative criteria whicih allow for the safe storage of a
nunber of fresh unirradiated fuel assemblies (including a full core un-
loading if that should prove necessary). The penalty in achievable spent
fuel storage density associated with this conservative design assumption
was relatively small under the circumstances originally anticipated and
easily accommodated by a conservative spent fuel rack design. The
potential penalty associated with this conservative design basis is no
longer small when long term on-site storage of spent fuel is a
possibility.

It is not conceivable that more than one full core load of fresh unirra-
diated fuel assemblies could be stored in the spent fuel storage pool.
Therefore, it is unnecessary and wasteful to base the entire spent fuel
storage rack design cn the assumption of fresh unirradiated fuel of the
highest initial enrichment,

While the High Density Rack concept reduces some of the design conserva-

tisms inherent in the earlier spent fuel storage concepts, the design and
analyses for the High Density Rack as immplemented in Region 2 are still

conservative in nature.

The use of assembly average exposure is one example of this conservative
approach. Axially, more than 80% of the fuel assembly will normally have
reached exposures greater than the average and this will occur in the
central, higher worth region of the assembly. The lower exposure regions
would normally account for less than 20% of the fuel assembly length dis-
tributed at the ends of the fuel assembly active length in lower worth
regions. The result is a neutronically higher exposure assembly than
represented by the simple assembly average exposure. The use of

the simple assembly average exposure can result in an over-estimate of
the fuel assembly kg by about +.015 ak/k.
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4.6

ACCIDENT ANALYSIS REGION 1 and 2

As reported in Tables 4.4-1 and 4.4-2 the largest k= of the basic cell
with 1700 ppm boron in the water is 0.7411 and therefore an extremely
large reactivity perturbation (i.e., greater than .2589 ak) would be
required to produce a criticality accident.

The fuel racks are designed to prevent a dropped fuel bundle from pene-
trating and occupying a position other than a normal fuel storage
location. 7. only potential significant positive reactivity effect of a
dropped fue. bundle is the reduction in axial neutron leakage that could
occur if the dropped bundle came to rest in a horizontal pesition on top
of the racks.

However, the top of the active fuel stored in the racks is about 27
inches below the top of the storage boxes. This thickness of water is
greater than that required to neutronically decouple the dropped fuel
asc<embly from the assemblies stored in the rack, and therefore the
maximum possible kefg for Region 1 remains unchanged for this assumed
accident (i.e., a value of .9415 in unborated water and .7411 with 1700
ppm boron in the pool) Similarly, for Region 2 the maximum possible kaff
remains unchanged for this assumed accident (i.e., a value of 0.9459 in
unborated water and 0.6380 with 1700 ppm boron in the pool).

The reactivity effect of a fresh fuel assembly located adjacent to a
fully loaded spent fuel storage rack has been evaluated for all
postulated locations other than normal fuel storage locations. In areas
where there is sufficient space to physically allow a fresh fuel assembly
to be placed imme iately adjacent to a rack storage box, stand offs have
been provided; so that, in all cases, the spent fuel storage rack design
assures that the multiplication factor will be less than 0.95.
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The lattice of the fuel assemblies results in an undermoderated
configuration so that any crushing or compaction of the fuel assemblies
would tend to reduce the multiplication factor of the spent fuel pool.
Therefore, the dropping of heavy objects into the fuel pool or
deformations from the effects of earthquakes or tornadoes will not
produce a criticality e~cident. The relative positions of the fuel racks
are maintained by perimeter bars on the rack therefore a significant
reactivity perturbation due to rack movement is precluded. The
criticality safety analysis is based on the minimum spacing between
adjacent racks, and :ny rack movement which would increase this spacing
would tend to reduce the ke of the racks.

Loss of all cooling systems would result in a pool water temperature
increase and under the worst possible conditions, bcil off of the poul
water. Both higher temperature and lower density water result in
negative reactivity pertubations for the most limiting conditions for
the criticality analysis and therefore loss of all cooling systems would
not produce a criticality accident.

Because of the well founded, conservative technique used for
determination of the infinite multipiication factor, there is more than
reasonable assurance that this spent fuel rack design will not cause
undue risk to the public health and safety resulting from criticality
considerations.
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1.

2.

TABLE 4.0-1

GENERAL CRITICALITY DESIGN CRITERIA

Region 1 Criteria

Fresh, unirradiated
fuel inventory is
assumed.

keff <0.95

Credit may be taken for
presence of borated
water for abnormal
(accident) conditions.

Fuel location recorded
once prior to storage
in Region 1.

1.

2.

3.

45

Region 2 Criteria

Actual irradiateu fue
and fission product
inventory is assumed.

Same.

Same.

A check is required
for each fuel assembly
prior to transfer from
Region 1 to Region 2.
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TABLE 4.1-1
SUMMARY OF LEOPARD RESULTS FOR MEASURED CRITICALS

Fuel Pellet Clad Clad
Case** Reference Enrichment  Hpo0/U Density Diameter Diameter Thickness
No. No. (atom %) Volume (q/cm3)  (cm) (cm) (cm)
1 11 2.734 2.18 10.18 0.7620 0.859 0.04085
2 11 2.734 2.93 10.18 0.7620 0.8594 0.04085
3 11 2.734 3.80 10.18 0.7620 0.859% 0.04085
4 12 2.734 7.02 10.18 0.7620 0.8594 0.04085
5 12 2.734 8.49 10.18 0.7620 0.8594 0.04085
6 12 2.734 10.43 10.18 0.7620 0.8594 0.04085
7 13 2.734 2.50 10.18 0.7620 0.859 0.04085
8 13 2.734 4.51 10.18 0.7620 0.8594 0.04085
9 13 3.745 2.50 10.37 0.7544 0.8600 0.0406
10 13 3.745 4.51 10.37 0.7544 0.8600 0.0406
11 14 3.745 4.51 10.37 0.7544 0.3600 0.0406
12 15 4.099 2.55 9.46 1.1278 1.2090 0.0406
13 15 4.069 2.14 9.46 1.1278 1.2090 0.0406
14 16 4.069 2.59 9.45 1.1268 1.2701 0.07163
15 16 4.069 3.53 9.45 1.1268 1.2701 0.07163
16 16 4.069 8.02 9.45 1.1268 1.2701 0.07163
17 16 4.069 9.9 9.45 1.1268 1.2701 0.07163

af

Lattice Critical
Pitch Buckling Calculated
(cm) (m-2) Keff
1.0287 40.75 1.0015
1.1045 53.23 1.0C52
1.1938 63.28 1.0043
1.4554 65.64 1.0098
1.5621 60.07 1.0118
1.6891 52.92 1.0072
1.0617 47.5 1.0008
1.2522 68.8 0.9937
1.0617 68.3 1.0010
1.2522 95.1 1.0025
1.2522 95.68 1.0009
1.5113 88.0 0.9539
1.450 79.0 0.9830
1.555 69.25 0.9999
1.684 85.52 0.9958
2.198 92.84 1.0040
2.381 91.79 0.9882
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TABLE 4.1-1

SUMMARY OF LEOPARD RESULTS

(Continued)

FOR MEASURED CRITICALS

Fuel Pellet Clad Clad
Case** Reference Enrichment  Hp0/U Density Diameter Diameter Thickness
No. No. (atom %) Volume (g/cm3)  (cm) (cm) (cm)
18 16 3.037 2.64 9.78 1.1268 1.2701 0.07163
19 16 3.037 8.10 9.28 1.1268 1.2701 0.07163
20 8 0.714* 1.68 9.52 0.8570 0.9931 0.0592
21 8 0.714* 2.17 9.52 0.8570 0.9931 0.0592
22 8 0./14* 4.70 9.52 0.8570 0.9931 0.0592
23 8 0.714* 10.76 9.52 0.8570 0.9931 0.0592
24 9 0.729* 1.11 9.35 1.2827 1.4427 0.0800
25 9 0.729* 3.49 9.35 1.2827 1.4427 0.0800
26 9 N.729* 3.49 9.35 1.2827 1.4427 0.0800
27 9 0.729* 1.54 9.35 1.2827 1.4427 0.0800

* [hese are Pu0p in Natural UOp
** Case 1 through 19 are with stainless steel clad, Cases 20 through 27 are zircalloy

A

Lattice Critical
Pitch Buckling Calculated
(cm) (m-2) Keff

1.555 50.75 0.9946
2.198 68.81 0.9809
1.3208 108.8 0.9912
1.4224 121.5 1.0029
1.8669 159.6 0.9944
2.6416 128.4 1.0008
1.7526 89.1 0.9902
2.4785 104.72 1.0055
2.4785 79.5 0.9948
1.9050 50.0 0.9878
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TABLE 4.1-2

“MESTINGHOUSE UOp Zr-4 CLAD CYLINDRICAL CORE CRITICAL EXPERIMENTS

MATERIAL
BUCKL ING
BORON (FOR CRITICAL NO. RADIUS OF keff
EXPERIMENT PITCH CONCENTRATION LEOPARD)  OF PINS FUEL REGION  (LEOPARD/PDQ-7)
(in) (ppm) (em-2) (cm)
1 0.600 0 .008793 489.4 19.021 0.9912
2 0.690 0 .009725 317.0 17.605 0.9941
3 0.848 0 .008637 251.6 19.276 0.9927
4 0.976 0 .006458 293.0 23.935 0.9935
5 0.600 306. .007177 659.9 22.088 0.9927
b 0.600 536.4 .006244 807.2 24.429 0.9937
7 0.600 727.7 005572 950.2 26.504 0.9940
9 0.600 104, .008165 546.3 20.097 0.9919
9 0.600 218. .007599 607.1 21.1056 0.9917
10 0.600 330. 007106 669.5 22.248 0.9916
11 0.600 446, .006661 735.3 23.315 0.9909
12 0.600 657.1 .005809 895.3 25.727 0.9944
13 0.8483 104, .007320 321.0 21.772 0.9938
14 0.843 218. .006073 420.5 24,919 0.9925
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Fuel Reqgion Data

Enrichment
Fuel Density
Pellet Radius
Clad IR

Clad OR

il

TABLE 4.1-2 (Continued)
WESTINGHOUSE UO2 Zr-4 CLAD CYLINDRICAL CORE CRITICAL EXPERIMENTS

kef f
(LEOPARD/PDNQ- 7)

0.9928 Mean
0.0012 St Deviation

(b) Thickness of water reflector is that required

2.719 w/o 11-235 to attain total radius of 50 omn for model.
10.41 g/cm3
0.20 in (¢c) BZ (PDQ-7) = .000527 cm-2
0.2027 in z
0.23415 in
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TABLE 4.1-3
BATTELLE FIXED MEUTRON POISON CRITICALS (17)

Length No. of Distance Critical

Times Assemblies Absorber To Fuel Separation keff
Case Width* In Array Type Thickness Cluster of Clusters LEOPARD /PDQ
020 20x17 3 Boral .713 cm .645 cm 6.34 cm 0.9932
017 22.21x16X 3 " ’ " 5.22 " 0.9936
002 20x18.88* 1 . . 2.732 cm @ 0.9926
028 20x16 3 S5 .485 cm .645 cm 6.88 cm 0.9922
0627 20x16 3 S.S. 302 " o 7.43 " 0.9919
032 20x17 3 S.S. 1l.1w/0o B .298 cm .645 cm 7.56 cm 0.9921
038 20x17 3 S.S. 1.6w/o B i - 7.0 " 0.9928
0028 20x18.075 1 None - - ® 0.9956
015 20x17 3 . - - 11.94 cm 0.9932
013 20x16 3 " " - 8.42 " 0.9921
022 20)(15 3 " o 6.39 o 0.9933
021 20x16 3 . - - 4.46 " 0.9946
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TABLE 4.1-3 (continued)
RATTELLE FIXED NEUTRON POISOM CRITICALS (17)

Statistical Summary:

Series Number mean keff o
Boral 3 0.9931 0.0005
Seds 2 0.9925 0.0005
$.5.
(Borated) 2 0.9921 0.0002
Fixed Poison
Total 7 0.9926 0.0006

Non-Poison
Total 5 0.9938 0.0014
Overall 12 0.9931 Nn.0011

* This is in units of pitch (Pitch=2.032 cm)
x Center assembly was 20x16 and the other two were eiongated at 22.21x16.

+ 20x13.88 was one assembly with a boral sheet on two sides.

Fuel region data: Enrichment=2.35w/0, Pellet radius=0.5588 cm,
Clad OR=.635 cm, Wall thickness=.0762 cm, Pitch=2.032 cm
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Beron
Expt. (ppm)
1 0
2 0
3 337
4 0
5 0

TABLE 4.2-1

SAXTON PuOp-UOp CRITICAL EXPERIMENTS

Hp0/U02

(Reference 8)

{Volume)

1.68

2.17

2.17

4.70

10.76

52

Pitch

(Inches)

+520

.560

560

735

1.040

Rev.

1

Keff Keff-1
9912 -.0088
1.0029  +.0029
1.0084  +.0084
.9944  -.0056
1.0008  +.0008

Date 01/21/83




Expt.

Boron

526

Pu-240
%)

53

TABLE 4.2-2

(Reference 9)

Hp0/U0,
{Volume)

1.11

3.49

3.49

3.49

1.54

1.11

Rev.

1

ESADA Pu0-U0p CRITICAL EXPERIMENT

Pitch keff Keff-1
(Inches)

.690 .9902 -.0098
.9758  1.0055 +.0055
.9758 .9949 -.0051
.9758 .9948 -.0052
.750 .9878 -.0122
.690 .9945 -.0055
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Experiment

Saxton Pu02-U07
ESADA Pu02-U07

A1l Pu0p-U0,

TABLE 4.2-3
SUMMARY OF PREDICTIONS FOR keff

IN CRITICALITY EXPERIMENTS

Cases Keff
5 0.9995 + .0068
6 0.9946 + 0061
11 0.9969 + .0066
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TABLE 4.3-1

FUEL ASSEMBLY TECHNICAL INFORMATION

FOR

FORT CALHOUN NUCLEAR PLANT

Rod Array

Rods Per Assembly

Rod Pitch, In.

Overall Dimensions, In.

Assembly Overall Length, In.
Active Fuel Height, In.

Clad Thickness, In.

Fuel Rod 0.D., In.

Pellet Diameter, In.

Diametral Gap, In.

Pellet Density (% Theoretical)

Control Rod Guide Tubes

Quter Diameter, In.
Wall Thickness, In.

Center Guide Tube

Outer Diameter, In.
Wall Thickness, In.

55
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14 x 14
1.76

0.580

8.13 x 8.13

148.83
128.0
.026
0.440
0.3815
0.0065
94

1.135
0.050

1.122
0.050
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TABLE 4.4-1

SUMMARY OF REACTIVITY BIASES AND UNCERTAINTIES
FOR FORT CALHOUN REGION 1

REACTIVITY

DESCRIPTION JFFECT, ak ke
Basic cell at 68°F 4.0 w/o 0.9258
U-235, 9.935 inch pitch,
(see Figure 4.1-1)
Calculation Biases

LEOPARD/PDQ Model Bias + .0072

Mesh Spacing Effect + .0004

Net Axial Adjustment - .0015

+ .0061

Basic cell including Biases 0.9319
Tolerances and Uncertainties

Minimum pitch (i.e., box to .0091

box spacing)

Wrapper .0002

Tolerance in SS box thickness .0009

Pellet density (¢ .015) 0017

Pellet diameter (& .0005) .0003

Calculational uncertainty (2 ¢) .0024
Total Uncertainty (statistical) .0096
Maximum, including all biases and

uncertainties 0.9415
Basic cell at 68°F with 1700 ppm boron 0.7411
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TABLE 4.4-2

Descript on

Basic cell at 68°F,4.0 w/o
y-235, at 36,000 MWD/MT,
9.935 inch pitch,

(see Figure 4.3-1)

Calculation Biases
Most reactive temperature
condition over the operating
range
Axial Leakage
LEOPARD/PDQ Model Bias
Mesh Spacing Effect

Basic cell including Biases
Tolerances and Uncertainties
Depleted fuel assembly reactivity
uncertainties
Minimum pitch (i.e., box
to box spacing)
Tolerance in SS box thickness
Pellet density (¢ 015)
Pellet diameter (& .00N5)
Calculational uncertainty (20)

Total Uncertainty (statistical)

Maximum, including all biases
and uncertainties Basic cell at 68°F with
1700 ppm boron

57

SUMMARY OF REACTIVITY BIASES AND UNCERTAINTIES
FOR FORT CALHOUN REGION 2

Reactivity

Effect, ak

+.0191

-.0028
+.0031
- 0005

+.0189
.0107
.0035
.0026
.0017
.0003

.0132

0176

0.5459
0.6380
Rev. 1 Date 01/21/83
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FIGURE 4.1-1

FORT CALHOUN SPENT FUEL RACK BASIC CELL
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NET DESTRUCTION OF U-235 VERSUS BURNUP
IN THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM
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U-236 NET PRODUCTION (Kg/MTU)

FIGURE 4.2-2

SPECIFIC PRODUCTION OF U-236 VERSUS
BURNUP IN THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM
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U-238 Net Destruction (xg/hru)

FIGURE 4.2-3

NET DESTRUCTON OF U-238 VERSUS BURNUP
IN THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM
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FIGURE 4.2-4

SPECIFIC PRODUCTION OF Pu-239 VERSUS BURNUP
IN THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM
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Pu-240 Net Production (xg/MTV)

SPECIFIC PRODUCTION OF Pu-240 VERSUS BURNUP IN THE

FIGURE 4.2-5

YANKEE ASYMPTOTIC NEUTRON SPECTRUM

i Ly
som i
SR

e ovaml

-

PANRY S
-

IS SSRay

1.4

|54
-
*:
.=
‘e

i i B i L
A e 15a %1 Fasd ! EERH B4 - Fi g
v foaen | gy e f i IR
» oy ‘r—v‘r"-‘—' et N3 : ‘
sahme s gpgé gty k5134 189, i1H‘h11!d:<
s v | mpomd b s Ly T .‘..! P
bes o 4ssibia jtsoltiad b4, o0 ] y
g > #r JL”T;’ 4% E4Ss IS 'L’ ql"ﬁl
SRl B 3 4200 SaZ) el 1 T
- AT (g Y i $! SIS
=gl ko e o 434 £l L LRtk all pe
5ty i s EIL R
[

-
re

1

:
s K3 4.

b be b by e
Il e &
ot 4 a y s b o

YR S5
EH Y :

;
B i Hiz
P e

B T (B ! -’-1:
. - =4
TRET S by
SRS SV & .
s e peegesndl disns ..

; byt
[P et aes

FRes

.
maEg

§== z'c Tyt

o faTaEaananae

R eeRS s e .
g L

3 oA i P
J-':_*‘""‘-—*.,.._';:;‘ wuad Ak xne swas
[ Shaew b-o...i;:}«' L3 1 | e
'.é""* ettt Pt
SO G S W .
Pibs St e b 4 o e Kev E
D.L-o..- -.--a-%—:-v-y -—0-‘/ —— :
e a a2 ® Inferred from isotopic data 3
Sansn, 'M“IJ”;T'J“L&E‘:Q === Freehand fit of data 1
T e e et ey By Previous LEOPARD unit cell cale. 1
¢ wpas A megaseare " . 1
bt PLA LEOPARD unit cell cale. 3
k & 4
-+ Yt Trrre} E BB & DS ARRE S BBSEE 5ns o > ree s
SSEseset S e S e e
SOTna B sk et et e, T S & S . ——— )
:;y/f:i‘3:£z‘:%*—“ﬂ~::j222+-;‘“‘”‘*:¥§Ezi~*~* e asaches
e S e SR e e b ey
Q . (-] e i6 20 e 28

Burnup (WD/MTy 1 1070)

Rev,

1
63 Date 12/17/82



Pu-241 Net Production (Kg/MTU)

FIGURE 4.2-6
SPECIFIC PRODUCTION OF Pu-241 VERSUS BURNUP IN
THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM
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Pu-242 Net Production (Kg/MTU}

FIGURE 4.2-7
SPECIFIC PRODUCTION OF Pu-242 VERSUS BURNUP IN
THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM
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FIGURE 4.2-8
SPECIFIC PRODUCTION OF Pu AND FISSILE Pu VERSUS BURNUP
IN THE YANKEE ASYMPTOTIC NEUTRON SPECTRUM

Net Production (Kg/MTU)
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FIGURE 4.2-9
ATOM PERCENT OF TOTAL U VERSUS EXPOSURE
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FIGURE 4.2-11
ATOM PERCENT OF TOTAL Pu VERSUS EXPOSURE
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FIGURE 4.2-12
FISSION PRODUCT POISONING - FOR FORT CALHOUN
(Barns per Fission - 2200 m/s vs Decay Time)
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FIGURE 4.3-2

FORT CALHOUN FUEL ASSEMBLY ke AS A

FUNCTION OF FUEL ASSEMBLY EXPOSURE

(Minimum Fission Product Pcisoning, No Boron, T = 68°F)
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FIGURE 4.3-3
FORT CALHOUN REGION 2 K_ AS A FUNCTION OF
FUEL ASSEMBLY ke FOR SEVERAL INITIAL ENRICHMENTS

(No Boron, T = 20°C)
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FIGURE 4.3-4
STORAGE CRITERIA FOR FORT CALHOUN REGION 2
Minimum Required Fuel Assemly Exposure
As a Function of Initial Enrichment
To Permit Storage in Region 2
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EFFECT OF FUEL ENRICHMENT

FORT CALHOUN SPENT FUEL RACKS
CRITICALITY SAFETY ANALYSIS
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FORT CALHOUN SPENT FUEL RACKS

CRITICALITY SAFETY ANALYSIS

EFFECT OF BIO LOADING IN BORAFLEX

FIGURE 4.4-2
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FIGURE 4.4-3
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CRITICALITY SAFETY AWALY® 13

FORT CALHOUN SPENT FUEL RACKS - REGION 2
EFFECT OF COOLANT TEMPERATURE
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FIGURE 4.4-6

FORT CALHOUN SPENT FUEL RACKS - REGION 2
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5.0

5.1

THERMAL-HYDRAULIC EVALUATION

This section describes the results of the analysis of the performance of
the spent fuel pool cooling system. Aithough it would not be necessary
to implement disassembly and compact storage of fuel until about 1994 and
currently there is no firm commitment to such implementation, the
adequacy of the spent fuel pool cooling system was evaluated assuming
conservative decay heat loads corresponding to the ultimate storage
capacity of the pool.

A thermal hydraulic analysis had been performed by Wachter Associates for
the Wachter design for the previous submittal. This analysis is based on
the GCA/PaR design. A major difference in this analysis is that Wachter
Associates ca'culated decay heats using the ANS 5.1 criteria2s3, this
analysis uses the NRC Branch Technical Position ASB 9-2 to calculate the
decay heat. Using the NRC criteria this analysis yields higher decay
heat, and is more conservative.

DECAY HEAT LOADS FOR THE SPENT FUEL POOL

Table 2.0-1 of this document presents the expected discharge schedule
for Fort Calhoun through year 2012 and cycle 27. Since the operating
license for Fort Calhoun expires in 2008, this schedule should provide
an upper limit estimate of fuel storage requirements. The cumulative
number of assemblies is 1168 for discharges of 44 Tuel assemblies

every 1 1/2 years for two consecutive cycles starting with cycle 7, and
45 fuel assembly discharges are assumed every third cycle for cycles

9, 12, «.. 27. Note cycle 7 listed in Table 2.0-1 indicates 28 fuel
assemblies actually being discharged. However, for a conservative decay
heat load calculation a worst case was used in which 44 fuel assemblies
were assumed to be discharged. The normal refueling heat load will be
based on this projection.
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Maintaining full core discharge (FCD) capability, the

normal storage limit based on 729 locations and assuming DCS would

be approximately 45 + 2(596 - 45) = 1147; therefore, the 1168 storage
limit (1301 with FCD) is a reasonable and conservatively high limit to

impose here.

Although the current authorized reactor power level for Fort Calhoun
180NN )

is 1500 MW¢p, decay heat loads are compiled based on a reactor power

level of 1550 MW¢p or Pg = 39.8 x 106 BTU/hr (11.65 MW) per fuel

ssembly. An exposure time of 1250 effective full power days (30,000

hrs) we elected based upon an assumed discharge burnup of 40,000

Decay rates are found using the latest revision of the NRC BTP ASB 9-2.

An uncertainty factor of 10% was used in the calculations. This analysis

also covers the heat generated from heavy eiement decay, !!-239 and
Np-239. should be noted that U-239 does not contribute at decay
72 his, Np-239 does contribute to the total decay

noted in Table 5.1-3.

comparison of the decay power fraction (P/Po) versus decay time (ts)
for 24,000 hrs., and 30,000 hrs., irradiation times (To) was provided in
the previous licensing submittal. A comparison of the decay powers for
different irradiation times indicated that a To of 30,000 hrs., gave
higher decay heat load, thus an irradiation time of 30,000 hrs. was

)sen when calculating the decay heat using the NRC




The decay heat power fraction (P/Po) versus decay time is given in
Figure 5.1-1 which includes the heavy element decay heats.

For normal refueling conditions, the minimum cooling time for spent

fuel discharged to the fuel pool is 3 days or 72 hours, based on

Section 9.6 of the Fort Calhoun USAR. Table 5.1-1 summarizes the

assumed cycle histories which yield the highest expected normal refueling
residual heat load. The most recent group of 45 fuel assemblies which
was conled 72 hours generated slightly less than 7.7 x 106

BTU/hr. With the spent fuel pool filled to capacity, the decay heat
output would be approximately 11 x 106 BTU/hr. As noted by the

arrow (<), the differential increase between compact and non-compact fuel
storage is only 1.12 x 106 BTU/hr or about 10% of the design total. As
the minimum tg is changed from 72 hours (3 days) to 336 hours (14 days),
the total cumulative heat load drops from 11 x 106 BTU/hr to 7.4 x 106
BTU/hr.

Assuming fuei can be moved as early as 72 hours (3 days) after
shutdown and that it takes approximately 1/2 hour to move cne fuel
assembly from the reactor to the fuel pool, the minimum cooling time
for FCD is about 6 days or 144 hours. To maximize the total heat load
for full core discharge conditions, a history was chozen that
maximizes the decay heat loads from the frechest 1/3 core (Cycle 30 with
the shortest irradiation time in the reactor) plus the most recent

1/3 core from a normal refueling discharge aiready stored in the pool.
Evaluations of this To, tg variation indicate that the maximum heat
load is very broad, and 90 days or 2200 hrs was then chosen as the
minimum To. Thus, fer the remaining 2/3 core, a To of 12,000 and
22,000 (Cycles 29 and 28, respectively) effective full power hour
exposures were assumed (i.e., 10,000 hrs per cycle).
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Reactor down-time was ignored for the 1/3 core already stored in the pool
(i.e., tg =2200 hrs for cycle 27). Table 5.1-2 presents a summary of the
full core discharge decay heat load at the expected design conditions.
Table 5.1-1 results were used for cycles 1 through 25. At the expected
cooling system design limit (144 hrs or 6 days), the heat load is 22 x
106 BTU/hr. With two weeks as a minimum decay time, the total heat

d
load drops off to 14.56 x 106 BTU/hr.

Based on Tables 5.1-1 and 5.1-2 the design heat load limits imposed on

the Spent Fuel Pool Cooling System are 11 x 106 BTU/hr (normal refueling

00
cenditions) and 22 x 106 BTU/hr (full core discharge conditions).

BULK FUEL POOL AND HEAT EXCHANGER TEMPERATURES

The spent fuel pool cooling system is described in Section 9.6 of the
Fort Calhoun USAR. The flow path in this system is such that heated
water exits the fuel pool at the strainer located at elevation 1034' at
the northeast corner. Another alternate suction path exists down in the
pool at el. 996'-6". Two storage pool circulation pumps, in parallel,
(combined flow of 1800 gpm) pump borated spent fuel pool water

(SFPW) through the tube side of the storage pool heat exchanger and
return the cooled water to the fuel pool. This 8" main line terminates
with the ceoling sparger, which is mounted on the pool floor (elevation

! 1
|

995,5') and traverses the width of the pool at the south end. Forced

circulation is therefore northward and upward through the storage racks

and spent fuel. This sparger is provided with a 1/2" diameter hole
into the pipe to prevent siphoning. Component cooling water

1

a flow rate of 1160 gpm and a maximum inlet temperature of 90°f
the shell side of the storage pool heat exchanger. Transferred
heat is carried away to the raw water system and then to the Missouri
)]

The SFP system is single active failure proof, and as such proper

)f the SFP is provided during nomal or refueling conditions.




The design specifications of the heat exchanger (AC-8) are summarized in
the UUSAR, Section 9.6. For purposes of determining the fuel pool bulk
temperature above the racks, the heat loads summarized in the previous
section can be used in conjunction with the heat exchanger effectiveness
based on design point characteristics. Since increased temperatures

will improve heat transfer rather than hinder it, this method will over-
estimate temperatures for heat loads exceeding that defined by the design
point performance (qqp = 9 x 106 BTU/hr).

For the design peint, the following data apply:

Fluid "c" Shell Side (CCW) "h" Tube Side (SFPW) Flow
Rate (gpm) 1160. 1800.
Inlet Temp (F°) 90. 110.
Outlet Temp (F°) 105.5 100.

Ignoring heat losses in the piping and assuming natural circulation will
keep the pool coolant mixed, the fuel pool bulk temperature above the
racks can be taken as equal to the tube side inlet temperature, Tp in.
For the design conditions of interest, the following temperatures have
been calculated:

Conditions Heat Load (106BTU/hr) Th in (°F) Th out(°F)
Normal Refueling 11 114.5 102.3
Full Core Discharge 22 138.9 114.5

These results conservatively ignore slight improvements in the heat ex-
changer effectiveness (and overall heat transfer coefficient) for heat
loads which exceed the design point performance value of qdp = 9 x 106
BTU/hr.
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5.3

Under these same conditions, the variation of pool temperatures with
minimum cooling time was determined. As shown in Figure 5.2-1, the
normal refueling pool temperature limit is less than 120°F for any
realistic cooling time (tg > 3 days). For full core discharge, the
pool temperature drops below 120°F when cooled about two weeks (tg > 16
days). For a higher limit of 150°F, a minimum cooling time before
discharge of only about four days is required.

It is also possible to make use of the shutdown cooling system to provide
alternate or supplemental cooling of the spent fuel pool during a

full core discharge. This system would use low pressure safety injection
pumps and one shutdown heat exchanger. With approximately triple the
heat removal capacity of the normal spent fuel cooling system, this
system will be available to insure that the pool temperature iimits stay
well below 150°F for full core discharge. This system can only be used
when the reactor is in a cold shutdown condition.

FUEL POOL HEAT-UP FOLLOWING LOSS OF COOLING

For fuel pool heat-up transients, it has been assumed that the pool tem-
perature limits are below 120°F and 150°F for normal refueling and full
core discharge conditions, respectively. Section 5.2 demonstrates that
the SFP cooling system can be used to maintain the SFP temperature below
120°F. For a Full Core Discharge, siitdown cooling can be used or can
supplement the SFP cooling system to keep the pool temperature below
150°F.

Initiating cooling using the shutdown cooling system will be possible
within 2 hours after alarms notify the operators that the pool
temperature limits are exceeded. The SFP alarms at 150°F. Accordingly, a
two-hour pool heatup transient is analyzed in this section. The case
where cooling can be restored (for either cooling mode) within two hours
is also bounded by this analysis.
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It was conservatively assumed that the pool water heats up adiabatically
without accounting for evaporation losses at the pool surface or heat
losses through the concrete walls and piping exterior to the pool. The
previously established limits of 11 x 106 BTU/hr, 120°F for normal
refueling and 22 x 106 BTU/hr, 150°F for the full core discharge were
used. Reductions in heat loads and temperatures during the transient were
conservatively ignored.

The thermal capacity, pC,, was estimated to be 61 BTU/ft3 - °F for the
pool water, and the pool volume is approximately 215,000 gallons. The
total thermal capacity is thus, 1.75 x 106 BTU/°F.

Starting at 120°F, the pool will reach 132°F in 2 hours for normal
refueling conditions. For full core discharge conditions starting at
150°F, the pool temperatures will reach 175°F in 2 hours.

If the pool is assumed to reach boiling before cooling can be restored,
it will take: 1) 14.7 hrs (normal refueling) and 2) 4.9 hrs (full core

discharge) for boiling to occur. Water would boil away at approximate

rates ¢€ 11,340 1bm/hr and 22,680 1bm/hr for normal refueling and full

core discharge conditions, respectively.

Depending on the degree of subcooling, make-up water can be added to
compensate for these low rates of boil off to maintain the pool water
level and keep the pool surface at or below boiling. Normally, make-up
water is provided by the fuel transfer canal drain pumps from the safety
injection and refueling water storage tank. Fire hoses could provide
make-up water at these modest rates should the normal source malfunction.
The radiological consequences of a boiling pool are discussed in Section
8.5, with re2ard to compliance to 10 CFR 100.
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5.4

NATURAL CIRCULATION COOLING OF THE HOTTEST FUEL ASSEMBLIES

A natural circulation cooling analysis was performed for the Wachter
design, and it was concluded from that analysis that adequate cooling
would be provided using the Wachter design. This analysis used the
same methods ard assumptions in the previous analysis, performed by
Wachter, except the analysis is applied to the PaR design. This is
justifiable since there are only minor variations in the dimensions
between the two designs. The one variation is in the bottom inlet
grid of each fuel cell. The PaR design provides a grid instead of a
plate with a hole. This provides approximately six (6) times the inlet
flow area compared to the Wachter design. Also, the PaR design varies
from the Wachter design in that the racks are only 4.25" off the pool
floor instead of 5.00" as in the previous design. The affect of these
variations is explained iater in this section.

To demonstrate that the fuel is lccally cooled and the fuel pool cool-
ant mixes to a uniform temperature above the racks, a conservative
natural circulation cooling analysis of the hottest fuel assemblies

was performed. The hottest spent fuel assemblies would be those most
recently discharged from the reactor (45 fuel assemblies for ncrmal
refueling, 133 for full core discharge) and were conservatively assumed
to be lTocated at the extreme end of the pool. But in actuality the
hottest fuel assemblies will be discharged into the poisoned region
(Region 1), which is located next to the cooling spargers. The fuel is
discharged here prior to moving to Region 2. Thus the actual pool
temperatures would be lower than those calculated using the extreme case
of locating the fuel furthest from the sparger. Conservatively, the
module racks at the north end of the poc! are selected since they can
accommodate 117 fuel assemblies. However, to be conservative 133 fuel
assemblies were assuned to be stored in these racks, thus giving a higher
decay heat.
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The flow path chosen is the longest conceivable under rack path (~30
feet) originating at the south end, flowing north under the racks and
driven (by density variations) up through the hottest fuel channels.
Forced flow from the sparger, possibie down-flow through colder fuel and
channels, and down-flow along the pool walls, except the south wall was
ignored.

For normal refueling conditions, each of the 45 fuel assemblies was
calculated to have a thermal power of .244 x 106 BTU/hr. The total decay
heat for 45 fuel assemblies was calculated to be 11 x 106 BTU/hr (from
Section 5.1). For full core discharge (133 fuel assemblies) at 48.4 kw =
7 .165 x 106 BTU/hr was calculated to be the individual decay heat per
assembly (144 hr decay time, Section 5.1). The total decay heat was
therefore calculated to be 22 x 106 BTU/hr. Although some gamma heating
will occur outside the fuel, all decay energy is conservatively assumed
to be absorbed in the fuel for this evaluation.

The coolant temperature rise in the hottest assemblies was calculated
from a simple energy balance and by equating the pressure losses of the
flow path to the naturai circulation driving pressure.

The driving head was conservatively estimated by using the height of the
spent fuel boxes. Pressure losses were conservatively calculated for the
bottom grid of the storage box, the lower and upper fuel assembly end
fittings, the fuel assembly spacer grids, and the bare fuel rod friction.
Pressure losses affecting the under rack flow were all conservatively
calculated and added to those of the fuel assembly.
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The resulting calculations for the coolant temperature rise indicated a
weak dependence on the combined pressure loss coefficient, with a
stronger dependence on the decay heat load and flow areas. This was
documented in our earlier submittal with the Wachter design, it is also
true for the PaR design, especially since the PaR design provides a
larger flow area for the inlet to the fuel channels. The inlet flow area
is about 6 times as great as the Wachter design, however the under rack
clearance is only 4.25" compared to 5" in the Wachter design. The under
rack clearance was the factor which determined how much the temperature
change would vary. The temperatures calculated in the previous submittal
based on the Wachter design were found to be lower than those calculated
in this submittal due to the fact that the under rack flow areas were
different.

Fluid properties were used at 120°F for normal refueling and 150°F for
FCD, the cooiant increases were found to be

ATh = 39.1°F Normal Refueling

AT = 50.3°F Full Core Discharge
The coolant increases varied by 5°F and 8°F from the Wachter analysis
for the above cases, respectively.

ATy is the coolant change in temperature in the hot channel.

The aT's calculated above were based only on a natural circulation
analysis and did not take into account the forced flow from the spargers
and flow down the four walls. The only mixing that occurs in this
analysis is due to the imbalance in the fluid densities in the channels
and above the racks. (The density difference between the hot and cold
channels balanced the resistive losses due to friction, expansion
contraction, and turns.)
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The AT's calculated for a hot channel using a natural circulation
technique are not much higher than the AT's calculated across t.e heat

exchanger. It should be noted that the heat exchanger has a large forced

flow heat transfer capacity, whereas, the pool was not analyzed for any

forced flow. Since the AT's are not abnormally hign, cooling by natural
circulation will provide adequate local cooling, and keep the pocl well

mixed to a nearly uniform temperature above the iacks.

Peak clad temperatures were estimated by adding the calculated clad film
drops (22°F for normal refueling and 16°F for FCD) to the maximum
calculated coolant inlet temperature. With the heat exchangers in
operation, the coolant inlet temperatures to the hottest assemblies is
taken to be the average heat exchanger temperature as determined in

Section 5.2.

The results, together with the maximum inlet and outlet coolant
temperature are summarized in Table 5.4-1. Results are also given for
the postulated 2 hour loss of cooling transient. Above the fuel racks,
the local saturation temperature for all cases is below saturation. For
the most extreme case (FCD with 2 hr. cooling loss), the clad could reach
local saturation. Considering the severity of this case and the extreme
conservatisms used in the model, the fuel racks will provide an

acceptable cooling geometry for heat removal by natural convection.

AND COOLING OF THE POISON CHANNEL

Some of the gamma decay energy will be absorbed in the poison
channel and inter-cell water; therefore, considerations must be given

te heat removal requirements for these locations.




For water to
walls at the
meter). The

and flow out

get into the inner channels, holes are cut into the cell
bottom and provided on a'l four sides (3/4 in. Dia-
coolant will enter these holes flow up through the channel

of holes which are provided at the top of the channel on

all four sides (3/4 in. Diameter). Calculations were done to insure that

the orifice hole area is large enough to keep the inter-cell water tem-

perature below the coolant temperature in the fuel box and the box wall

and poison temperatures below the clad temperature. The flow area re-

quired in the bottom orifices under these constraints is typically .3

to .4 in2 pe

basis, the f

provides 1.7

r channel (2 channels per fuel assembly). Using this as a
low areas for the flow racks can be checked. Each channel

7 in. (four - 3/4" holes per channel) in area for coolant

flow. Thus the flow area provided is about 4 times that which is

required.

The poison

complete

although encased in stainiess steel wrappers are not
Water can come in contact with the poison and if
ing occurs it will not be irapped, and create hulges in the

wrapper. Since the channel spaces are not sealed voiding

holes are provided at the top and bottom of

a definitive flow path for circulation of water

] 1

e concluded that the inter cell water and poison

for the proposed storage racks.
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TABLE 5.1-1

Spent Fuel Pool Projected Design Decay Heat Load Summar
Normal Refueling Conditions

Based on BTP ASB 9-2

Cumulative
Cycle Fuel Assemblies Cumulative Decay Heat Load

Number(s) Discharged No. of FA's TimeTs 106(BTU/Hr)
45 45 72 hrs 7.68
26 44 89 13,000 hrs 8.06
25 44 133 3 yrs 8.28
24 45 178 4.5 yrs 8.45
23 a4 222 6.0 yrs 8.61
22 44 266 7.5 yrs 8.76
21 45 311 2.0 yrs 8.91
20 44 355 10.5 yrs 9.04
19 44 399 12.0 yrs 9.18
18 45 444 13.5 yrs 9.31
17 44 488 15.0 yrs 9.44
16 44 532 16.5 yrs 9.56
15 45 577 18.0 yrs 9.67
14 44 -» 621 19.5 yrs 9.79
13 44 665 21.0 yrs 9.89
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TABLE 5.1-1 (Continued)

Spent Fuel Pool Projected Design Decay Heat Load Summary
Normal Refueling Conditions

Based on BTP ASB 9-2

Cumulative

Cycle Fuel Assemblies Cumulative Decay Heat Load
Number(s) Discharged No. of FA's TimeTs 106(BTU/Hr)
12 45 710 22.5 yrs n.00
11 a4 754 24.0 yrs 10.10
10 44 798 25.5 yrs 10.20
9 45 843 27.0 yrs 10.29
44 887 28.5 yrs 10.38
7 gqliote 4) 931 30.0 yrs 10.47
6 40 971 31.0 yrs 10.55

5 197 1168 32.5+ yrs 10.91

Notes:

1. Reactor operation at 1550 Mgy
Power per fuel assembly = 11.65 MW = 39.8 x 106 BTU/hr = Po
“~
2. Irradiation time To = 30,000 hrs, Burnup = 40,000 MWD/MTU.
3. Arrow (-») marks approximate limit for normal
(non-compact) fuel storage.

4. 28 fuel assenblies were actually discharged at the end of Cycle 7.
To be conservative in the analysis, 44 assemblies were assumed to

be discharged.
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Spent Fuel Pool Projected Design Decay Heat Load Summary

Full Core Discharge Conditions

Based on BTP ASB 9.2

Cumulative
Cycle Fuel Assemblies Cumulative Decay Heat Load
30 4f 45 144 hrs 4.42
29 89 144 hrs 9.79
28 , 133 144 hrs 15.35

“”““fﬁiﬁl Discharqed No. of FA's Time[ﬁ 105(8TU/Hr\

2200 hrs 16.95
15,000 hrs 17.29
3 yrs 17.50

4.5 - 20 yrs
20 yrs. plus




TABLE 5.1-3

Heavy Element Decay Heat Normal Refueling

CYCLE ASSEMB. ts P/PoU239 P/Po Np239 CUMUL.
HEAT
LOAD

X106 BTU/hr
27 45 72 hrs 0 6.32x10-4 1.131
26 44 13,000 hrs 0 0 1.131
25 44 3 yrs 0 ) 1.131
1-24 1045 4.5 - 32 yrs 0 0 1.131
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TABLE 5.4.1

Results of Natural Circulation Analysis

Conditions Tin(°F) Tout (°F) Terad(°F)
Normal With HX operation 108 147.2 170.5
Refueling 2 hr. loss of cooling 132.5 171.9 194.5
Full With HX operation 126 176.5 192.1
Core
Discharge 2 hr. loss of cooling 175 225.8 241*
Notes:
1. Tip = Coolant inlet temperature
2.  Tout - Maximum coolant temperature in the hottest assemblies
3.  Telad = Maximum clad temperature

4. The fuel assembly thermal powers are taken to be 71.6 KW (.244 x 106 BTU/hr)
for normal refuleing and 48.4 KW (.17 x 106 8TU/hr) for the full core
discharge.

5. Above the racks, Tyt >240°F. The coolant will be :ubcooled for the
extreme case (*). The clad could reach local saturation, but will not
exceed the 244°F estimate.

6. 4.25" Clearance ' 3 the floor and the racks
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6.0

6.1

MECHANICAL, STRUCTURAL, AND MATERIAL EVALUATION

This section summarizes the criteria and analytical methods for
mechanical and structural analysis which will be used to demonstrate that
the spent fuel racks are designed and fabricated tu meet and utilize the
applicable portions of the Regulatory Guides, Safety Review Plans, and
Published Standards listed in Table 6.1.

BASIS FOR LOADS AND STRESSES USED IN MECHANICAL AND STRUCTURAL

EVALIIATTONS

The following contains the loads, load combinations and design allowable
stress to which the racks will be designed.

6.1.1 The loads considered in this design are:

- Dead Load of Racks

L - Live Load due to the weight of fuel assemblies which shall
be considered as varying from zero to full load and
loadings corresponding to varying placement of the fuel
assemblies in the rack shall be considered so that the
most critical loads are obtained.

E - Loads generated by operating basis earthquake (OBE)
resulting from ground surface horizontal acceleration and
vertical ground surface acceleration acting
simultaneously.

E' - Loads generated by safe shutdown earthquake (SSE)
resulting from ground surface horizontal acceleration and
vertical ground acceleration acting simultaneously.

T - Thermal loads for water temperature at 150°F
mi-imum water .emperature is 40°F.
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6.1.2

Thermal loads for pool surface temperature at 212°F
(240°F at rack elevation)

Lifting force of 4000 1bs applied to the top of the
rack at any fuel bundle location.

Horizontal force of 1000 1bs applied at top of the rack
at any fuel bundle location.

Impact load resulting from following conditions:

Cendition 1

Condition 2

Condition 3

Condition 4

Condition 5

Max. Impact load from Table 6.2 impacting
or the middle of the top grid.

Max. Impact load f-om Table 6.2 impacting
on the corner of the top grid.

Fuel Bundle drop from 15 inches above the
rack free falling through an empty cavity
and impacting the bottom grid.

Inclined fuel bundle drop on the top of
the rack.

Gate drop from 52.2 in. above the rack
impacting on the top of the rack

Load Combinations The following load combinations shall be

!
L
L
L

satisfied:
1) D+
2) D+
3) D+
4) D+
5) D+

L

+ + + +

+

H+T
P+7
£+ 3
E' + T
T+ 1

Condition 1
Condition 2
Condition 3
Condition 4
Condition 5
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The acceptance criteria for load combinations in 6.1.2 are:

Load Combinations Limit

1) D+L+H+T Fs

2) D+L+P+T Fs

3) D+L+E+T Fg

4) D+L+E +T 1.6Fs {
5) D+L+T+I 1.6Fg i

Condition 1
Condition 2
Condition 3
Condition 4
Condition 5

NOTE: Local failure of the fuel support or the top grid
impact interface is allowed. However, overall member
stresses shall be limited to 1.60Fg and the il
configuration is such that kefs will not exceed .95.

Allowable working stress

-
wv
n

Fg = Calculated stress
Fy = Yield stress
6.1.4 Allowable stresses (For Stainless):

The allowable stresses are in accordance with ASME Boiler and
Pressure Yessel Code Section III Appendix XVII, Subsection NF.
This is interpreted as being identical to the AISC Steel

Cons' ruction Misual.

The one-third increase in allowable stress for emergency

conditions is not allowed. The increase in allowable stress is
defined by the preceding paragraph 6.1.3.
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6.2

WEIGHTS AND SPENT FUEL POOL FLOOR LOADING

All weights and Toads used in the analysis are based on the conservative
assumption that each storage location may eventually be used to store
individual fuel rods according to the DCS proposal. The weights of

such canisters are calculated based on the assumption that each such
canister would contain twice the number of fuel rods in a single fuel
rod storage area.

The largest rack is an 8 x 9 array of storage boxes, and this rack was
used to develop weights and loads since it maximizes the pool floor
loading value per single rack pedestal. This 72 unit rack has a dry
empty weight of 15,800 1bs. and a submerged weight of 13,800 1bs. When
fully loaded with DCS cannisters, these weights become 187,200 1bs. and
163,800 1bs., respectively.

The bearing plates which transfer the load of the racks to the fuel pool
floor will be sized to meet the pool liner unit load limit of 500 psi.
Including the accelerations resulting frcm the assumed maximum
hypothe’.ical earthquake or SSE, the maximum unit loading on the liner
inderreath the pedestal would be below 500 psi. The maximum overall
floor loadings will be under the allowable stress, (D + L + E' + T')

The total weight on the fuel pool floor is 3,441,645 1bs., from racks
fully loaded with DCS canisters (the equivalent of 1456 fuel assemblies),
whict is the number of fuel assemblies that could be stored if all were
disassembled, plus the weight of the pool water. This corresponds to an
average unit loading on the pool floor of 39.1 psi.
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The overall pool floor loading associated with a canister drop (worst
case drop accident) onto the storage racks (D + L + T + I) will be below
the loading stress limit of a seismic event. The drop accident is
discussed further below. In regard to thermal stresses the racks are

»

freestanding with no fixed end thermal stresses resulting. The thermal

concerns will be included by decr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>