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1.0 INTRODUCTION

This report describes the design, fabrication, and safety analysis of nigh
density spent fuel storage racks manufactured by Joseph Oat Corporation (Oat)
for the Byron Station Unit 1 and Unit 2, The plant, which is located two
miles east of the Rock River and approximately three miles southwest cf Byron
in Ogle County, is owned and operated by Commonwealth Edison Company (CECO).

Byron is a two-unit pressurized water reactor (PWR) with a net design capacity
of 1120 megawatts electric for each unit, Each of the two reactor cores
contains 193 fuel assemblies and is rated to produce 3411 thermal megawatts
(MWt). At present, there is cne (normal core offload) batch spent fuel
assemblies stored in the spent fuel pool, Unit 1 went into commercial
operation in September of 13985, Unit 2 went into commercial operation in
August, 1987,

The two units share one common spent fuel storage pool which is currently
licensed for the storage of 1060 spent fuel assemblies, As shown in Table
1.1, the storage pool would lose full core discharge capabiiity in 1994, The
proposed reracking will increase the number of pool storage locations to 2870
(includes six failed fuel locations). Table 1.1 indicates that the new racks
will provide adequate storage with full core discharge capability well into
the next century (circa 2009). Table 1.1 is based on an estimated 18-month
fuel cycle, Current trends toward longer cycles, extended burnup, and higher
enrichment would further extend the time span of onsite storage,

The pro,osed racks are free-standing and self-supporiing. The principal
construction materials are ASTM A-240, Type 304L stainless steel for the
structural members and shapes, with “Boraflex", a paterted product of 8I5C0 (a
division of Brand, Inc.), and Boral, a patented product of AAR Brooks &
Perkins for neutron attenuation, Whereas the fixed height support legs emplioy
304L series austenitic stainless plate and pipe material, the adjustable
support legs are constructed from SA351-CF3 and SA217-CAl5 casting stock, and
for certain support legs 400 series stainless (SA479-410) steel material,



The specifications for design, construction, and quality assurance for the
high density spent fuel storage racks were prepared by Sargent & Lundy
Engineers (S&L) of Chicago, I11linois, The mechanical design and fabrication
of the hardware was done by Oat, Seismic/structural analysis, thermal-
hydraulic analysis, and other related calculations were performed by Holtec
Internationa) of Mount Laurel, New Jersey and S&L, S&L provided the seismic
response spectra and performed the spent fuel pool st ~ e evaluation, S&L
performed the radiation shielding analysis, Southern Scieace, a division of
Black and Veatch, served as a consultant to Oat in the area of ¢riticality
analysis, Further criticality analysis was performed by Westinghouse
flectric. The mathematical analysis responsibility for this contract was
taken over by Holtec International of Mount Laurel, New Jersey, who prepared
the December, 1986 amendment to this licensing report on behalf of Oat. The
analyses performed by Holtec in conjunction with Black and veatch and S4&L
demonstrate that acceptable margins of safety exist with respect to
appropriate NRC and ASME acceptance criteria, A cost-benefit comparison of
several potential spent fuel disposition alternatives indicates that reracking
of the Byron pool is the lowest risk and most cost-effective alternative, and
that neither the reracking operation nor the increased onsite storage of
jrradiated material pose an undue hazard to the plant staff or the public,

The following sections provide a synopsis of the design, fabrication, nuciear
criticality analysis, thermal/hydraulic analysis, structural analysis,
accident analysis, environmental analysis, and cost-benefit appraisal of the
high density spent fuel racks, In particular, the integrity of the rack
structure under the specified combinations of inertial, seismic, and
mechanical loads and thermal gradient per NUREG-0800 is demonstrated,

Also included are descriptions of the rack In-Service Surveillance Program and
the Oat Quality Assurance Program, This Quality Assurance Program has Deen
reviewed and found ac-eptable for engineered fabrication of ASME Section 111,
Class 1, 2 and 3 and MC Components by both ASME and the NRC,
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Table 1.1 (Continued)
BYRON UNIT 1 & UNIT 2 FUEL ASSEMBLY DISCHARGE
(TENTATIVE SCHEDULE)

Remaining Capacity

Total

Number of  Discharged Without With¥***

Assemblies Batch Proposed Proposed
Unit Date Discharged Size Expansion Expansion
#1 Feb. 1999 84 1376 1494
#2 June 1999 34 1460 141°
#l Aug. 2000 34 1544 1326
#2 Dec. 2000 84 1628 1242
#1 Feb., 2002 34 1712 1158
#2 June 2002 84 1796 1074
#1 Aug. 2003 84 1830 990
#2 Dec. 2003 84 1964 906
fl Feb. 2005 84 2048 822
#2 June 2003 84 2132 738
#1 Aug. 2006 84 2216 654
#2 Dec. 2006 84 2300 5§70
#1 Feb. 2008 84 2384 436
#2 June 2008 84 2468 402
L Aug. 2009 84 2552 318
#2 Dec. 2009 34 2636 234
#l Feb., 2011 34 2720 150**
#2 June 2011 84 2804 66*

*%% Includes b failed fuel storage positions,
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2,0 GENERAL ARRANGEMENT

The high density spent fuel racks consist of individual cells with 8.,85-inch
(nominal) square cross-section, each of which accommodates a single
Westinghouse PWR fue) assembly or equivalent., A total of 2864 cells and six
failed fuel storage cells are arranged in 23 distinct modules of varying sizes
in two regions. Region 1 is designed for storage of new fuel assemblies with
enrichments up to 4.2 weight percent U-235, Region 1 is also designed to
store fuel assemblies with enrichments up to 4.2 weight percent U-235 that
have not achieved adequate burnup for Region 2, The Region 2 cells are
capable of accommodating fuel assemblies with various initial enrichments
which have accumulated minimum burnups within an acceptable bound as depicted
in Figure 4,1, Figure 2.1 shows the arrangement of the rack modules in the
spent fuel pool,

The high density racks are engineered to achieve the dual objective of maxir m
protection against structural loadings (arising from ground motion, thermal
stresses, etc,) and the maximization of available storage locations. In
general, a greater width-to-height aspect ratio provides greater margin
against rigid body tipping. Hence, the modules are made as large as possible
within the constraints of transportation and site handling capabilities.

As shown in Figure 2.1, there are 23 discrete modules arranged in the fuel
pool, Each rack module is equipped (see Figures 2,2a and 2.2b) with girdle
bars, one-inch-thick by 3-1/2 inches hignh, The nominal gap between cell walls
of adjacent modules is two inches, The modules make surface contact between
their contiguous sides at the girdle bar locations and thus maintain a
specified gap between them, Table 2.1 summarizes the typical physical data
for each Region 1 and Region 2 rack. Table 2.2 summarizes other pertinent

information on each rack module,



Table 2.1

DESIGN DATA

(Cell Pitch) Flux Trap
Region Nominal Min, Boral Min, B-10 Gap(nominal)
in. Loading Loading in.
1 Nominal 10,32 N&S N/A ,020 gm/cmé 1.16"
410,42 E&W N/A 1.26
Bora) 10.32 N&S  .020gm/cm® ,020gm/cm? 1,01
Insert 410,42 E&W 1.11
1 Boral 10.32 N&S  .025gm/cm® N/A 1.18
Only £10.42 E&W 1.28
2 9,03"" N/A 010 gm/cm? 0.0

“he minimum flux trap gap can be ,040" less than the nominal gap.

The minimum pitch can be ,040" less than the nominal pitch.

n
~no




Table 2.2

MODULE DATA

Number Cells Approximate
Module of per Module Weight
Region Type Modules Module Size (1b/module)
1 Al : 104 13x8 20,800
I B1-3 3 96 12x8 19,200
[1 Cl-6 6 18 14x12 26,900
[l 0143 2 126 14x9 20,150
I D4 1 113 14x9 18,360
-(Cx2+3x3)

. 11 D2 1 114 14x9-(4x3) 18,250
I1 £l 1 112 14x8 17,9C9
I1 F1 1 165 11x15 26,600
I1 Gl 1 30 10x9 14,700
Il H1 1 56 7x8 8,950
Il J1 1 35+6 7x5 10,159

failed
fuel

containers

Il K1 l 117 13x9 19,000
Il L1-L2 2 156 13x12 25,200
I1 M1 1 38 14x7 16,000
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3.0 RACK CONSTRUCTION

3.1 FABRICATION DETAILS

3:4.1 Region 1

The rack module is fabricated from ASTM A-240-304L austenitic stainless steel
sheet and plate material, ASME SA351-CF3 and SA217-CAl5 casting material and
SA 479-410 material. The weld filler material utilized in body welds is ASME
SFA-5.9, Type 308L and 308LSI. Boraflex and Boral serve as the neutron
absorber material. The detailed neutronic properties of Boraflex may be found
in Section 4, The Boraflex experience list is given 1a Table 3,1, The Boral
experience is given to Table 3.1.a.

A typical module contains storage cells which have an 8.85-inch nominal square
cross-sectional opening, This dimension ensures that fuel assemblies with
maximum expected axial bow can be inserted and removed from the storage cells
without any damage to the fuel assemblies or the rack modules.

Figure 3.1 shows a horizontal cross-section of a 3x3 array. The cells provide
a smooth and continuous surface for lateral contact with the fuel assemdly.

The anatomy of the rack modules is best explained by describing the components
of the design, namely:

0 Internal square box

0 Neutron absorber material (Boraflex, Boral)

0 Poison sheathing
0 Gap element
0 Baseplate

Support assembly

0 Top Lead-in

a. Internal Square Box

This element provides the lateral bearing surface to the fuel
assembly, It is fibricated by joining two formed channels (Figure
3.2) using a controlled seam welding operation, This element is an
8,.85-inch square (nominal) cross-section Dy 168-7/8 inches long.

1



Neutron Absorber Material (Boraflex, Boral)

Boraflex is placed on all four sides of a square tube over a length
of 139-1/2 inches, which covers the active fuel length except the
top and bottom 2,25 inches, for Region 1 Nominal Case, In addition
to the Boraflex, Boral sheets are added to the flux traps of two
Region 1 racks (82 and B83) which have already been built, Boral
sheets shall be used in place of Boraflex to cover the entire active
fuel on Region 1 racks (Al and B8l) which are not yet built, For
Region 2 the Boraflex length is 144 inches and it covers the entire
length of ihe active fuel,

Poison Sheathing

The poison sheathing (cover plate) shown in Figure 3.4, serves to
position and retain the poison material in its designated space,
This is accomplished by spot welding the cover sheet to the square
tube along the former's edges at numerous (at least 20) Tocations,
This manner of attichment ensures that the poison material will not
sag or laterally displace during fabrication processes and under any
subsequent loading condition,

Gap Element

Gap elements, illustrated in Figure 3.3, position two inner boxes at
a predetermined distance to maintain the minimum flux trap gap
required between two boxes. The gap element is welded to the inner
box by fillet welds, An array of composite box assemblies welded as
indicated in Figure 3.1 form the honeycomb gridwork of cells which
harnesses the structural strength of all sheet and plate type
members in an efficient manner, The array of composite boxes has
overall bending, torsional, and axial rigidities which are an order
of magnitude greater than configurations utilizing grid bar type of
construction,

Baseplate

The baseplate is a 5/8-inch thick plate type member which has 6-inch
diameter holes concentrically located with respect to the internal
square tube, except at support leg locations, where the hole size is
§ inches in diameter, These holes provide the primary path for
coolant flow, Secondary flow paths are avaiiable between adjacent
cells via tie lateral flow holes (1 inch in diameter) near the root
of the honeycomb (Figures 3.5a and 3.5b) which preclude flow
blockages, The honeycomb is welded to the baseplate with 3/32-inch
fillet welds.

Support Assembly

Each module has at least four support legs. Most supports are
adjustable in length to enable levelling of the rack, The variable
height support assembly consists of a flat-footed spindle which
rides into an internally-threaded cylindrical member. The
cylindrical member is attached to the underside of the baseplate

3¢



3.1!2

through fillet and partial penetration welds, The base of the flat-
footed spindle sits on the pool floor, Levelling of the rack
modules is accomplished by turning the square sprocket i the
spitdle using a long arm (approximately 46 feet long) scuare head
wrench, Figure 3,6A shows a vertical cross-section of .he
adjustable support assembly,

The supports elevate the module baseplate approximately 7-1/2 inches
above the pool floor, thus creating the water plenum for coolant
flow. The lateral holes in tne cylindrical member provide the
coolant entry path leading into the bottom of the storage locations,

Short adjustable legs are used on racks El, L2, C2 (for detarl see
Fig. 3.68), In addition, one small fixed support leg is used on
rack D: (for detail see Fig, 3.6C).

Top Lead-in

Lead-ins are provided on each cell to facilitate fuel assembly
insertion. The lead-ins of contiguous walls of adjacent cells are
structurally connected at the lead-in., These lead-in joints aid in
reducing tne lateral deflection of the inner square tube due to the
impact of fuel assemblies during the ground motion (postulated
seismic motion specified in the FSAR). This type of construction
leads to natural venting locations for the inter-cell space where
the neutron absorber material is located,

Region 2

The rack modules in Region 2 are fabricated from the sam: material as that
used for Region 1 modules, i.e., ASTM A-240-304L austenitic stainless steel,

A typical Region 2 module storage cell also has an 8.85-inch nominal square

cross-sectional opening, Figure 3.5b shows a partial vertical section of

Region 2 module, Figure 3,7 shows a horizontal cross-section of a 3 x 3

array

The rack construction varies from that for Region 1 inasmuch as the

sta 1less steel cover plates, gap elements, and top lead-ins are eliminated,

Hence, the basic components of this design are as follows:

Internal square box
Neutron absorber material
Side strips

Baseplate

Support assembly




In this construction, two channel elements form a box with an 8,85-inch
nominal square cross-sectional opening, The poison material 1s placed between
two boxes as shown in Figure 3,7, Stainless steel side strips are inserted in
both sides of the poison material to firmly locate it in the lateral
direction. The bottom strip positions the poison material in the vertical
direztian to envelope the entire active fuel length of a fuel assembly (Figure
3.5b). Two adjacent boxe. and the side strip between boxes are welded
together as shown in Figure 3.7, to form the honeycomb rack module,

The basenlate and adjustable support assemblies are incorporated in exactly
the same nanner as described for Region 1 in the preceding section,

3.8 CODE., STANDARDS, AND PRACTICES FOR THE SPENT FUEL POOL
MODIFL1"ATION

The fabrication of “he rack modules is performed under a strict quality

assurance system suituhle for ASME Section III, Class 1, 2 and 3 manufacturing

which has been in place *t QOat for over 10 years.

The following codes, standarcs and practices were used as applicable for the
design, construction, and assembly of the spent fuel storage rack: and
analysis of the pool structure. Additional specific references related to
detailed analyses are given in each section,

a. Design Codes

(1) AISC Manual of Steel Construction, 8th Edition, 1980.

(2) ANSI N210-1976, "Design Objectives for Light Water Reactor
Spent Fuel Storage Facilities at Nuclear Power Stations.,"

(3) American Society of Mechanical Engineers (ASME), Boiler and
Pressure Yessel Code, Section III, 1983 Edition up to and
including Summer 1983 Addenda (Subsection NF),

(4) ASNT=-TC=1A June, 1980 American Society for Nondestructive
Testing (Recommended Practice for Personnel Qualifications).

b. Material Codes

(1) American Society for Testing and Materials (ASTM) Standards -
A-240,



(2) American Society of Mechanical Engineers (ASME), Boiler and
Pressure Yessel Code, Section Il - Parts A and C, 1983 Edition,
up to and including Summer 1383 Addenda.

Welding Codes

ASME Boiler and Pressure VYessel Code, Section IX - Welding and
Brazing Qualifications, 1983 Edition up to and including Summer,
1983 Addenda.

Quality Assurance, Cleanliness, Packaging, Shipping,
Receiving, Storage, and Handling Requirements

(1) ANSI N45,2,2 - Packaging, Shipping, Receiving, Storage and
Handling of Items for Nuclear Power Plants,

(2) ANSI 45.2.1 - Cleaning of Fluid Systems and Associated
Components during Construction Phase of Nuclear Power Plants,

(3) ASME Boiler and Pressure Yessel, Section V, Nondestructive
Examination, 1983 Edition, including Summer and Winter 1983
Addenda.

(4) ANSI - N16.1-75 Nuclear Criticality Safety Operations with
Fissiunable Materials Qutside Reactors,

(5) ANSI - N16.9-7C validation of Calculation Methods for Nuclear
Criticality Safety.

(6) ANSI - N45.2.11, 1974 Quality Assurance Requirements for the
Design of Nuclear Power Plants,

Other References

(1) NRC Regulatory Guides, Division 1, Regulatory Guides 1.13, Rev.
2 (proposed); 1.29, Rev, 3; 1.31, Rev, 3; 1.6l, Rev, 0; 1.71,
Rev. 0; 1.85, Rev, 22; 1.92, Rev, 1; 1,124, Rev. 1; and 3.41,
Rev, 1.

(2) General Design Criteria for Nuclear Power Plants, Code of
Federal Regulations, Title 10, Part 50, Appendix A (GDC Nos. 1,
2, 51, 62, and 63).

(3) NUREG-0800, Standard Review Plan (1981).
(4) "OT Position for Review and Acceptance of Spent Fuel Storage

and Handling Applications,” dated April 14, 1978, and the
modifications to this document of January 18, 1979,

39



Table 3.1
BORAFLEX EXPERIENCE FOR HIGH DENSITY RACKS

Unit Plant NRC Licensing
Site No. Type Docket No. Status
Point Beach 182 PHR 50-226 & 301 Licensed
Yine Mile Point 1 BWR 50-220 Licensed
Oconee 142 PWR 50-269 & 270 Licensed
Prairie Island 142 PWR 50-282 & 306 Licensed
Calvert Cliffs 2 PWR 50-318 Licensed
Quad Cities” 182 BWR 50-254 & 265 Licensed
Watts Bar 182 PWR 50-390 & 391 Pending
Waterford 3 PHR 50-382 Pending
. Fermi™ 2 BWR 50-341 Licensed
H.B, Robinson 2 PWR 50-261 Licensed
River Bend 1 BWR 50-458 Licensed
Rancho Seco 1 PR 50-312 Licensed
Nine Mile Point 2 BWR 50-410 To Be
applied for
Shearon Harris 1 PWR 50-400 To be
applied for
Millstone 3 PWR 50-423 To be
applied for
Grand Gulf" 1 BWR 50-416 Pending
Oyster Creek’ BWR 50-219 Licensed
V.C. Summer” PR 50~ 395 Licensed
Diablo Canyon® 142 PWR 50-275 & 323 Licensed

. " Joseph Oat Corporation fabricated racks




Table 3.1.a

BORAL EXPERIENCE FOR HIGH DENSITY RACKS

Unit Plant NRC Licensing
Site No. Type Docket No. Status

Bellefonte 1&2 PWR 50-438

D. C. Cook 182 PWR 50-316

Indian Point 3 PHR 50-286

Maire Yankee 50-309

Salem 1&2 PWR 50-272

Seabrook PWR 50-443

Sequoyah 142 PWR 50-327

Yankee Rowe PWR 50-029

Zion 1&2 PWK 50-295

Browns Ferry 1,243 BWR 50-259,260, 296
Brunswick 142 BWR 50-325

Clinton BrWR 50-401

Ccoper BWR 51-298

Dresden 243 BWR 50-237, 249
Duane Arnold BWR 50-331

J. A, Fitzpatrick BWR 50-333

E.I. Hatch 142 BWR 50-231, 366
Hope Creek BWR 50-354

Humbolt Bay 50-133

La Crosse BWR 50-409

Limerick 142 BWR 50-352
Monticello Bwk 50-263
Peachbottom 243 BWR 50-277

Perry 182 BWR 50-440, 44)
Pilgrim BWR 50-293

Shorenham BWR 50-322
Susquehanna 1&2 BWR 50-387

Yermont Yankee BWR 50-271

3=7
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4,0 NUCLEAR CRITICALITY ANALYSIS

4.1 DESIGN BASES

The high density spent fuel storage ~acks for the Jyron Nuclear Power Station
are designed to assure that the neutron multiplication factor (keff) is equal
to or less than 0.95 with the racks fully loaded with fuel of the highest
anticipated reactivity in each of two regions, and flooded with unbsrated
water at temperature corresponding to the highest reactivity. The maximum
calculated reactivity includes a margin for uncertainty in reactivity
calculations and in mechanical tolerances, statistically combined., such that
the true K ¢¢ will be equal to or less than 0,95 with a 95% probability at a
95% confidence level.

Applicable codes, standards, and regulations, or pertinent sections thereof,
including the following:

0 General Design criterion 62, Prevention of Criticality :n Fuel
Storage and Handling.

) USNRC Standard Review Plant, NUREG-0800, Section 9.1.1, New Fuel
Storage and Section 9.1.2, Spent Fuel Storage.

0 USNRC letter of April 14, 1978, to all Power Ruactor Licensees - QT
Position for Review and Acceptance of Spent Fue®l Storage and
Handling Applications, including modificaticn letter dated
January 18, 1979.

0 USNRC Requiatory Guide 1,13, Spent Fuel Sterage Facilit, Uesign
Basis, Rev, 2 (proposed), December 1931,

0 USNRC Regulatory Guide 3.41, validation of CalCulational Methods for
Nuclear Criticality Safety {and related ANSI N16.9-1975).

0 ANSI/ANS-57,2-1983, Design Requirements for Light Water Reactor
Spent Fuel Storage Facilities at Nuclear Powar Plants,

0 ANS1 N210-1976, Design Objectives for Light Water Reactor Spint Fuel
Storage Facilities at Nuclear Power ?lants,

0 ANS1 N18,2-1973, Nuclear Safety Criteria for the Design of
Stationary Pressurized Water Reactor Flants,

To assure the true reactivity will always be less than the calculated
reactivity, the following conservative assumptiuns were made:
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0 Moderator is pure, unborated water at a temperature corresponding to
the highest reactivity,

0 Lattice of storage racks is assumed infinite in all directions,
1.e2., no credit is taken for axial or radial neutron leakage (except
in the assessment of certain abnormal/accident conditions).

n Neutron absorption in minor structural members is neglected, i.e.,
spacer girds are replaced Dy water,

The design basis fuel assembly is a 17x17 Westingnouse optimized fuel assembly
containing U0, at a maximum initial enrichment of 4,2% U-235 by weight,
corresponding to 48,6 grams U-235 per axial centimeter of fuel assembly. Two
separate storage regions are provided in the spent fuel storage pool, with
separate criteria defining the highest anticipated reactivity in each of the
two regions as follows:

0 Region 1 is designed to accommodate new fuel with a maximum
enrichment of 4.2 wtd UJ-235, or spent fuel regardless of the
discharge fuel burnup.

0 Region 2 is designed to accommodate fuel of various initial
enrichme ts which have accumulated minimum burnups within an
acceptable bound as depicted in Figure 4.1,

8.2 SUMMARY OF CRITICALITY ANAL)YSES

.81 Normal Operating Conditions

The criticality analyses of each of the two separate regions of the spent fuel
storage pool previously described are summarized in Table 4,1 for the
anticipated normal storage conditions, The calculated maximum reactivity in
Reginn 2 includes a burnup-dependent allowable for uncertainty in depletion
calculations and, furthermore, provides an additional margin of more than 2% W
k below the limiting effective multiplication facter (keff) of 0,95, As
cooling time increases in long-term storage, decay of Pu-241 results in a
significant decrease in reactivity, which will provide an increasing
subcriticality margin and tends to further compensate for any uncertainty in
depletion calculations., Spacing between the twoe different rack modulus 1s
sufficient to preclude adverse nuclear interaction between modules,



Region 2 can accommodate fuel of various initial enrichments and discharge
fuel burnups, providea the combination falls within the acceptable domain
illustrated in Figure 4.1, For convenient reference, the minimum burnup
values in Figure 4.1 have been fitted by linear tangents at various values and
the results are tabulated below,

Initial Minimum Initial Minimum
Enrichment, % Burnup, MWD/MTU Enrichment, % Burnup, MWO/MTU
1.52 J 3.00 22,490
1.80 5,230 3.20 25,000
2.00 8.750 3.40 27,510
2.20 11,340 3.60 30,020
2.40 14,390 3.80 32,540
2.50 17,050 4,00 34,960
2.80 19,700 4,20 37,370

Linear intarpolatinn between the tabuiated values will always yield values on
or conservatively above the curve of limiting burnups.

These data will be implemented in appropriate administrative procedures to
assure verified burnup as specified in draft Regulatory Guide 1,13, Revision
2. Administrative procedures will also be employed to confirm and assure the
presence of soludble poison in the pool water during fuel handling operations,
as a further margin of safety and as a precaution in the event of fuel
misplacement during fue] handling operations as discuss in Section 4.,2.2.

§.2.2 Abnormal and A.cident Conditions

Although credit for the soluble poison normally present in the ;yent fuel pool
water is permitted under abnormal or accident conditions,* most abnormal or
accident conditions will not result in exceeding the Limiting reactivity (kgge
of 0.95) even in the absence of soluble poison, Tne effects on reactivity ot
credible abnormal and accident conditions are summarized in Table 1.2, Of
these abnormal/accident conditions, only one has the potential for a more than
negligible positive reactivity effect,

*Double contingency principle of ANSI N16,1-1975, as specified in the
April 14, 1978, NRC letter (Section 1.2) and implied in the proposed revision
(draft) to Regulatory Guide 1.13 (Section 1.4, Appendix A).
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The inadvertent misplacement of a new fuel assembly (either into a Region 2
storage cell or outside and adjacent to a rack module) has the potential for
exceeding the limiting reactivity should there be a concurrent and independent
accident condition resulting in the loss of all soluble poison,
Administrative procedures to assure the presence of soluble poison during fuel
handling operations will preclude the possibility of the simultaneous
occurrence of these two independent accident conditions. The largest
reactivity increase occurs from accidentally placing a new fuel assembly into
» Region 2 storage cell with all other cells fully loaded. Under this

a¢ .on, the presence of only 300 ppm soluble boron assures that the
infinite multiplication factor would not exceed the design basis reactivity
for Region 2, With the nominal concentration of soluble poison present (2000
ppm boron), the maximum reactivity, kg, is less than 0,95 even if Region 2
were t2 he fully loaded with fresh fuel of 4.2% enrichment,

4.2.3 New Fuel Storage

Region 1 of the storage racks is designed to safely accommodate new
unirradiated fuel of 4.2% enrichment, when fully flooded with clean unborated
water. Under certain circumstances, it may be desirable to store new fuel in
the dry condition in Region 1 or to utilize Region 2 for the temporary storage
of new fuel, ei=her dry or fully flooded. These conditions were analyzed to
assure the acceptability of Region 1 in the dry condition and to determine an
arrangement in Region 2 that would assure criticality safety in conformance
with the requirements of SRP 9.1.1, "New Fuel Storage.”

friticality analyses confirmed that Region 1 does not exhibit a peak in
reactivity at low moderator densities (e.g., for or foam moderation) and that
the optimum moderation (highest keff) occurs for the fully flooded

condition. This condition is the design basis for Region 1 where the maximum
kg including al) uncertainties, is less than 0.947.

In Region 2, it was determined that a checkerboard pattern (fuel assemblies
aligned diagenally) provided an acceptable kg , in either the fully flooded or
the dry (low density moderation) condition for new fuel assemblies of 4.2
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enrichment, These calculations indicated a nominal kg of 0,813 + 0.014 (1s)
when fully flooded with clean unborated water--a value substantially less than
the lTimiting k,¢¢ of 0.95, even with an additional allowance for uncertainties
(maximum kg, of 0.86 at 953/95% tolerance limits).

Calculations, using Monte Carlo techniques, did not reveai a peak in
reactivity at low moderator densities, and fully flooded condition corresponds
to the highest reactivity (optimum moderation). Thus, the checkerboard
pattern of new 4,23 enriched fuel in Region 2 represents a safe configuration
in conformance with SRP 9,1.1. and 9.1.2,

4.3 REFERENCE FUEL STORAGE CELL

8. 9: 1 Reference Fuel Assembly

The design basis fuel assembly, illustrated ir Figure 4,2, is a 17x17 array of
fuel rods with 25 rods replaced by 24 c¢ontrol rod guide tubes and 1 instrument
thimble. Table 4.3 summarizes the Westinghouse optimized fuel assembly (OFA)
design specifications and the expected range of significant variations,

B3, Region 1 Storage Cells

The nominal spent fuel storage cells used for the original critically analyses
of Region 1 storage cells is shown in Figure 4,2,1, The rack is composed of
Boraflex absorber material sandwiched between a 0,060-inch inner stainless
steel box and a 0.020-inch outer stainless steel (SS) coverplate (0,125-inch
coverplate for module periphery cell valls), The fuel assemblies are
centrally located in each storage cell on a nominal lattice spacing of 10,320
+ 0.050 inches in one direction and 10.420 + 0.050 inches in the other
direction. Stainless steel gap channels connect one storage cell box to
another in a rigid structure and define an outer water space between boxes,
Tais outer water space constitutes a flux-trap between tha two Boraflex
absorber sheets that are essentially opaque (black) to thermal neutrons, The
Boraflex aLsorber has a thickness of 0.075 + 0,007 inch and a nominal B-10

areal density of 0,0238 gram per cmz.
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Figure 4,2,2 snows the nominal cell modified with Boral inserts, The Boral
has a minimum B-10 loading of .020gm/cm® and thickness of ,075 + .004 inch,
The minimum boron loading is combined with the maximum thickness as a "worst
case" conservatism, The Boral plates are to be flush with the Boraflex cover
plate, However a manufacturing tolerance allowing .125 inch clearance is
assumed for the analysis.

Figure 4,2.3 shows the cell with Bora' replacing Boraflex, The cover plate
has been eliminated as it serves no useful purpose., The Boral has a minimum
8-10 loading of 0,225 gm/cm2 and a thickness of ,085 £,004 inch, These are
again used simultaneously for a "worst case" calculation,

4.3.3 Region 2 Storage Cells

Region 2 storage cells were initially designed for fuel of 3.2 wtd U-235
initial enrichment burned to 25,000 MWD/MTU and extended to encompass fuel of
4.2% initial enrichment burned to 37,370 MWD/MTU. In this region, the storage
cells are composed of a single Boraflex absorber sandwiched between the 0.060-
inch stainless steel walls of adjacent storage cells, These cells shown in
Figure 4.3, are located on a lattice spacing of 9.03 + 0.04 inches.

4.4 ANALYTICAL METHODULOGY

$.8,1.1 Reference Analytical Methods and Bias for Nominal Case

The CASMO-2E computer code (References 1, 2 and 3), a two-dimensional
multigroup transport theory code for fuel assemblies, has been benchmarked
(ese Appendix A) and is used both as a primary method of analysis and 25 a
means of evaluating small reactivity increments associated with manufacturing
tolerances. CASMO-2E benchmarking resulted in a calculational bias of 0,0013
+ 0.0018 (95%/95%).

In fuel rack analyses, for independent verification, criticality analyses of
the high density spent fuel storage racks were al,. performed with the AMPX-
KENO computer package (References 4 and 5), usirg the 27-group SCALE* cross-
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. saction library (Reference 6) with the NITAAL subroutine for U-238 resonance
shielding effects (Nordheim integral treatment). Details of the benchmark
calculations with the 27-group SCALE cross-section lidrary are also presented
in Appendix A, These benchmark calculations resulted in a bias of 0.0106 +
0.0048 (95%/95%). B

In the geometric mode) used in KENO, each fuel rod and its cladding were
described explicitly. For two-dimensional X-Y analysis, a zero current (white
albedo) boundary condition was applied in the axial direction and, for

Region 1, at the centerline through the outer water space (flux-trap) on all

four sides of the cell, effect:vely crating an infinite array of storage
cells, In Region 2, the zero current boundary condition was applied at the
center of the Boraflex absorber sheets between storage cells, The AMPX-KENO
Monte Carlo calculations inherently include a statistical u.certainty due to
the random nature of neutron tracking, To minimize the statistical
uncertainty of the KENO-calculated reactivity, a total of 50,000 neutron
histories is normally accumulated for each calculation, in 100 generations of
. 500 neutrons each,

CASMO-2E is also used for burnup calculations, with independent verification
by EPRI-CELL and NULIF caiculations. In tracking long-term (30 year)
reactivity effect of spent fuel stored in Region 2 of the fuel storage rack,
EPRI-CELL calculations indicate a continuous reduction in reactivity wit . time
(after Xe decay) due primarily to Pu-241 decay and Am-241 growth.

A third independent method of criticality analysis, utilizing
diffusion/blackness theory, was also used for additional confidence in results
of the primary calculational methods, although no reliance for criticality
safety is placed on the reactivity value from the diffusion/blac:ness theory
technique, This technique, however, is used for auxiliary calculations of
small incremental reactivity effects (e.g., axial curback or mechanical
tolerances) that would otherwise be lost in normal KENO statistical
variations, or would be inconsistent with CASMO-2E geometry limitations.

«SCALE 1s an acronym for Standard Computer Analysis for Licensing Evajuation,
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Cross sections for the difusion/blackness theory calculations were derived
from CASMO-2E or calculated by the NULIf computer code (Reference 7),
supplemented by a blackness theory routine that effectively imposes a
transport theory boundary condition at the surface of the Boraflex neutron
absorber, Two different spatial diffusion theory codes, PDQO? (Reference 8 in
two dimensions and SNEID* in one dimension, were used to calculate
reictivities. The two-dimensional PDQO7 code was used to describe the actual
storage cell geometry, with NULIF cell-homogenized constants representing each
fuel rod and its associated water moderator, SNEID is one-dimensional model,
in cylindrical or slab geometry, used for the calculation of axial cutback
reactivity effects and in the assessment of abnormal occurrences.

4,4,1.2 Analytical Methods and Bias for Modified Cases

The design method used to demonstrate the criticality safety of fuel in the
modified fuel storage racks uses the AMPX system of com, uter codes (4] for

‘ cross-section generation (NITAWL=S and XSDRNPM-S), and the KENO-IV (CRC) code
[5] for reactivity determination, Tolerance variations of the nominal case
were then applied.

An ORNL 227 energy group ENDF/B-V cross-section library [15,16] was utilized
for the criticality analysis, The NITAWL program computes resonance Cross-
sections and prepares a 227 neutron group P3 cross-section data file for use
in the XSDRNPM one-dimensional S, neuron transport code, The Nordheim
Integral Treatment [17) used. Energy and spatial weighting of cross-sections
to reduce the 227 group data to 27 group (SCALE) dats is performed by the
XSDRNPM program, Zone weighted cross-sections air~ in used in the fuel regions
that are modeled as discrete fuel rods in KENO, Discrete modeling of
structural regions such as the storage cell structures also use zone weight

cross-sections,

*SNEID 1s one-dimensional diffusion theory routine developed by Black & Veatch
and verified by comparison with PDQO7 one-dimensional calculations,
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KENO-1V is used in the evaluation of criticality of the Byron storage racks.
KENO-1Y is a three-dimensional Monte Carlo theory program Jesigned for
reactivity calculations.

The calculationa) method and cross-section values wiiich were used in the
criticality analysis of the fuel storage racks have been verified by
comparison with critical experiment data for assemblies similar to those for
which the racks are designed. This benchmarking data is sufficiently diverse
to establish that the method bias and uncertainty will apply to fuel storage
rack conditions which include strong neutron absorbers and low moderator
densities,

A set of 33 critical experiments has been analyzed to demonstrate its
applicability to criticality analysis and to establish the method bias and
variability. The experiments range from water moderated oxide fuel array
separated by various materials (BORAL, stee]l and water) that simulate LWR fuel
shipping and storage conditions (18], tu dry, harder spectrum uranium metal
cylinder arrays with various interspersed materials [19] (Plexiglas, paraffin
and air) that demonstrate the wide range of applicability of the method.

The results and some descriptive factors about each of the 33 benchmark
critical experiments are give in Table 4.9, The average Keff of the
benchmarks is 0.9917 which demonstrates that there is a 0,0083 bias associated
with the method. The standard deviation of the Keff values is 0,00082 qgelta-
k. The 95/95 one-side tolerance limit factor for 33 values is 2.19. There is
a 95 percent prubability with 95 percent confidence level that the uncertairty
in reactivity, due to the method, is nol greater than 0.0018 delta-k.

4.4.2 Fuel Burnup Calculatio"s

Fuel burnup calculations in the hot operating condition were performed
primarily with the CASMO-2E code. However, to enhance the credibility of the
burnup calculations (in lieu of critical experiments), the CASMO-2E results
were independently checked Dy calculations with the NULIF code (Reference 7)
and with EPRI-CELL (Reference 3). Figure 4.4 compares results of these
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independent methods of burnup analysis under hot reactor operating
conditions, The results agree within 0,008 Wk in the hot operating condition,

In addition to depletion calculations under hot operating conditions,
reactivity comparisons under conditions more representative of fuel to be
stored in the racks (cold, xenon-free) are also significant in storage rack
criticality analyses, Table 4.4 compares the clod, xenon-free reactivities
calculated by CASMO-2E, NULIF/PDQO7, and EPRI-CELL. In the cold condition,
the CASMO-2E calculations gave a slightly higher reactivity value for the
Region 2 fuel storage cell and the good agreement generally observed lends
credibility to the calculations, particularly in view of the know bias and
uncertainty in CASMO-2E calculations (Appendix A),

No definitive methods exists for determining the uncertainty in burnup-
dependent reactivity calculations., All of the codes discussed above have been
used to accurately follow reactivity loss rates in operating reactors,
CASMO-2E has been extensively benchmarked (Appendix A; References 1, 2, 3 and
10) against cold, clean, critical experiments (including plutonium-bearing
fuel), Monte Carlo calculations, reactor operations, and heavy-element
concentrations in irradiated fuel. In particular, the analyses (Reference 10)
of 11 critical experiments with plutonium-bearing fuel gave an average K.¢¢ of
1,002 + 0,011 (95%3/95%), showing adequate treatment of the plutonium

nuclides. In addition, Johansson (Reference 11) has obtained very good
agreement in calculations of close-packed, high-plutonium-content,
experimental configurations,

Since critical-experiment data with spent fuel is not available, it is
necessary to assign an uncertainty in reactivity based on other
considerations, supported by the close agreement between different
calculational methods and the general industry experience in predicting
reactivity loss rates in operating plants. Over a considerable portion of the
burnup, the reactivity loss rate in PWRs is approximately 0,01 Wk for each
1,000 MWD/MTU, becoming somewhat smaller at the higher burnups. By
conservatively assuming an uncertainty in reactivity* of 0.5 x 10'6 times the
burnup in MWD/MTU, a burnup-dependent uncertainty is defined that increases
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with increasing fuel burnup, as would be reasonably expected, This assumption
provides an estimate of the burnup uncertainty that is more conservative and
bounds estimates frequently employed in other fuel rack licensing applications
(i.e., 5% of the total reactivity decrement). Table 4.5 summarizes results of
the burnup analyses and est mated uncertainties, These uncertainties are
appreciably larger, in general, than would be suggested by the industry
experience in predicting reactivity loss rates and boron let-down curves over
many cycles in operating plants, The increasing level of conservatism at the
higher fuel burnups provides an adequate margin in the uncertainty estimate to
accommodate the possible existence of a small positive reactivity increment
from the axia)l distribution in burnup (see Section 4.4.3)., In addition,
although the burnup uncertainty may be either positive or negative, it is
treated as an additive term rather than being combined statistically with
other uncertaincies, Thus, the allowance for uncertainty in burnup
calculations is believed to be a conservative estimate, p.rticularly in view
of the substantial reactivity decrease with aged fuel as discussed in Section
4.4.4,

4.4.3 Effect of Axial Burnup Distribution

Initially, fuel loaded into the reactor will burn with a slightly skewed
cosine power distribution., As burnup progresses, the burnup distribution will
tend to flatten, becoming more highly burned in the central regions than in
the upper and lower ends. This effect may De clearly seen in the curves
compiled in Reference 12. At high burnup, the more reactive fuel near the
ends of the fuel assembly (less than average burned) occurs in regions of
lower reactivity worth due to neutron leakage. Consequently, it is expected
that distributed=-burnup fue)l assemblies would exnibit a slightly lower
reactivity than that calculated for the average burnup. As burnup progresses,
the distribution, to some extent, tends to be self-regulating as controlled by
the axial power distribution, precluding the existence of large regions of
significantly reduced burnup.

A number of one-dimensional diffusion theory analyses have been made based
upon calculated and measured axial burnup distributions, these analyses
confirm the minor and generally negative reactivity effect of axially
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distributed burnup. The trends observed, however, suggest the possibility of
a small positive reactivity effect at the high burnup values, and the
uncertainty in kB due to burnup, assignec at the higher burnups (Section
4.4,2), is adequately conservative to encompass the potential for a small
positive reactivity effect of postulated axial burnup distributions,
Furthermore, reactivity decreases with time in storage (Section 4.4.4), and,
in addition, there is a large margin in reactivity (20,02 Wk) below the
limiting k ¢¢ value (0,95) which can accommodate any reasonable reactivity
effects that might be larger than expected.

4.4.4 Long-Term Decay

Since the fuel racks in Region 2 are intenged to contain spent fuel for long
periods of time, calculations wers made using EPRI-CELL (which incorporates
the CINDER code) to fol)iow the .org-term changes in reactivity of spent fuel
over a 30-year period, CINDER tracks the decay and burnup lJependence of some
179 fission products, Early in the decay period, xenon grows in (reducing

reactivity) and subsequently decays, with the reactivity reaching a maximum at

100-200 hours. The decay of Pu-241 (13-year half-1ife) and growth of Am-241
substantially reduce reactivity during long term storage, as indicated in
Table 4.6, The reference design criticality calculations do not take credit
for this long-term reduction in reactivity, other than to indicate an
increasing subcriticality margin in Region 2 of the spent fuel storage pool,

4.5 REGION 1 CRITICALITY ANALYSIS AND TOLERANCE VARIATIONS

4.5.1 Nominal Design Case

Under normal conditions, with nomiral dimensions, the ks values calculated by
the three methods of analysis are as follows:

Maximum ks
Analytical Method Bias-corrected kp (958/95%)
CASMO-2E 0.9387 + 0.0018 0.9405
AMPX=KENO 0.9301 + 0.0061 0.9362
Diffusion blackness theory 0,9393 0.9393
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The AMPFX-KENO calculations include a one-sided tolerance factor (Reference
13) of 1.799 corresponding to 35% probability at a 95% confidence limit, For
the nomina) design case, the CASMO-2E calculation yields the highest (most
conservative) reactivity, and, therefore, the independent verification
calculations substantiate CASMO-2E as the primary calculational method.

4,5.2 Boron Loading Verification

The Boraflex absorber sheets used in Region 1 storage cells are nominally
0.075-inch thick, with a 8-10 areal density of 0,0238 g/cmz. Independent
manufacturing tolerance limits are +0,007 inch in thickness and +0,0017 g/cm?
in B-10 content., This assures that at any point where the minimum boron
concentration (0,0221 gram 8-10/cmé) and minimum Boraflex thickness (0,068
inch) may coincide, the boron-10 areal density will not be less than 0,020

2
gram/cm 2. Differential CASMO-2E calculations indicate that these tolerance
limits result in an incremental reactivity uncertainty of +0.0021 Wk for boron
content and':p.0047 for Boraflex thickness variations,

4,5.3 Storage Cell Lattice Pitch Variation

The design storage cell lattice spacing between fuel assemblies in Region 1 1is
10.32 inches in one direction and 10,42 inches in the other direction. A
decrease in storage cell lattice spacing may or may not increase reactivity
depending upon other dimensional changes that may De associated with the
decrease in lattice spacing., Increasing the water thickness between the fuel
and the inner stainless steel box results in a small increase in reactivity.,
The reactivity effect of the flux-trap water thickness, however, is more
significant, and decreasing the flux-trap water thickness increases
reactivity. Both of these effects have been evaluated for independent design

tolerances,

The inner stainless stee) box dimension, 8.850 + 0.032 inches, defines the
inner water thickness between the fuel and the inside box, For the tolerance
limit, the uncertainty in reactivity is +0,00'8 Wk as determined by
differential CASMO-2E calculations, with kg increasing as the inner stainless
stee]l box dimension (and derivative lattice spocing) increases,
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The design flux-trap water thicknesses are 1,160 + 0.040 inches and 1.260 *
0.040 inches, which result in an uncertainty of +0,0033 Wk due to the
tolerance in flux-trap water thickness, assuming the water thickness is
simultaneously reduced on all four sides. Since the manufacturing tolerances
on each of the four sides are statistically independent, the actual reactivity
uncertainties would be less than +0,0038, although the more conservative value
has been used in the criticality evaluation,

4,5.4 Stainless Steel Thickness Tolerances

The nominal stainless steel thickness in Region 1 is 0.60 inch for the inner
stainless steel box and 0.020 inch for the Boraflex coverplate (0.125 inch on
module boundary)., The maximum positive reactivity efféct of the expected
stainless steel thickness tolerance variations, statistically combined, was
calculated (CASMO-2E) to be +0.0025 Wk.

4.5.% Fuel Enrichment and Density Variation

The design maximum enrichment is 4.20 + 0,05 wt? U-235. Calculations of the
sensitivity to small enrichment variations by CASMO-2E yielded a coefficient
of 0,0047 Wk per 0,01 wt® U-235 at the design enrichment, For a tolerance on
U-235 at the design enrichment, For a tolerance on U-235 enrichment of +0.05
in wti, the uncertainty on ”B is +0.0024 Wk.

Calculations were made with the UOZ fuel density increased to maximum value of
97% theoretical density (TD). For the midrange value (95% TD) used for the
reference design calculations, the uncertainty in reactivity is +0,0026 Wk
over the range of U0, densities expected,

4.5,6 Boraflex Width Tolerance Variation

The reference storage cell design for Region 1 (Figure 4,2) uses a Boraflex
blade width of 7.75 + 0.0625 inches. A positive increment in reactivity
occurs for a decrease in Boraflex absorber width, For reduction in width of

the maximum tolerance, 0.0625 inch, the calculated positive reactivity
increment is +0,0007 Wk,




4.5,7 Axial Cutback of Boraflex

The axia) length of the Boraflex poison material is less than the active fuel
length by three inches at the top and at the bottom of the Revision 1 storage
rack modules. To account for the reactivity effect of this axial cutback,
one-dimensional (slab) diffusion theory calculations were made using flux-
weighted homogenized diffusion theory constants edited from CASMO-2E
calculations of the array of storage cells, with and without Boraflex

present, In the one-dimensional calculations, an infinite (30-cm) water
reflector was used above and below the fue)l assembly, with the lengths of the
unpoisoned “cutback" regions, top and bottom, varied in a series of parametric
calculations, Results of these calculations showed that the k,¢¢ remains less
than the kg of the refererce central storage cell region, until the axial
cutback exceeds four inches top and bottom, Thus, the actual axial neutron
leakage more than compensates for the three-inch design cutback, and the
reference infinite multiplication factor, kg remains a conservative
overestimate of the true reactivity

4.6 REGION 2 CRITICALITY ANALYSIS AND TOLERANCE VARIATIONS

4.6.1 Nomina)l Design Case

The principal method of analysis in Region 2 was CASMO-2E code, using the
restart option in CASMO to transfer fuel of a specified burnup into the
storage rack configuration at a reference temperature of 0°C. Calculations
were made for fuel of several different initial enrichments and, for each
enrichment, a limiting kg value established which included an additional
factor for uncertainty in the burnup analysis and for the axial burnup
distribution. The restart CASMO-2E calculations (celd, clean, rack geometry)
were then interpolated to define the burnup value yielding the limiting kg
value for each enrichment, as indicated in Table 4,7, These converged burnup
values define the boundary of the acceptable domain shown in Figure 4.1,



At a burnup of 37,000 MWD/MTU, the sensitivity to burnup is calculated to be
-0.0079 Wk per 1000 MWD/MTU, During long-term storage, the kg values of the
Region 2 fuel rack will decrease continuously from decay of Pu-241 as
indicated in Section 4.4.4,

Two independent calculational methods were used to provide additional
confidence in the reference Region 2 criticality analyses. Fuel of 1,5%
initial enrichment (approximately equivalent to the reference rack design for
burned fuel) was analyzed by AMPX-KENO (27-group SCALE cross-section library)
and by the CASMO-2f mode) used for the Region 2 rack analysis., For this case
CASMO-2E kg (0.9014) was within the statistical uncertainty of the bias-
corrected value (0,9043 + 0,0030 (1s) obtained In the AMPX-KENO

calculations, This agreement confirms the validity of the primary CASMO-2E
calculations,

The second independent method of analysis used the NULIF code for burnup
analysis, and for generating diffusion theory constants (cold, clean) for the
NULIF-calculated composition at 25,000 MWD/MTU with fuel of 3.,2% initial
enrichment, These constants, together with blackness theory constants for the
Boraflex absorber, where then used in a two-dimensional PDQO7 calculation for
the storage rack configuration, Results of this calculation (kB of 0.9017)
compared favorably with the CASMO-2E calculation for the same conditions (kB
of 0.9061) and thus tend to confirm the validity of the Primary calculational
method.

4.6.2 Boron Loading Variation

The Boraflex absorber sheets used in the Region 2 storage cells are nominally
0.041 inch thick with B-10 areal density of 0,0130 g/cmz. Independent
manufacturing limits are +0,007 inch in thickness and +0,0009 g/cmz in B-10
content. This assures that at any point where the minimum boron concentration
(0,01206 8-10 g/cmz) and the minimum Boraflex thickness (0.034 inch) may
coincide, the boron-10 areal density will not be less than O, 010 g/cm
Differential CASMO-2E calculations indicate that these tolerance limits result
in an incrementa) reactivity uncertainty of +0.0028 Wk for boron content and
40,0078 Wk for Boraflex thickness.



4,6.3 Storage Cell Lattice Pitch Variations

The value used for the storage sell lattice spacing between fuel assemblies in
Region 2 is 9.03 + 0,040 inches, corresponding to an uncertainty in reactivity
of 0.0011 Wk,

4.6.4 Stainless Steel Thickness Tolerance

The nominal thickness of the stainless steel box wall is 0,060 inch with a
tolerance limit of +0.,005 inch, resulting in an uncertainty in reactivity of
40,0001 Wk,

4.6.5 Fuel Enrichment and Density Yariation

Uncertainties in reactivity due to tolerances on fuel enrichment and U0,
density in Region 2 are assumed to be the same as those determined for
Region 1.

4,6,6 Boraflex Width Tolerance

The reference storage cell design for Region 2 (Figure 4,3) uses a Boraflex
absorber width of 7.25 + 0,625 inches. For a reduction in width of the
maximum tolerance, the calculated positive reactivity increment is 0.0009 Wk.

4.7 ABNORMAL AND ACCIDENT CONDITIONS

$.¢7.1 Eccentric Positioning of Fuel Assembly in Storage Rack

The fuel assembly is normally located in the center of the storage rack cell
with bottom fittings and spacers that mechanically limit lateral movement of
the fuel assemblies. Nevertheless, calculations were made with the fuel
assemblies moved into the corner of the storage rack cell (four-assembly
cluster at closest approach). These calculations indicated that the
reactivity decreases very slightly in both regions, as determined by PDQO7
calculations with diffusion coefficients* generated Dy NULIF and a blackness
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. theory routine, The highest reactivity therefore corresponds to the reference
design with the fuel assemblies positioned in the center of the storags cells.,

4,7.2 Temperature and Water Density Effects

The moderator temperature coefficient of reactivity in both regions is
negative; a moderator temperature of 09C, with a water density of 1,0 g/cm3.
was assumed for the reference designs, which assures that the true reactivity
will always be lower, regardless of iLemperature,

Temperature effects on reactivity have been calculated and the results are
shown in Table 4.8, Introducing voids in the water internal to the storage
cell (to simulate boiling) decreased reactivity, as shown in the table. Voids
due to boiling will not occur in the outer (flux-trap) water region of Region
1.

With soluble poison present, the temperature coefficients of reactivity would

. be expected to differ from those inferred from the data in Table 4.8,
However, the reactivities would also be substantially lower at all
temperatures with soluble boron present, and the data in Table 4.8 is
pertinent to the higher-reactivity unborated case,

8:7.8 Drojsed Fuel Assembly Accident

To investigate the possible reactivity effect of a postulated fuel assembly
drop accident, calculations were made for unpoisoned assemblies separated only
by clean unborated water, Figure 4,5 shows the results of these

calculations, From these data, the reactivity (kg) will be less than 0.495 for
any water gap spacing greater than 6 to 7 inches in the absence of any
absorber material, other than water, between assemblies, For a drop on top of
the rack, the fuel assembly will come to rest horizontally on top of the rack
with a minimum separation distance of more than 12 inches, Maximum expected

*This calculational approach was necessary since the reactivity effects are
too small to be calculated by KENO, and CASMO-2E geometry is not readily
amendable to eccentric positioning of a fuel assembly.
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deformation under seismic or accident conditions will not reduce the minimum
spacing between fuel assemblies to less than 12 inches, Consequently, fuel
assembly drop accident will not result in an increase in reactivity above that
calculated for the infinite nominal design storage rack, Furthermore, soluble
boron in the pool water would substantially reduce the reactivity and assure
that the true reactivity is always less than the limiting value for any
conceivable fuel handling accident,

4.7.4 Abnormal Location of a Fuel Assembly

The abnormal location of a fresh unirradiated fuel assembly of 4,23 enrichment
could, in the absence of soluble poison, result in exceeding the design
reactivity limitation (kB of 0.95). This could occur if the assembly were to
be either positioned outside and adjacent to a storage rack module or loaded
into a Region 2 storage cell, with the latter condition producing the larger
positive reactivity increment., Soluble poison, however, is normaliy present
in the spent fuel pool water (for which credit is permitted under th:se
conditions) and would maintain the reactivity substantially less than the
design limitation,

The largest reactivity increase occurs for accidentally placing a new fuel
assembly into a Region 2 storage cell with all other cells fully loaded.

under this condition, the presence of 300 ppm soluble boron assures that the
infinite multiplication factor would not exceed the design basis reactivity,
With the nominal concentration of soluble poison present (2000 ppm boron), the
maximum reactivity, kg, is less than 0.95 even if Region 2 were to be fully
loaded with fresh fuel of 4,2% enrichment, Administrative procedures will be
used to confirm and assure the continued presence of soluble poison in the
spent fuel pool water during fue) handling operations.

4,7.5 Lateral Rack Movement

Lateral motion of the rack modules under seism: -onditions could potentially
alter the spacing between rack modules., However, jirdle bars on the modules
prevent closing the spacing to less than 2.0 inches, which is greater than the
normal flux-trap water gap in the Region 1 reference design, Region 2 storage
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cells do not use flux-trap and the reactivity is insensitive to the spacing
between modules, Furthermore, soluble poison would assure that a reactivity
less than the design limitation is maintained under all conditions,

4.8 NEW FUEL STORAGE

4.8.1 Storage in Region 1, Ory

Region 1 is normally designed to accommodate new unirradiated fuel assemblies
in the fully flooded condition, For storage in the dry condition, the racks
must also conform to the requirements of SRP 9,1.1 which specify a limiting
Kefs value of 0.98 under optimum low density moderation., Calculations were
made, using AMPX-KENO, for several hypothetical low-moderator densities down
to 0.05 g/cc simulating fog or foam moderation, These calculations showed a
continuously decreasing kB as the moderator density decreased, yielding a kg
of 0,546 + 0,008 (1s) at 10% moderator density. Axial leakage was neglected
in these calculations, but would substantially reduce the already low kg
values, These results are consistent with the general observation that a low-
density optimum-moderation peak in reactivity does not exist in poisoned racks
(Reference 14),

4.8,2 Storage in Region 2, Flooded

In a succession of trial-and-error calculations, it was found that a
checkerboard storage pattern in Region 2 would allow new fuel assemblies of
4.2% enrichment to be safely accormodated without exceeding the limiting 0.95
Kof § value. In this checkerboard loading pattern, the fuel assemblies are
located on a diagonal array, as illustrated below, with alternate storage
cells empty of any fuel,

4-20



y/// i /1l 1/ 1174
/1] /17 /11{ /17 11/
/11 i1/ 111 y /71 11
Y /11 {1/ {1/ i1 1114
7 117 1l Y777 1117
/1/ 11/ 111A /17 11!
Y/ /1 111 711/ 111 1A

/17 oid  bred Vi 1114 USABLE
y /7 1771 711 777/ 7171
/11 1/// /114 /11 /1
y//1/ 11/ /11 1 111 V777 NON -

/

y/// /11 /11 y/// /114 USABLE
V777 777 4 771 V17 7171
111 11/ 111/

m,
F777 777 777 Tbn 777 (empty)
/11 /{ 11/ 111 ///4
}///
/11

i 777, 777 7771
/1 114 /11 m
777 777 777 §777 777
7 771 T /11 /1]

Monte Carlo calculations (AMPX-KENO) resulted in a kg of 0.8133 + 0,0138.
With a one sided K-factor (Reference 13) for 953 probability at a 95%
confidence level and a Wk of 0,009 for uncertainties (Table 4,1 for Region 2),
the maximum kg is 0,863, which is substantially less than the 0.95 limiting
value, Thus, Region 2 may be safely used for the temporary storage of new
fuel assemblies provided the storage configuration is restricted to te
checkerboard pattern indicated above.

4 8,3 Storage in Region 2, Dry

As indicated in Section 4.8.1 above, a peak in reactivity (keff) at low
moderator densities is not expected for poisoned rack designs. AMPX-KENO
calculations confirmed the absence of a low-moderator-density peak in Region 2
with 4.2% enriched fuel arranged in the checkerboard pattern, At 102
moderator density, the calculated kg was 1,552, which would be substantially
reduced if axial leakage were to be included. Thus, Region 2 conforms to the

requirements of SRP 9.1.1 (kg < 0,98 at optimum moderation) for the safe
storage of 4,23 enriched fuel, dry, in the checkerboard loading pattern,
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‘l’ Table 4,1

SUMMARY OF CRITICALITY SAFETY ANALYSES

Region 1 Region 1
Nomina) Boral Inserts
Minimum acceptable burnup 0 0 MWD/MTU
@ 4.2% initial enrichment
Temperature assumed for analysis 0%¢ 0°C
Reference kg (nominal) 0.9374 0.9215
Calculational bias 0.0013 0.0083
Uncertainties
Bias +0,0018 +0.0018
KENO N/A 0,0041
. B-12 concentration (Boraflex) +0.0021 +0.0021
Boraflex thickness +0,0047 +0.0047
Boraflex width +0.0007 +0,0007
Inner box dimension +0.0018 +0.0018
Water gap thickness 10,0038 +0.0038
SS thickness +0.0025 +0,0025
Fuel enrichment +0,0024 +0.0024
Fuel density 40,0026 +0.0026
Eccentric assembly position negative negative
Statistical compination (1) +0,0082 40,0091
Allowance for burnup uncertainty N/A N/A
Total 0.9387 + 0,0082 0.9298 + 0,0091
Maximum reactivity 0.9469 0.9389

(I)Square root of sum of squares.




® Table 4.1 Cont'd)
SUMMARY OF CRITICALITY SAFETY ANALYSES

Region 1 Region 2
Boral
Minimum acceptable burnup 0 37,370 MAD/MTU
@ 4,2% initial enrichment
Temperature assumed for analysis 0°¢ 0°C
Reference kg (nominal) 0.9282 0.8999
Calculational bias 0.0083 0.0013
Uncertainties
Bias +0,0018 +0,0018
KENO ,0041 N/A
] 8-10 concentration (Boraflex) N/A +0.0028
Boraflex thickness N/A +0.0078
Boraflex width N/A +0,0009
Inner box dimension +0,0018 +0.0011
Water gap thickness +0.0038 N/A
SS thickness 40,0025 40,0001
Fuel enrichment +0.0024 +0,0024
Fuel density +0.0026 +0.0026
Eccentric assembly position negative negative
Statistical comination (1) 40,0073 +0,0093
Allowance for burnup uncertainty N/A N/A
Total 0.9365 + 0,0073 0.9199 + 0.0093
Maximum reactivity 0.9438 0.9292

(I)Square root of sum of squares.
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‘l’ Table 4.2

REACTIVITY EFFECTS OF ABNORMAL AND ACCIDENT CONDITIONS

Accident/Abnormal Conditions Reactivity Effect
Temperature increase Negative in Doth regions
Yoid (boiling) Negative in both regions
Assembly dropped on top of rack Negligible

Lateral rack module movement Negligible

Misplacement of a fuel assembly Positive
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‘.l' Table 4.3

FUEL ASSEMBLY DESIGN SPECIFICATIONS

Fuel Rod Data

Qutside diameter, in, 0.360
Cladding thickness, in, 0.0225
Cladding material Zircaloy-4
Pellet diameter, in, 0,3088

UOZ pellet density, % TD 95 + 2

UOZ stack density, g/cm3 10,288 + 0.217
Enrichment, wtd U-235 4.2 + 0,05

Fuel Assembly Data

‘ Number of fuel rods 264 (17 x 17 array)
Fuel rod pitch, in, 0,496
Zontrol rod guide tube

Number 24

Qutside diameter, in, 0.474
Thickness, in. 0.016
Material Zircaloy-4

Instrument thimble

Number 1

Qutside diameter, in. 0.474
Thickness, in. 0.016
Material Zircaloy-4

U=235 loading
g/axial cm of assembly 48.6 + 1.0
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Table 4.4

COMPARISON OF COLD, CLEAN REACTIVITIES CALCULATED
AT 25,000 MWD/MTU BURNUP AND 3,2% ENRICHMENT

ke Xe-free 0°C

Calculational Method Fuel Assembly In Region 2 Cell
CASMO-2E 1.1206 0.9061
NULIF/PDQO7 1.1294 0.9017
EPRI-CELL 1.1201(1) .

(1) gpri-CELL kg at maximum value during long-term (30-year) storage,

ESTIMATED UNCERTAINTIES IN REACTIVITY
ODUE TO FUEL DEPLETION EFFECTS

Table 4.5

Design 0.5 x 107°
Initia)l Burnup Times ReactivitY
Enrichment MWD/MTU Burnup, Wk Loss, Wk b
1.8 5,230 0.0026 0.0475
2.5 15,720 0.0079 0,1575
3,2 25,000 0.0125 0.2337
3.7 31,280 0.0156 0,2757
4,2 37,370 0.0187 0.3107

(1) Total reactivity decrease, calculated for the cold, Xe-free condition in
the fuel storage rack, from the beginning-of-life to the design burnup,
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Table 4,6

LONG=TERM CHANGES IN REACTIVITY IN STORAGE RACK
( XENON-FREE)

Wk from Shutdown (Xenon-free)

Storage 3.2%E 4,2%¢E
Time, years 225,000 MWD/MTU 237,000 MAD/MTU
0.5 -0,0045 -0,0057
1.0 -0.0080 -0.0103
10.0 -0.0406 -0.0529
20.0 -0.0588 -0.0756
30.0 -0,0692 -0.,0386
Table 4.7

FUEL BURNUP VALUES FOR REQUIRED REACTIVITIES (kg)
WITH FUEL OF VARIOUS INITIAL ENRICHMENTS

Initial Reference Uncertainty(l) Design g::lup.
Enrichment kg In Burnup, W Limit kg MWD /MTU
1.58 0.9186 0 0.9186 0
1.8 0.9186 0.0026 0.9160 5,230
2.5 0.9186 0.0079 0.9107 15,720
3.2 0.9186 0.0125 0.9061 25,000
3,7 0.9186 0.0156 0.9030 31,280
4.2 0.9186 0.0187 0.8999 37,370

(I)See Section 4.4.2,
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Table 4.8

EFFECT OF TEMPERATURE AND VOID ON
CALCULATED REACTIVITY OF STORAGE RACK

Incremental Reactivity Change, Wk

Case Region 1 Region 2
0% Reference Reference
20°¢C -0,0022 -0.0047
509¢C -0.0084 -0,0081
80°C -0.0165 -0.0121
120°C -0.0238 -0.0178
120°C + 20% void -0,0953 -0,0520
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‘ TABLE 4.9
BENCHHARK EXPERIMENTS
Soluble
General y-235 Separating Boron
Description W/0 Reflector Material ppm Keff
1. U02 rod lattice 2.46 Mater Water 0 0.9857 +/- ,0028
Z. UQ2 rod lattice 2.46 Water Water 1037 0.9906 +/- ,0018
3. U02 rod lattice 2.46 MWater Water 764 0.9835 +/- ,0015
4, U02 rod lcttice 2.46 MWater B4C nins 0 0.9914 +/- ,0025
5§, U02 rod lattice 2.46 MWater 84C pins 0 0,9891 +/- .0026
6. U02 rod lattice 2.46 MWater B4C pins 0 0.9955 +/- ,0020
7. UQ2 rod lattice 2.46 MWater B4C pins 0 0.9889 +/- ,0026
8, UO2 rod lattice 2.46 MWater BAC pins 0 0.9983 +/- .0025
9. U02 rod lattice 2.46 MWater Water 0 0.9931 +/- ,0028
10, U02 rod lattice 2.46 MWater Water 143 0.9928 +/- ,0025
11, U02 rod lattice 2.46 Water SS 514 0.9967 +/- .0020
12, U02 rod lattice 2.46 MWater SS 217 0,9943 +/- ,0019
13, UOZ rod lattice 2.46 MWater Borated Al 15 0.9892 +/- ,0023
14, UC2 rod lattice 2.456 Water Borated Al 92 0.9884 +/- ,0023
15. U02 rod lattice 2,46 Water Borated Al 395 0.9832 +/- .0021
16, 902 rod lattice 2.46 MWater Borated Al 121 0.9848 +/- ,0024
17. U0Z2 rod lattice 2.46 Mater Borated Al 487 0.9895 +/- ,0020
. 18, U02 rod lattice 2.46 MWater Borated Al 197 0.9885 +/- ,0022
19, U02 rod lattice 2.46 MWater Borat.d Al 634 0.9921 +/- ,0019
20, UOD2 rod lattice 2.46 Water Borated Al 320 0,9920 +/- .0020
21, UQ2 rod lattice 2.46 MWater Borated Al 72 0.9939 +/- ,0020
22, U meta) cylinders 93,2 Bare Air 0 0.9905 +/- .0020
23, U metal cylinders 93,2 Bare Air 0 0.9976 +/- .0020
24, U metal cylinders 93,2 Bare Air 0 0.9947 +/- ,0025
25. U metal cylinders 93,2 Bare Air 0 0.9928 +/- .0019
26. U metal cylinders 93.2 Bare Air 0 0.9922 +/- 0026
27. U metal cylinders 93.2 Bare Air 0 0.9950 +/- .0027
28. U metal cylinders 93,2 Bare Plexiglas 0 0.9941 +/- .0030
29. U metal cylinders 93,2 Paraffin Plexiglas 0 0.9928 +/- ,004.
30, U metal cylinders 93.2 Bare Plexiglas 0 0,9968 +/- ,0018
31. U metal cylinders 93.2 Paraffin Plexiglas 0 1.0042 +/- ,0019
32, U metal cylinders 93,2 Paraffin Piexiglas 0 €.9963 +/- .0030
33, U metal cylinders 93.2 Paraffin Plexiglas 0 0.9919 +/- .0032

§-31




40 o i SR A rrrrjrruot s B s g e
L]

A

&
| B
B
R -

- 4
- -
- AC EPTﬁ?LE g
- BURMNUP DQMAIN .

MWD/MTU
s

T
s _k_& -3

28

1000
T 1
[

o
=) - -
= at -
& b %
9 — -
- \ -y
o s UNACCEPTABLE -
— -
@ BURNUP DOMAIN
=
10
w
» F / .
w i -
L 4 - —
. “
5
-
o il g A kb .} | I W | - - 1 4 1
1.8 2.0 243 3.0 3.9 4.0 4.5

INITIAL ENRICHMENT,WTX% U-239

Fig. 4,1 ACCEPTABLE BURNUP DOMAIN IN REGION 2 OF THE BYRON
STATION SPENT FUEL STORAGE RACKS.

4-32



¢ 0,032"

8.8%"

0.060" 2 0.005"
Irmer 88 Box

t 1/16"

BORAFLEX
¢ 0,007" Thick

7 3/4°

wx IID.
0.078"
0,0238 ¢ 0.0017 g BiO/cm!?

Outer SS

0.020" ¢ 0,003

0/0]0.6.616.0.6.0/0/0/0/0/0/0/00

110000QCOCO00000000

00CCOeCOe0Ce00000
ojo]e. (06 06 0/00/0/0] 1000
(0/0]0.0,016.0.6.0/0/9/0/0/0/0/00
0080080800 800O800
9/010.0.6.0.6.6.010/0/0/010/0/0.0
9/010,0.6,0.6.0.010/0/00/0/0/00,
0080080800800 800
00QQCCOQO00000000
00/0,0.6.0.6.9.0/0/010/0/0/000

0000000000000

oe] (o0, ee. ole] ol 910} |
0016,0,016.0.6.9/0/00/0/0/0.0/0,
00 CeQ0OCOD000MD00
o0je.0/8. 06 [0:0] [0/010/00)]
0/0]6.0,8/0 0. 010/0/010/0/0/0/010}}

_ | <

1.26* ¢ 0.040"
Vater Cap

080" Thick

Gap Channel

Fig. 4.2,1 REGION 1 STORAGE CELL GEOMETRY.

4-33



¢ 0.032°

#ox I.D.

8.8%"

»x
5
—_—
N =
%Hzm
LoEL
¥~ EO
woem
s ‘L_ng "\v
8x FP2y 8
.h WPDOO -mw
- o
0” oan~00
-t tﬂ
: 23
mm % 8
o Ay
o

°L LA

e

BORAF LEX
t 1/16"

7 3/4°
0,075" ¢ 0,007" Thick

0.0238 ¢ 0.0017 § llO/cul<

. == —

{[000000COO00000000
110000000QO00000000
DOOOCOSC®00B800000
0008000000080 00
DOOOOOOCO00000000
Q080080800800 800
A000OOCOO00000000
1010166 0.,0.,0.0.0.0/010/0/0/0/0]9,
Q080080800 800800
0000000000000
0]0]0.0,0]0,8.0.0/0/010 00, .
0080080080080
0/0]0,0,0.6.6.6. 80000
0008Q0QQO000

0.010.6,0.0.0 6.0(0 8]0

4-34

0000
@000
00000
DOOCK

00Q000OCGO000

00000\

-
o

x
o
4
[t
hl
o

Fig. 4,2.2 REGION 1 STORAGE CELL GEOMETRY.




a — — — . — —— - — - —

e 0000000000000
DO0OOOAOO00C000
OO0 800000
OOO8Q0O00008000
OOACOOOOO0000000
ole] Joje, Jele. loie! lele] (o[
OO0 000000
OOOAOOOO0000000
folel; 'o's. jo.e. lole! lolel o]0,
OOOOCOAO00000000
DOOOOOAOO0000000
DOBCOBOCBOOB0OB0O0
DOCOOCOOOOO00000
OOOSOOO0000®000
. 1100600800800 800000
1100000000000 000000
OO0O00OO00000000

——l

#OX I.D.
2

52
025 ¢BIO/cm?

BORAL SHEET
y & g

0.085" (nominal) Thick
0

-
:'———————-

------------------

. — - - o G — — —— — —

4.2.3 REGION 1 STORAGE CELL GEOMETRY.
4-35

Fig.




¢ 0,032 80x I.0D.

LATTICE SPACING

.........

*n 0000000000000 0000

e §. 820"

- — — ——

OO000OGOO0OD00000
OO000eGOBOO®D0000
000800000000 8000
OOOQOOOOO00000000
5J6] J06, Jeje] Jelel [e[o] 1816,
OOCO00Q0000000000
OOO0OAOGO00000000
5le] Jo6, Jeje! (ele] Io[s] 8]0,
0000O0OODO0000000
OOO0OOGOOO0000000
000000V OBVOWO0
O00000ATOO0C00000
000800000000 00V0

190]070.0.6.0,0,6,0.0(00/0/0/9/019

0000G0AGOO000000VO|

Thick

X
s /467
0.0120¢ 0,0009 g 210/cnt

8C
7 /4
£ 0,007°

0.044"

36

4-




*sjud2MYyD T IUI
g s >duo . - f
(VY1ITUT §Z°p pue %Z2°¢ 3JO 1[9Nn] J0J suotrje(nojied uotr3iafdap jo uostavdwo) v°F 1 43

NiW/7amu 00OT «gnNnyng 13Nd

Or ot oz o3 o
T 11 adh
g E N m 2N O N ER TT1Tr 01T 1T 1T} | S L L L I | rTrir1 01 i
! X
|
-
B Z
oo’y N
-
P4
-
3 ~
m
X I
L0}
1%t o
- .
) 0
1 T
- m
Py
>
oz'yY 4
) =
: 32 — -
= 3]
i OF T 0 00 UE BU UGN 36 Wn WW Nn W e G W W . (U U B U U N S U OE" Y

4-37



K=-INFINTITE

1.%0

1.40

1.30

1.20

1.10

1.00

0.90

Fig.

i il R ' ful B T 1T 1 1 | 57 ¥
- .
r' —4
- -4
- -
= \ -
- B
. -
o -
= -
e -
3 .
- —
- -l
r— -4
- Ly -
P A I TR A O T P e O o
0 2 4 6 8 10 12
WATER GAP BE TWEEN ASSEMBLIES, In.
4.5 REACTIVITY EFFECT OF WATER SPACING BETWEEN

fuel assemblies.

4-38



5.0 THERMAL-HYDRAULIC CONSIDERATIONS

A primary objective in the design of the high density spent fuel storage racks
is to ensure adequate cooling of the fuel assembly cladding. In the
following, a brief synopsis of the design basis, the method of analysis, and
computed results are given. Similar analysis has been used in previous
licensing reports on hignh density spent fuel racks for Fermi 2 (Docket 50-
341), Quad Cities 1 and 2 (Dockets 50-254 and 50-265), Rancho Seco (Docket 50-
312), Grand Gulf Unit 1 (Docket 50-416), Ovster Creek (Docket 50-219), Virgil
C. Summer (Docket 50-395), and Diablo Canyon 1 and 2 (Dockets 50-275 and 50-

323).

5.1 DECAY HEAT CALCULATIONS FOR THE SPENT FUEL

This report section covers requirement 111.1.5(2) of the NRC's "OT Position
for Review and Acceptance of Spent Fuel Storage and Handling Applications”
issued on April 14, 1978. This requirement states that calculations for the
amount of thermal energy removed by the spent fue)l cooling system shall be
made in accordance with Branch Technical Position APCSB 9-2, "Residual Decay
Energy for Light Water Reactors for Long Term Cooling" (Ref. 1). The
calculations contained herein have been made in accordance with this

requirement.
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The Byron Nuclear Power Station Units 1 ang 2 reactors are both rated at 3411

megawatts thermal (MWt). Each core contains 193 fuel assemblies. Thus, the
average operating power per fuel assembly, Po, is 17.6736 MW. The fue)

discharge can be made in one of the following two modes:

0 Normal refueling discharge

0 Full core discharge

Another mode exists where a normal discharge from one unit could be followed

17 days later by a full core discharge from the other unit.

An equilibrium reload consists of 84 assemblies (with 18-month cycles). The
four transitional reloads for each unit consist of 88 assemblies. The fuel
transfer begins after 100 hours of decay time in the reactor (time after
shutdown). It is assumed that the time period of discharge of this batch is
28 hours (three assemblies transferred to the pool per hour). The cooling
system consists of a Seismic Category | spent fuel cooling circuit. The bulk
temperature analysis assumes a IOSOF coolant inlet temperature to the spent

fuel pool heat exchanger for these refueling cases.

For the full core discharge, it is assumed that the total time period for the
discharge of the full core is 64 hours (after 100 hours of shutdown time in
the reactor). The discharge rate to the pool is assumed to be continuous and

uniform,
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For the 17 day back-to-back discharge mode, the following assumptions were

made; 410 hours between the normal discharge and the full core discharge; 3288
hours between the normal discharge and the previous normal discharge; all the
previous normal discharge were assumed double discharges (168 fuel assemblies)

for conservatism,

The fuel assemblies are removed from the reactor after a maximum postulated
time of 4.5 years of cumulative operating time. Since the decay heat load is
a monotonically increasing function of the cumulative reactor operating time,
o it is conservatively assumed that every fuel assembly discharged has had
the maximum postulated -, of 4.5 years for the batch size of 84,

The water inventory in the reactor cavity cooled by the residual heat removal
(RHR) heat exchanger exchanges heat with the fuel pool water mass through the
refueling canal. This source of heat removal is neglected in the analysis.
Thus, the results obtained for the norma) refueling discharge, full core

discharge and 17 day discharge mode are conservative.
The fuel pool cooling system (FC) consists of two independent trains, each
consisting of one pump and heat exchanger. fither train is capable of

providing sufficient cooling for the pool.

The following 1ist identifies all relevant design data for the spent fuel pool

heat exchangers:

0 Type Tube and shell
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Quantity

Performance data
. Heat transferred 15.833 x 10° Btu/hr

Tube Side

2.23 x 108 1b/hr

Fluid flow

Pool water inlet

temperature 120°F
- QOutlet temperature 112.9%

- Fouling factor .0005
‘ Shell Side

- Fluid flow 2.72 x 108 1b/hr

- Coolant inlet
temperature 105°F
- Qutlet temperature 110.82°F
- Fouling factor .0005
The above data enables complete characterization of the thermal performance of

a fuel pool heat exchanger.



5.1.2 Model Description

Reference 1 is utilized to compute the heat dissipation requirements in the
pool. The total decay heat consists of fission product and heavy element
decay heat. Tota) decay heat, P, for a fuel assembly is given as a linear

function of Po and as an exponential function of o and gl

P =P, f (Yo' zs) (5.1-1)
where:

p = tota) decay heat per fuel assembly, linear function of Po

Py = average operating power per fuel assembly

s " cumulative exposure time of the fuel assembly in the reactor

. = time elapsed since reactor shutdown
The appropriate uncertainty factor, K, was applied in accordance with NUREG-
0800 (Ref. 1). Furthermore, the operating power, P,, is taken equal to the
rated power, even though the reactor may be operating at less than its rated
power during much of the exposure period for the batch of fuel assemblies.
Finally, the computations and results reported here are based on the discharge

taking place when the inventcry of fuel in the pool will be at its maximum

resulting in an upper bound on ited decay heat rate.



Having determined the heat dissipation rate, the next task is to evaluate the
time-dependent temperature of the pocl water. Table 5.1 jidentifies the
loading cases examined. The pool bulk temperature is determined using the

first law of thermodynamics (conservation of energy).

A number of simplifying assumptions are made which render the analysis

conservative, principally:

0 The heat exchangers are assumed to have maximum fouling. Thus,
the temperature effectiveness, S, for the heat exchanger utilized
in the analysis is the lowest postulated value: S = .3875 for fuel
pool cooler. § is calculated from heat exchanger technical data
sheets. No heat loss is assumed to take place through the
concrete floor.

(o} No credit is taken for the improvement in the film coefficients of
the heat exchanger as the operating temperature rises. Thus, the
£ilm coefficient used in the computations are lower bounds.

0 No credit is taken for heat loss by evaporation of the pool water.

0 No credit is taken for heat loss to pool walls and pool floor
slab.

The basic energy conservation relationship for the pool heat exchanger system

yields:
X s
where:
Ct = Tnerma) capacity of stored water in the pool
¥ * Temperature of pool water at time,

wn
'
Lo ]



Q = Heat generation rate due to stored fue! assemblies in the pool;

Q) is a known function of time, : from the preceding section.

02 = Heat removed in the fuel pool cooler,

The poo)l has a total water inventory of approximately 63444,0 cubic feet when

all racks are in place in the pool and every storage location is occupied.

5.1.3 Decay Heat Calculation Results

The calculations were performed for the pool, disregarding the additional
therma)l capacity and cooling system available in the transfer canal, and the

reactor cavity.

For a specified coolant inlet temperature and flow rate, the quantity 02 is
shown to be a linear function of + in a recent paper by Singh (Ref., 3). As
stated earlier, Q; is an exponential function of .. Thus, Equation 5.1-2 can
be integrated to determine t directly as a function of -. The results are
plotted in Figures 5.1A through 5.20. The results show that the pool water
never approaches the boiling point even with the most adverse heat load, under
normal operating conditions. These figures also give Q) as a function of .
Four plots are generated for each case. The first and third plots for each
case show temperature and power generation, respectively, for a period
extending from « = 0 to r : 2 -, where 7, is the tcta) time of fuel

transfer. The second and fourth plots show the same quantities (i.e.,

temperature and power generation, respectively) over a longer period. The




long-term plots are produced to show the temperature drop with time.

Summarized results are given in Table 5.2.

Finally, computations are made to determine the time interval to boiling after
all heat dissipation paths are lost. Computations are made for each case

under the following two assumptions:

0 A1l cooling systems lost at the instant pool bulk temperature
reaches the maximum value.

0 A1l cooling systems lost at the instant the heat dissipation power
reaches its max mum value in the pool.

Results are summarized in Table 5.3. Table 5.3 gives the bulk poiling
vaporization rate for all cases at the instant the £o%1ing commences. This
rate will decrease with time due to reduced heat generation in the fuel., In

all cases, adequate time exists to take corrective action.

5.2 THERMAL-HYDRAULIC ANALYSES FOR SPENT FUEL COOLING

This report section covers requirement [11.1.5(3) of the NRC's "OT Position
for Review and Acceptance of Spent Fuel Storage and Hand1ing Applications,”
fssued on April 14, 1978. Conservative methods have been used tc calculate
the maximum fuel cladding temperature as ~eguired therein. Also, it has been
determined that nucleate boiling or voiding of coolant on the surface of the

fuel rods occurs only at the locations where freshly discharged fuel

assemblies are stored.




5.2.1 Basis

In order to detersines an upper bound on the maximum fuel cladding
temperature, a series of conservative assumptions are made. The most

important assumptions are listed below:

0 As statec ibove, the fuel pool will contain spent fuel with
varying t)2-after-shutdown (xs). Since the heat emission falls
off rapidiy with increasing ., it is obviously conservative to
assume that all fue) assembliés are fresh (t. = 100 hours) and
they all have had 4.5 years of operating timg in the reactor for
cases 1 and 2. The heat emission rate of each fuel assembly is
assumed to be equal (Ref. 2).

0 As shown in Figure 2.1 in Section 2, the modules occupy an
irregular floor space in the pool, For the hydrothermal analysis,
a circle circumscribing the actual rack floor space is drawn., It
is further assumed that the cylinder with this circle as its base
is packed with fuel assemblies at the nominal pitch of 9.03 inches
(see Figure 5.3).

0 The downcomer space around the rack module group varies, as shown
in Figure 2.1. The nominal downcomer gap available in the pool is
assumed to be the minimum gap available around the idealized
cylindrical rack; thus, the maximum resistance to downward flow is
incorporated into the analysis.

0 No downcomer flow is assumed to exist between the rack modules.

§.2.2 Model Description

In this manner, a conservative idealized model for the rack assemblage is
obtained. The water flow is axisymmetric about the vertical axis of the
circular rack assemblage, and thus, the flow is two-dimensional (axisymmetric
three-dimensional). Figure 5.4 shows a typical "flow chimney" rendering of
the thermal hydraulics model. The governing equation to characterize the flow
field in the pool can now be written. The resulting integral equation can be
solved for the lower plenum velocity field (in the radial direction) and axial

velocity (in-cell velocity field), by using the method of collocation. It
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should be added that the hydrodynamic loss coefficients which enter into the
formulation of the integral equation are also taken from well-recognized
sources (Ref. 4) and wherever discrepancies in reported values exist, the
conservative values are consistently used. Reference 5 gives the details of

mathematical analysis used in this sclution process.

After the axial velocity field is evaluated, it is a straight-forward matter
to compute the fuel assembly cladding temperature. The knowledge of the
overall flow field enables pinpointing the storage location with the minimum
axial flow (i.e., maximum water outlet temperature). This is called the most
"choked" location. In order to find an upper bound on the temperature in a
typical cell, it is assumed that it is located at the most choked location.
Knowing the global plenum velocity field, the revised axial flow through this
choked cell can be calculated by solving the Bernculli's equation for the flow
circuit through this cell. Thus, an absolute upper bound on the water cxit
temperature and maximum fuel cladding temperature is obtained. It is believed
that, in view of the aforement’oned assumptions, the temperatures calculated
in this manner overestimate the temperature rise that will actually occur in

the pool.

The maximum pool bulk temperature, t, is computed in Section 5.1.3 and
reported in Table 5.2. The corresponding average power output from the
hottest fuel assembly, g, is also reported in that table. The maximum radial
peaking factor, ny, is 1.55 for the Byron Nuclear Power Station. Thus, it is

conservative to assume that the maximum specific power of a fuel assembly, Qp,

is given by:
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qa = @ ny (5.2-1)
where:
ny = 1,55

The maximum temperature rise of pool water in the most disadvantageously
placed fuel assembly is given in Table 5.4 for all loading cases. Having
determined the maximum loca) water temperature in the pool, it is now possible
to determine the maximum fuel cladding temperature. It is conservatively
assumed that the total peaking factor, Fq, is 2.32. Thus, a fuel rod can
produce 2.32 times the average heat emission rate over a small length. The
axial heat dissipation in a rod is known to reach a maximum in the central
region, and taper off at its two extremities. For the sake of added
conservatism it is assumed that the peak heat emission occurs at the top where
the local water temperature also reaches its maximum. Furthermore, no credit
is taken for axial conduction of heat along the rod. The highly conservative
mode] thus constructed leads to simple algebraic equations which directly give

the maximum local cladding temperature, t..

5.2.3 Results

Table 5.4 gives the maximum local cladding temperature, t., at the instant the
pool bulk temperature has attained its maximum value. It is quite possible,
however, that the peak cladding temperature oCCurs at the instant of maximum
value of qu, the instant when the fuel assembly is first placed in a storage

location. Table 5.5 gives the maximum local cladding temperature at : = O.
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The local boiling temperature near the top of the fuel cladding is ZdOOF.

However, the cladding temperature must be somewhat higher than the boiling
temperature to initiate and sustain nucleate boiling. The above
considerations indicate that a comfortable margin against the initiation of
localized boiling exists in case 1. For full core discharge (case 2 and case
3) under the described assumptions, the maximum cladding temperature will give

rise to localized nucleate boiling, but not to bulk pool boiling (5.4).

e
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Table 5.1

LIST OF CASES ANALYZED

No. of
Fuel
Assemblies

Total Time
to Transter
Fuel Into

Decay Time

Betore Transfer

: he Pool
Discharged, £
Case No. Condition scl:‘drge Cho hrs Begins, hrs
»
| Normal refueling discharge B4 28 100
“
2 Full core 193 64 100
discharge
3 Back-tro-back refueling 277 + 100

Discharge 135 assumed to be
of 168 assemblaies.

into a pool containing fuel from 17 previous discharges

28 hours for tirst discharge (84 assemblies), 64 hours for second discharge

(fuil core).

17 days between the discharges and 4-1/2 months to the previous discharge.



w

Sl-

Table 5.2

MAXIMUM POOL. BULK TEMPERATURE, t, COINCIDENT TOTAL POWER, Ql' AND
COINCIDENT SPECIFIC POWER, q, FOR THE HOTTEST ASSEMBLY

Colnclident Colncident
Time to Maximum Time (After Colnclident Total
Iransfer Pool Bulk Initlatlon Specific Power
Case HNo. of Fuel Into Temp., t, of Fuel Powecr, gq, Q1 (10°%)
Ho. Assemblles Pool, hrs “F Iransfer),hrs Btu/sec Btu/hour Hotes
| 84 /8 138 37.0 55.15 L1985 Normal
discharpe
2 193 04 155 71.0 50.30 811 Full core,
discharge
3 277 + 158 55.0 55.0 . 1980 Abnormal

discharge

Discharge is assumed to be into a pool containing fuel from 17 previous discharges of 168 assemblies.

+
78 hours for first discharge; 64 hours for the second discharge; 17 days between first and second discharge
and 4-1/2 months to the previous discharge.




Table 5.3

VAPORIZATION RATE FROM THE INSTANT ALL COOLING IS LOST

CONDITION 1 CONDITION 2

Loss of Cooling at Maximum Loss of Cooling at
Poo)l Bulk Temperature Maximum Power Discharge

Time (Hrs) Vap. Rate Time (Hrs) Vap. Rate
To (1b/hr) To (1b/hr)
Boil Boil

35329.0 35788.0
54233.0 54827.0

57560.0 ‘ 58395.0




Table 5.4

MAXIMUM LOCAL POOL WATER TEMPERATURE AND LOCAL FUEL CLADDING
TEMPERATURE AT INSTANT OF MAXIMUM POOL BULK TEMPERATURE

Maximum Local Maximum Local
Case Water 0 Fuel Claddingo
No. Temperature, “F Temperature, “F Case ldentified
1 194 239 84 assemblies
2 208 250 193 assemuiies
3 227.4 275.1 277 assemblies
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Table 5.5

POOL AND MAXIMUM CLADDING TEMPERATURE AT THE
INSTANT FUEL ASSEMBLY TRANSFER BEGINS

Coincident Pool

Cladding Temperature, “F
Case No. Temperature, Of Bulk Local
1 236.6 122.6 186.0
2 236.6 122.8 186.2
3 236.6 122.8 186.2
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6.0 STRUCTURAL ANALYSIS

The purpose of tnis section is to demonstrate the structural adeguacy of the
spent fue! rack design under normal and accident loading conditions., The
method of analysis presented herein uses a time-history integration method
similar to that previously used in the Licensing Reports on High Density Fuel
Racks for Fermi 2 (Docket No. 50-341), Quad Cities 1 and 2 (Docket Nos. 50-254
and 50-265), Rancho Seco (Docket No. 50-312), Grand Gulf Unit 1 (Docket No.
50-416), Oyster Creek (Docket No. 50-219), V.C. Summer (Docket No, 50-39%),
and Diablo Canyon 1 and 2 (Docket Nos. 50-275 and 50-323). The results show
that the high density spent fuel racks are structurally adequate to resist the
postulated stress combinations associated with level A, B, C, and D conditions
as defined in References | and 2.

6.1 ANALYSIS OUTLINE

The spent fue)l storage racks are Seismic Category | equipment. Thus, they are
required to remain functional during and after a Safe Shutdown Earthquake
(Ref. 3). As noted previously, these racks are neither anchored to the pool
floor nor attached to the sidewalls. The individual rack modules are not
interconnected. Furthermore, a particular rack may be completely loaded with
fuel assemblies (which corresponds to greatest rack inertia), or it may be
completely empty. The coefficient of friction, ., between the supports and
pool floor is another indeterminate factor. According to Rabinowicz (Ref. 4)
the results of 199 tests performed on austenitic stainless steel plates
submerged in water show a mean value of . to be 0.503 with a standard
deviation of 0.125. The upper and lower bounds (based on twice the standard
deviation) are thus 0.753 and 0.253, respectively. Two separate analyses are
performed for the rack assemblies with values of the coefficient of friction
equal to 0.2 (lower limit) and 0.8 (upper limit), respectively. Analyses
performed for the geometrically 1imiting rack modules focus on 1imiting values
of the coefficient of friction, and the number of fuel assemblies stored.
Cases studied are for the 12x14 rack, for the 7x14 rack, and for a special
rack with 35 regular locations and 12 large storage cells. Typical
simulations are:



0 Fully loaded rack (all storage locations occupied),
v = 0.8; 0.2 (u = coefficient of friction)

0 Rack half full, . = 0.8, 0,2

The simulations were performed using a consolidated fuel weight of 30004 per
cell. The case of nearly empty racks is found not to be critical.

The method of analysis employed is the time-history method. The pool slab
acceleration data were developed from the resporse spectra provided by Sargent
and Lundy Engineers, Chicago, I1linois.

The objective of the seismic analysis is to determine the structural response
(stresses, deformation, rigid body motion, etc.) due to simyltaneous
application of the three statistically independent, orthogonal excitations.
Thus, recourse to approximate statistical summatior techniques such as the
"Square-Root-of -the-Sum-of -the-Squares" method (Ref. 5) is avoided. For
nonlinear analysis, the only practical method is simultaneous application.

Pool slab acceleration data are provided for two earthquakes: Operating Basis
farthquake (0BE) and Safe Shutdown tarthguake (SSE). Figures 6.1 - 6.3 show
the time-histories corresponding to the SSE concition.

The seismic analysis is performed in three steps, namely:

1. Development of a nonlinear dynamic model consisting of inertial mass
elements and gap and friction elements.

2. Generation of the equations of motion and inertial coupling and
solution of the equations using the "component element time
integration scheme" (References 6 and 7) to determine nodal forces
and displacements.

3. Computation of the detailed stress field in the rack (at the
critical location) and in the support legs using the nodal forces
calculated in the previous step. These stresses are checked
against the design limits given in Section 6.5.

A brief description of the dynamic model follows.




6.2 F'JEL RACK - FUEL ASSEMBLY MODEL

Since the racks are not anchored to the pool slab or attached to the pool
walls or to each other, they can execute a wide variety of rigid body

motions. For example, the rack may slide on the poo! floor (so-called
“s1iding condition"); one or more legs may momentarily lose contact with the
liner ("tipping condition”); or the rack may experience a combination of
s1iding and tipping conditions. The structural model should permit simulation
of these kinematic events with inherent built-in conservatisms., Since the
Byron racks are equipped with girdle bars to dissipate energy due to
inter-rack impact (if it occurs), it is also necessary to model the inter-rack
impact phenomena in a conservative manner. Similarly, 1ift off of the support
legs and subsequent impacts must be modelled using appropriate impact
elements, and Coulomb friction between the rack and the pool liner myst be
simulated by appropriate piecewise linear springs. These special attributes
of the rack dynamics reguire a strong emphasis on the modeling of the 1inear
and nonlinear springs, dampers, and stop elements. The model outline in the
remainder of this section, anc the mode! description in the following section
describe the detailed modeling technigue to simulate these effects, with
emphasis placed on the nonlinearity of the rack seismic response.

6.2.1 Qutline of Model

a. The fuel rack structure is a folded metal plate assemplage welded to &
baseplate and supported cn four legs. The rack structure itself is a
very rigid structure. Dynamic analysis of typical multicell racks has
~hown that the motion of the structure is captured almost completely by
the behavior of a six degrees-of -freedom structure; therefore, the
movement of the rack cross-section at any heignht is described in terms of
the six degrees-of-freedom of the rack base. The rattling fuel fis
mode)led by five lumped masses located at H, .75H, .5H, .25H, and at the
rack base. Fuel mass connectivity is included to model the fuel assembly
stiffness.

b. The seismic motion of a fuel rack 's characterized by random rattling of
fuel assemblies in their individual storage locations. Assuming that
all assemblies vibrate in phase ot iously exaggerates the computed
dynamic loading on the rack structuse. This assumption, however, greatly
reduces the required degrees-of -freedom needed to model the fuel
assemblies which are represented by five lumped masses located at
different levels of the rack. The centroid of each fuel assembly mass can
be located, relative to the rack structure centroid at that level, so as
to simulate a partially loaded rack.




The local flexibility of the rack-support interface is modeled
conservatively in the analvs's.

The rack base support may slide or 1ift off the pool floor.

The poo! flocr has a specified time-history of seismic accelerations
along the three orthogonal directions.

Fluid coupling between rack and assemblies, and between rack and adjacent
racks, is simulated by introducing appropriate inertial couplina into the
system kinetic energy. Inclusion of these effects uses the methods of
References 4 and 6 for rack/assembly coupling and for rack/rack coupling
(see Section 6.2.3 of this report).

Potential impacts between rack and assemblies are accounted for by
appropriate "compression only" gap elements between masses involved.

Fluid damping between rack and assemblies, and between rack and adjacent
rack, is conservatively neclected.

The supports are modeled as "compression only" elements for the vertical
direction and as "rigid 1inks" for dynamic analysis. The bottom of a
support leg is attached to a frictional spring as described in Section
6.3. The cross-section inertial properties of the support legs are
computed and used in the final computations to determine support leg
stresses.

The effect of sloshing can be shown to be negligible at the bottom of a
pool and is hence neglectecd.

Inter-rack impact, if it occurs, is simulated by a series of gap elements
at the top and bottom of the rack in the two horizontal directions. The
most conservative case of adjacent rack movement s assumec; each
adjacent rack is assumed to move completely out of phase with the rack
being analyzed. The effect of misalignment is also considered. The rack
is assumed misaligned so that the rack has a gap that vaires linarly from
0 inch at one corner to 0.25 inch at the other corner along each side.
Two different configurations are consider:

1) A1l four adjacent racks are rotated in the same direction
(configuration 1).

2) Three of four adjacent racks are rotated in the same direction and
the fourth one is rotated in the opposite direction (configuration
Z).

The form drag opposing the motion of the fue)l assemblies in the storage
locations is conservatively neglected in the results reported herein.

The form drag opposing the motion of the fuel rack in the water is also
conservatively neglected in the results reported herein.



n. The rattling of the fue) assemblies inside the storage locations causes
the “gap" between the fuel assemblies and the cell wall to change ‘rom a
maximum of twice the nominal gap to a theoretical zero gap. However,
the fluid coupling coefficients (Ref. 8) utilized are based on linear
vibration theory (Ref. 9). Studies in the literature show that inclusion
of the nonlinear effect (viz. vibration amplitude of the same order of
Tc?nitude as the gap) drastically lowers the equipment response (Ref.

0

Figure 6.4 shows a schematic of the model. Six degrees-of- freedom are used
to track the motion of the rack structure. Figures 6.5 and 6.6, respectively,
show the inter-rack impact springs ard fue)l assembly/storage cell impact
springs at a particular level.

As shown in Figure 6.4, the model for simulating fuel assembly motion
incorporates five lumped masses. The five rattling masses are located at the
baseplate, at quarter height, at half height, at three gquarter height, and at
the top of the rack. Two deqrees-of-freedom are used to track the motion of
each rattling mass in the norizontal plame. The vertical motion of each
ratt1ing mass is assumed to be the same as the rack base.

6.2.2 Mode) Description

The absolute degrees-of-freedom associated with each of the mass locations are
*
identified in Figure 6.4 and Table 6.1. The rattling masses (nodes 1'. -

3'. 4'. 5’) are described by translational degrees-of-freedom q;-Qy¢.

Uj(t) is the poo! floor slab displacement seismic time-history. Thus, there
are sixteen degrees-of-freedom in the system. Not shown in Fig. 6.4 are the
gap elements used to model the support legs and the impacts with adjacent
racks.

6.2.3 Fluid Coupling

An offect of some significance requiring careful modeling is the so-called
“flyid coupling effect". [f one body of mass (m)) vibrates adjacent to
another body (mass mz). and both bodies are submerged in a frictionless fluid
medium, then Newton's equations of motion for the two bodies have the form:

.. L )
(my + Myp) X{ - Myp Xp = applied forces on mass m)
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-M21 i} + (mz + MZZ) Xp = applied forces on mass m,

X1+ X, denote absolute accelerations of mass my and m,, respectively.

"ll' "12' "21' and "22 are fluid coupling coefficients which depend on the
shape of the two bodies, their relative disposition, etc. Fritz (Ref. 9) gives
data for M1j for various body shapes and arrangements. It is to be noted that
the above equation indicates that the effect of the fluid is to add a certain
amount of mass to the body ("1: to body 1), and an external force which fis
proportional to the acceleration of the adjacent body (mass my). Thus, the
acceleration of one body affects the force field or another. This force is a
strong function of the interbody gap, reaching large values for very small
gaps. This imertial coupling is called fluid coupling. It has an important
effect in rack dynamics. The lateral motion of a fuel assembly inside the
storage location will encounter this effect. So will the motion of a rack
adjacent to anmother rack., These effects are included in the equations of
motion. For example, the fluid coupling is between nodes 2 and 2* in Figure
6.4. Furthermore, the rack egquations contain coupling terms which model the
effect of fluid in the gaps between adjacent racks. The coupling terms
modeling the effects of fluid flowing between adjacent racks are computed
assuming that al' adjacent racks are vibrating 180° out of phase from the rack
being analyzed. Therefore, only one rack is considered surrounded by 3
hydrodynamic mass computed as if there were a plane of symmetry located in the
middle of the gap region.

Finaliy, fluid virtual mass is included in the vertical direction vibration
equations of the rack; virtual inertia is also added to the governing equation
corresponding to the rotationa’ degree-of -freedom, qg(t).

6.2.4 Damping

In reality, damping of the rack motion arises from material hysteresis
(material damping), relative intercomponent motion in structures (structural
damping), and fluid drag effects (Fluid  damping). In the analysis, a
maximum of 4% structural damping is imposed on elements of the rack structure
during SSE seismic simulations. This is in accordance with the FSAR and NRC
guidelines (Ref. 11). Material and fluid damping are conservatively
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neglected. The dynamic model has the provision to incorporate fluid damping
effects; however, no fluid damping has been used for this analysis.

6.2.5 Impact

Any fuel acsembly node (e.g. 2*) may impact the corresponding structural mass
node 2. To simulate this impact, four compression-only gap elements around
each rattling fue) assembly node are provided (see Figure 6.6). As noted
previously, fluid dampers may also be provided in parallel with the springs.
The compressive loads developed in these springs provide the necessary data to
evaluate the integrity of the cell wall structure and stored array during the
seismic event., Figure 6.5 shows the location of the impact springs used to
simulate any potential for inter-rack impacts. Section 6.4.2 gives more
details on these additional impact springs.

6.3 ASSEMBLY OF THE DYNAMIC MODEL

The cartesian coordinate system associated with the rack has the following
nomenclature:

0 x = Horizontal coordinate along the short direction of rack
rectangular platform

0 y = Horizontal coordinate along the long direction of the rack
rectangular platform

0 2 = Vertically upward

As described in the preceding section, the rack, along with the base,
supports, and stored fuel assemblies, is modeled for the general
three-dimensional (3-D) motion simulation by a sixteen degree-of-freedom
model. To simulate the impact and sliding phenomena expected, 64 nonlinear
gap elements and 16 nonlinear friction elements are used. Gap and friction
elements, with their connectivity and purpose, are presented in Table 6.2.

6-7




A descriptive mode) restricted to two dimensions (one horizontal motion plus
vertical motion) of the simulated structure which includes gap and friction
elements is shown in Figure 6.7. Note that only the top rattling mass is
shown for clarity.

The impacts between fuel assemblies and rack show up in tha gap elements,
having local stiffness K;, in Figure 6.7. In Table 6.2, gap elements 5
through 8 are for the vibrating mass at the top of the rack. The support leg
spring rates K, are modeled by elements 1 through 4 in Table 6.2. Note that
the local compliance of the concrete floor is included in K, . To simulate
sliding potential, friction elements 2 plus 8 and 4 plus 6 (Table €.2) are
shown in Figure 6.7. The friction of the support/liner interface is modeled
by a piecewise linear spring with a suitably large stiffness Ky up to the
limiting lateral lcad, uN, where N is the current compression load at the
interface between support and linmer, At every time step during the transient
analysis, the current value of N (either zero for liftoff condition, or a
compressive finite value) is computed. Finally, the support rotational
friction springs Kp reflect any rotationa)l restraint that may be offered by
the foundation. This spring rate is calcu'atec using a modified Beusinesq
equation (Ref. 4) and is included to simylate the resistive moment of the
support to counteract rotation of the rack leg in a vertical piane. This
rotation spring is also nonlinear, with a zero spring constant value assigned
after a certain limiting condition of slab moment loading is reached.

The nonlinearity of these springs (friction elements 9, 11, 13, and 15 in
Table 6.2) reflects the edging limitation imposed on the base of the rack
support legs. In this analysis, this effect is neglected; any support leg
bending, induced by liner/baseplate friction forces, is resisted by the leg
acting as a beam cantilevered from the rack baseplate.

The spring rate K, modeling the effective compression stiffness of the
structure in the vicinity of the support, is computed from the equation:

L 2

+
K K3
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where:!

Ky ® spring rate of the support leg treated as a
tension-compression member = Ecyppopt * AsupporT/P
(h = length of support leg) oo WPPo

Kp = 1.05€.8/(1- vz) = local spring rate of pool slab (E. = Young's
modulUs of concrete, and B = length of bearing surfﬁce)

Ky = spring rate of folded plate cell structure above suppc-t leg (same
form as KZ with £ chosen to reflect the local stiffne.s of the
honeycomb structure above the 1eq)

For the 3-D simulation, all support elements (1isted in Table 6.2) are
included in the model. Coupling between the two horizontal seismic motions is
provided both by the offset of the fuel assembly group centroid which causes
the rotation of the entire rack and by the possibility of 1iftoff of one or
more support legs. The potential exists for the rack to be supported on one
or more support legs or to liftoff completel: during any instant of a complex
3.D seismic event. A1) of these potential events may be simulated during a

3-D motion.

6.4 TIME INTEGRATION Oi THE EQUATIONS OF MOTION

6.4.1 Time-History Analysis Using Multi-Degree of Freedom
Rack Mode!

Having assembled the structural model, the dynamic equations of motion
corresponding to each degree-of-freedom are written by using Lagrange's
Formulation. The system kinetic energy can be constructed including
contributions from the solid structures and from the trapped and surrounding
fluid. A single rack is modelled in detail. The system of equations can be
represented in matrix notation as:

(M] {q) = (Q) + (G)

where the vector (Q) is a function of nodal displacements and velocities, and
(G) depends on the coupling inertia and the ground acceleration.
Premultiplying the above equations by (M]'l renders the resulting equation
uncoupled in mass.

We have: () = M-t (@) + 7! (6
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As noted ea 'ier, in the numerical simulations run to verify structural
integrity during a seismic event, all elements of the fuel assemblies are
assumed to move in phase. This will provide maxirum impact force level, and
induce additional conservatism in the time-histery analysis.

This equation set is mass uncoupled, displacement coupled, and is ideally
suited for numerical solution using a central difference scheme. The
computer program "DYNARACK“' is utilized for this purpose.

Stresses in various portions of the structure are computed from known element
forces at each instant of time.

Dynamic analysis of typical mylticell racks has shown that the motion of the
structure is captured almost completely by the behavior of a

six-degree-of -freedom structure; therefore, in this analysis model, the
movement of the rack cross-section at any height is described in terms of the
rack base degrees-of-freedom (q;(t),...qg(t). The remaining degrees-of-
freedom are associated with horizontal movements of the fuel assembly

masses. In this dynamic model, five ratt1ing masses are used to represent
fuel assembly movement in the horizontal plane. Therefore, the final dynamic
mode! consists of six degrees-of-freedom for the rack plus ten additional mass
degrees-of -freedom for the five ratt1ing masses. The totality of fuel mass is
included in the simulation and is distributed among the five rattling masses.

'Th1s code has been previously utilized in licensing of similar racks for
Fermi 2 (Docket No. 50-341), Quad Cities 1 and 2 (Docket Nos. 50-254 and 265),
Rancho Seco (Docket No. 50-312), Oyster Creex (Docket No. 50-219), V.C. Summer
(Docket No. 50-395), and Diablo Canyon 1| and 2 (Docket Nos. 50-275 and

50-323).




6.4.2 Evaluation of Potentia! for Inter-Rack Impact

Since the racks are closely spaced, the simulation includes impact springs to
model the potential for inter-rack impact, especially for low values of the
friction coefficient between the support and the pool liner. To account for
this potential, yet still retain the simplicity of simulating only a single
rack, gap elements were located on the rack at the top and at the baseplate
level. Figure 6.5 shows the location of these gap elements., Loads in these
elements, computed during the dynamic analysis, are used to assess rack
integrity if inter-rack impact occurs.

6.5 STRUCTURAL ACCEPTANCE CRITERIA

There are two sets of criteria to be satisfied by the rack modules:

a. Kinematic Criterion

This criterion seeks to ensure that the rack is a physically stable
structure. Byron racks are designed to sustain certain inter-rack
impact at designated locations in the rack modules. Therefore,
physical stability of the rack is considered along with the
localized inter-rack impacts. Leocalized permanent deformation of
the module is nermissible, so long as the subcriticality of the
stored fuel array is not viclatec.

b. Stress Limits

The stress limits of the ASME Code, Section III, Subsection NF, 1983
Edition a“e used since this code provides the most appropriate and
consistent set of limits for various stress types and various
loading conditions, The following loading combinaticns are
applicable (Ref. i).
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. Loading Combination Stress Limit

D+ L Level A service limits
D+L + To

D+L + Tc + £

D+ L + a? 13 Level B service limits
D+L + T° + Pg

D+ L + Ta + E' Level D service limits
D+L+Fy The functional capability

of the fuel racks should
be demonstrated.

where:

0 = Dead weight-inryuced stressas (including fuel assembly
weight)

L - Live Load (0 for the structure, since there are no moving
objects in the rack load path).

rd = Force caused by the accidental drop of the heaviest load
' from the maximum possible height.

Pf = Upward force on the racks caused by postulated stuck fuel
assembly

3 - Operating Basis Earthguake
£' = Safe Shutdown Earthquake

T = Differential temperature induced loads (normal or upset
condition)

| = Differential temperature induced loads (abnormal design
conditions)
The conditions T, and T, cause local thermal stresses to be produced. The
worst situation will be obtained when an isolated storage location has a fuel
assembly which is generating heat at the maximum postulated rate. The
surrounding storage locations are assumed 1o contain no fuel. The heated
water makes unobstructed contact with the inside of the storage walls, thereby

producing the maximum possible temperature difference between the adjacent
cells. The secondary stresses thus produced are limited to the body of the

‘ rack; that is, the support legs do not experience the secondary (thermal)
stresses.




6.6 MATERIAL PKOPERTIES

The data on the physical properties of the rack and support materials,
obtained from the ASME Boiler & Pressure Vessel Code, Section 111, appendices,
and supplier's catalog, are listed in Tables 6.3 and 6.4, Since the max1mum
pool bulk temperature (except for the full core discharge case) is 150 this
is used as the reference design temperature for evaluation of material
properties.

6.7 STRESS LIMITS FOR VARIOQUS CONDITIONS
The following stress 1imits are derived from the guidelines of the ASME Code,
Section 111, Subsection NF, in conjunction with the material properties data

of the preceding section.

6.7.1 Normal and Upset Conditions (Level A or Level B)

a. Allowable stress in tension on 2 net section
= Ft = 0.6 Sy or

F, = (0.6) (23,150) = 13,890 psi (rack material)

-
"

is equivalent to primary membrane stresses
(.6) (27,500) = 16,500 psi (upper part of
support feet)

-
.
L

(.6) (62,400) = 37,440 pst (lower part of
support feet)

b. On the gross section, allowable stress in shear

F, = .4 Sy
(.4)7(23,1%50)

9,260 psi (main rack body)

11,000 psi (upper part of

F.= (.4) (27,500)
support feet)

"

24,960 psi (lower part of
support feet)

= (.4) (62,400)




Allowable stress in compression, F,:

1
K 1 (kl )31

K- iR ) 3
Fo» Syll - % (;3;) 1713 + (§ ;tz) B ;f;
where:
2y 2g 048
C.® ("__§§__)

k1/r for the main rack body is based on the full height and
cross section of the honeycomb region, Substituting numbers,
we obtain, for both support leg and honeycomb region:

F. = 13,890 psi (main rack body)
Fo = 16,500 psi (upper part of support feet)
= 37,440 psi (lower part of support feet)

o o

Maximum allowable bending stress at the outermost fiber due to
flexure about one plane of symmetry:

Fp = 0.60 Sy = 13,890 psi (rack body)
F. = 16,5007psi (upper part of support feet)
= 37,440 psi (lower part of support feet'

o

Combined flexure and compression:

f I wgl,
a mx_bx my By .
regrotern, <!
a x bx y Dy
where:
fa s Direct compressive stress in the section
fbx = Maximum flexura! stress about x-axis
fby = Maximum flexura) stress about y-axis
Cax * Cmy = 0.85
f
o, =1- A
ex
f
D o1« pr
. ey
where:
g 12: %
ex, ey K .
23(;711111)
bx,y




and the subscripts x,y reflect the particular bending plane of
interest.

f. Combined flexure and compression (or tension):

f f f
Fae et p2 < 1O
Y bx by

The above requirement should be met for both the direct tension
or compression case.

6.7.2 Leve)! D Service Limits

F-1370 (Section 111, Appendix F), states that the limits for the Level D
condition are the minimum of 1.2 (S,/Ft) or 0.7(5,/Fy) times the corresponding
limits for Level A condition. Since 1.2 Sy is less than 0.7 S, for the rack
material, and for the upper part of the suppcrt feet, the multiplying factor
for the limits is 2.0 for the SSE condition for the upper section. The factor
is 1.68 for the lower section under S5E conditions,

Instead of tabulating the results of these six different stresses as
dimensioned values, they are presented in a dimensionless form. These
so-called stress factors are defined as the ratio of the actual developed
stress to its specified limiting value. With this definition, the limiting
value of each stress factor is 1.0 for OBE and 2.0 or 1.68 for the SSE
condition.

6.8 RESULTS

Figures 6.1, 6.2, and 6.3 show the poo! slab motion in horizontal x,
horizontal y, and vertical directions. This motion is for the SSE
earthquake.

Results are abstracted here for a 12x14 module (the largest module) and for a
7 x 14 module (largest aspect ratio) next to the cask pit. Results are also
presented for the J1 rack which has a special configuration.



A complete synopsis of the aralysis of the 12x14, the 7x14 module, and the Jl
module, subject to the SSE earthquake motions are presentec in summary Tables
6.5a through 6.5) which gives the bounding values of stress factors Ry (1 =
1,2,3,4,5,6). The stress factors are defined as:

Rl = Ratio of direct tensile or compressive stress on a net section
to its allowable value (note support feet only suppert
compression)

Ry = Ratio of gross shear on a net section to its allcwable value

Ry = Ratio of maximum bending stress due to bending about the x-3xis
to its allowable value for the section

Rg = Ratio of maximum bending stress due to bending about the y-axis
to its allowable value

R5 = Combined flexure and compressive factor (a&s defined in €.7.1e
above)

R6 = Combined flexure and tension (or compression) factor (as
defined in 6.7.1f above)

As stated before, the allowable value of Ry (I «1,2,3,4,5,6) is 1 for the OBE
condition, and 2 for the SSE (except for the lower section of the support
where the factor is 1.68)

The dynamic analysis gives the marimax (maximum in time and in space) values
of the stress factors at critical locations in the rack module. Vvalues are
also obtained for maximum rack displacements and for critical impact loads.

Tables 6.5a through 6.51 presents the results of the dynamic analyses. The

fuel load in each case was assumed to be consclidated, with weight of 3000#

per assembly.

[t is found that the results corresponcing to 55& are most critical vis-a-vis

tne corresponding allowable limits, The results given herein are for the SSE.
The maximum stress factors (R,) are below the limiting vaiue ver the 35E
condition for all sections. It is noted that the critical load factors
reported for the support feet aire all for the upper segment of the foot and
are to be compared with the limiting value of 2.0,




. Analyses (not included here) have been carried out to show that significant
margins of safety exist against local deformation of the fuel storage cell due
to rattling impact of fuel assemblies and against local overstress of impact
bars due to inter-rack impact.

Benchmark analyses (not presented here) have also been carried out for the OBE
condition. Comparisor between OBE and SSE shown that the SSE condition
controls the design of the fuel racks.

6.9 IMPACT ANALYSES

€.9.1 impact Loading Between Fue)l Assembly and Cell Wall

The local stress in a ce'l wall is estimated from peak impact loads obtained
from the dynamic simulations. Plastic aralysis is used to obtain the limiting
impact load that can be tolerates. Including a safety margin of 2.0, we find
that the total limit load for tne number of cells (NC) is:

. QL = 9035 NC

€.9.2 Impacte Between Adjacenrt Racks

A1l of the dynamic analyses assume, conservatively, that acjacent racks move
completely out of phase. Thus, the highest pctential for inter-rack impact s
achieved. Based on the dynamic loads obtained in the gap elemerts simulating
adjacent racks, we can study rack integrity in the vicinity cf the impact
point. The use of framing material around the top of the rack allows us to
withstand impact lcads. It is shown that rack-to-rack impact loads can be
accommodated with the load levels shown in Tables 6.51 and 6.5k without
causing any permanent deformation in the active fue) region., Thus, impacts
between racks can be accommodated without violating rack integrity.

6.10 WELD STRESSES

Critica) weld locations under seismic loading are at the bottom of the rack at
the baseplate connection and at the welds on the support legs. Results from
. the dynamic anaiysis using tne simulation codes are surveyed and the maximum

loading is used to qualify the welds on these locations.
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6.10.1 Baseplate to Rack Welds and Cell-to-Celi Welds

Section NF permits, for the SSE condition, an aliowable weld stress « = .42 §,
= 28,600 psi. The calculated weld stress, based on the highest load factoer,
is 7735 psi for the baseplate to rack welds.

The critical area that must be considered for cell-to-cell welds is the weld
between gap channels and tubes. Where skip welding is used, this weld is
continuous near the baseplate but is a skip weld (2" on 10.25" spacing) as we
move up the tube. The critical shear stress in this area for the SSE
condition is less than 14000 psi where account is taken of the skip welds or
spot welds used in this region. Near the bottom of the rack where this shear
stress dominates, there are no other stresses on the weld which need be
considered.

Stresses in the channei-to-cell we'ds may also develop due to fue! assembly
impact with the cell wall near the top of the rack. Tnis will occur if fuel
assemblies in adjacent tubes are moving out cf phase with one another so that
impact luads in twc adjacent cells are in opposite directions which would tend
to separate the channel from the tude at the weld., OQur anmalysis shows that
the maximum weld shear stress in this area is Tess than 8000 psi.

6.10.2 Heating of an isolated Cell

Weld stresses due to heating of an isolated hot cell are also computed. The
assumption used is tmat a single ceil is hoated, over its entire lengih, to &
temperature abeve the vaiue associated with all surrounding cells. No thermal
oradient in the vertical direction is assumed su that the results are
conservative. Using the temperaturas associated with tnis unit, we show that
the skip welds along the entire ce'l ienqth do not exceed the allowable value
for a thermal lcading condition,



. 6.11 SUMMARY OF MECHANICAL ANALYSES

The mathematica) mode! constructed to determine the impact velocity of falling
objects is based on severa)l conservative assumptions, sucn as:

1. The virtual mass (see Ref. 8-10 for further material on this
subject) of the body is conservatively assumed to be equal to its
displaced fluid mass. Evidence in the literature (Ref. 12),
indicates that the virtual mass can be many times higher.

o

The minimum fronta) area is used for evaluating the drag
coefficient.

3. The drag coefficients utilized in the analysis ara the lower bound
values reported in the literature (Ref. 13). In particular, at the
beginning of tre fal) when the velacity of the body is small, the
corresponding Reynolds number is Tow, resulting 'n & large drag
coefficient.

4. Tne failing bodies are assumec to De rigig fcr the purposes of
impact stress calculation on the rack. The solution of the immersed
body motion problem i found analytically. The impact velncity thus
computed is used to determine the waximum stress generated due 10
stress wave propagation.

. With this model, the following analyses are performea:

a. Dropped Fuel Accident !

A fue) assembly (weight = 1616 pounds) is dropped from 36 inches
above the module and impacts the base. The final velocity of the
dropped fuel assemoly [just prior to impact) is calculated and,
thus, the total eneray at impact 1s kmown., To study baseplate
integrity,we assume that this energy is al1) directed toward punching
of the baseplate in shears and thus transformed into work done by
the supporting shear stresses. It is determined that shearing
deformation of tne baseplate is less than th2 thickness of the
paseplate so that we conclude that local piercing of the baseplate
will mot occur., Uirect impact with the pool liner does not occur.
The subcriticality of the adjacent fuel assemblies is not violated.

b. Oropped Fuel Accident il

One fue' assembly drops from 36 inches atove the rack and hits the
top of the rack. permanent defcrmation of the rack is found to be
limited tc the top region such that the rack cross-sectional
geometry ai the leve! of the top of the active fuel (and below) is
not altered. The region of local permanent defnrmation does not
extend below & inches from the rack top. An energy balance approach
is used here to obtain the results.




¢. Jammed Fuel-handling Equipment

A 4400-pound uplift force is applied at the top of the rack at the
"weakest"” storage ocation; the force is assumed to be applied on
one wall of the storage cell boundary as an upward gshear force. The
plastic deformation is found to Le limited to the region well above
the top of the active fuel.

These andlyses prove that the rack modules are engineered to provide maximym
safety against all postulated abnorma) and accicent conditions.

6.12 DEFINITION OF TERMS USED IN SECTION 6

s1, S2, 83, S4

Support cesignations

Py Absolute degree-of -freedom number i

ay Relative gegree-of freedom numder i

" Coefficient of friction

Uj Poc! floor slab dispiacement time history in tne

x,y cocrdinates

7z coordinite

i-th direction
he  izontal direction

vertical directionr

K1 impact spring between fu i assemblies and cell
K¢ Linear component of trictien spring

K, Ax‘al spring of suppori leg locations

N Comuression ‘oad in a support foot

Ke Rotationa)! spring provided oy the poo! slab

Subscript 1

When used with ./ or X indicates direction (i = 1
x-direction, i = 2 v-direction, i=32-
direction)
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Table 6.1

DEGREES CF FREEDOM

Disp’acement Rotation
L~zacion U U U B B -
(Node) g y 3 s y .
i P1 P2 P 9% 9 9%
2 Point 2 is assumed attached to rigid rack at
the top most point.
*
2 P7 Pg
*
3 Pg P10
*
4 P11 F12
*
5 P13 P14
& .
1 °15 P10
where:
p1 - q\(t) " Ul(t) i= lc709911113115
= q;(t) + Uz(t) i=2,8,10,12,14,16
= qy(t) + Us(t) i =3

Uj(t; are the 3 known earthquake displacements.
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Table 6.2

NUMBERING SYSTEM FOR GAP ELEMINTS AND FRICTION ELEMENTS

[. Nonlinear Springs (Gap flements)

Number

N B W

9-24
25

B B -6 'S ¥
o

« s ® ® & e

64

Node Location

Support Sl
Support S2
Support S3
Support 34

3.
2.2"
2,2"

ol I S S )

element

(60 Total)

Description

compression only element
compression only element
compression only element
compression only element
rack/fuel assembly impact

X rack/fue) assembly impact element

Y rack/fue) assembly impact element

e

Other rattling masses

Bottom cross-
section of rack
(around edge)

Top rross-section

of rack

(around edge)

Inter-rack

Incer-rack
Inter-rack
Inter-rack
Inter-rack
Inter-rack
Inter-rack
Inter-rack

Inter-rack
Inter-rack
Inter-rack
Inter .rack
Inter-rack
Inter-rack
Inter-rack
Inter-rack

6-23

impact

impact
impact
impact
impact
impact
impact
impact

impact
impact
impact
impact
impact
impact
impact
impact

elements

elements
elements
elements
elements
clements
elements
elements

elements
elements
elements
elements
elements
elements
elements
elements

rack/fuel assembly impact element

o —



Table 6.2 (continued)

NUMBERING SYSTEM FOR GAP ELEMENTS AND FRICTION ELEMENTS

11. Friction Elements (16 total)

Number Node Location Description
1 Support S1 X direction support friction
2 Support S1 Y direction friction
3 Support S2 X direction .riction
4 Support S2 Y direction friction
5 Support S3 X direction friction
6 Support S3 Y direction friction
7 Support S4 X direction friction
8 Support S4 Y direction friction
“ Si X Slab moment
10 Sl Y Slab moment
11 S2 X Slab moment
12 S2 Y Slab moment
13 S3 X Slab moment
14 S3 Y Siab momer
15 S4 X Slab momen.

16 S4 Y Slab moment
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Table 6.3
RACK MATERIAL DATA

Young's Yield Ultimate
Modulus Strength Strength
Material £ (psi) Sy (pst) Sy (psi)
304L S.S. 27.9 x 108 23150 68100
Sectiion III Table Table Table
Re‘erence [-6.0 [-2.2 [-3.2
Table 6.4

SUPPORT MATERIAL DATA

Young's Yield Ultimate
Modulus Strength Strength

Material £ (psi) Sy (psi) Sy (pst)
SA-351-CF3 27.9 x 108 27,500 68,100
(upper part of support
feet)
SA-217-CA1S 27.9 x 108 62,400 90,000
(1ower part of support
feet)
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Table 6.5a

RACK SUMMARY M1 (7x14)

Fuel Assembly Rack/Rack Rack/Wall
to Cell Impact Impact Load Impact Load
Run #  Load (#) GB/8P GB/8P
M12 4.035 x 104 8.343x10% 0./0.
6.165x10
M18 a.354x10° 2.062x10° 0./0.
1.247116;
M28a 3.30x10% 9,757x10% 0./0.
2.662x10
* 6B = Girdle bar 8P = Baseplate
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Table 6.5b
RACK SUMMARY M1 (7x14)
STRESS FACTORS

(Upper values for rack bate - Lower values for support feet)

Run # Ry R, Ry Ry Re R
M12 .264 .054 280 347 636 718
e am am e e
M18 .240 204 485 683 933 1,057
A Lo a0 Las L&
M28a .104 .083 .26 255 394 446
s aw s s
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Table 6.5¢C

RACK SUMMARY M1 (7x14)

Run #

Remarks

Max. Max.
Disp. Disp.
DX (in) DY (in)

Max, Vert.
Disp. (in)

M12

Mi8

M28a

U= ,2 Full Load
of Fuel Assemblies

U= .8 Full Load
of Fuel Assemblies

= ,8 TR
fuel load 1
positive x-half

.5218 .7385

1.822 .322

.4936 .2011

075

.209

.0343
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Table 6.5d

RACK SUMMARY M1 (7x14)

Max. Floor Max. F1oor'
Run # Remarks Load (#) Load (#)
4 feet Vertical/Shear ‘
M12 = .2 Full Load 8.376x10° 233593, /44954, 1
of fuel assemblies
M18 y = .8 Full Load 7.437x10° 22164, /184918,
of fue) assemblies
M28a ye .8  50% 3.217x10° 134546, /83986.

fuel load in
positive x-half

*

Vertical = vertical load
Shear = shear load
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Table 6.5¢e

RACK SUMMARY Cl1 12x14; C3 RACK

Max. Max.
Disp. Disp. Max. Vert.
Remarks px (in) DY (in) Disp. (in)

Cs1

Cs3

Cl rack, v = .8 . 346 .484 .076
Fuel centroid at

S K ey F Ay

(172 full)

Cl rack, v = .8
168 cells have
fuel assemblies

Cl rack, v = .2
168 cells have
fuel assemblies

C3 rack, v = .8 1239 .1318 .144
168 cells with

fuel; adjacent

racks per

configuration #1

C3 rack, v = .8 1375 1321 .144
168 cells with

fuel; adjacent

racks per

configuration #2
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Fuel centroi

”n7 17
X & £7 .41

(1/2 full)

/

assemb]

C3 rack,

168 cells wit
fuel; adjace
racks per
configurati

C3 rack, &
168 cells wi
fuel; adjace
racks per

CO"(;‘;ert' ~

IS

+
-
"

.

vert

shear load




Teble 6.5g

RACK SUMMARY Jl

Max. Max.
Disp. Disp. Max., Vert.
Run # Remarks Ox (in) DOY (in) Disp. (in)
J101 v = .8, 35 cells 5722 . 3601 ,0395
filled with 3000#
assemblies
J201 u= 2, 35cells .492 2.0788 .043
filled with 3000#
assemblies
Ji11 v = .8, 70 cells 1.214 .383 .185
filled with 3000#
assemblies
J112 u= 2, 70 cells L2893 ., 3348 .073
filled with 3000#
assemblies
J150 u = .8, 12 large 977 .628 164
cells with 10000#
assemblies
J151 u = .2, 12 large .5923 . 3023 015

cells with 10000#
assemblies

6-32



Table 6.5h
RACK SUMMARY Jl

Max. Floor Max. Floor'
Run # Remarks Load (#) Load (#)
4 Feet Vertical/Shear

Jio1 L= .8, 35cells 2.057x10° 118970.
filled with 30004 344ad.
assembl ies

J201 u = .2, 35 cells 2.392x10° 125000,
£i1led with 30004 34990,
assemblies

J111 L, = .8, 70 cells 5.163x10° 226652,
filled with 30004 09011.
&SSEMD] ies

112 y= .2, 70 cells 4.866x10° 195021
filled with 30004 38439
assemblies

3150 .= .8, 12 large 3.744x10° 166930
cells with 100004 86890
assemblies

J151 = .2, 12 large 2.163x10° 105420.
cells with 10000# 21084.

assemblies

Vertical = vertical load

Shear

= shear load
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Table 6.5]
RACK SUMMARY J1

STRESS FACTORS
(Upper values for rack base - Lower values for support feet)

Run # Ry R, Ry Ry R R
J101 .092 086 242 271 .448 512 -
o e amom
J201 .109 .028 .341 212 489 659
v T
111 .233 164 375 550 684 767
w0 s LI
112 .216 .056 .320 292 .530 582
- am am am am e
J150 155 .148 .324 .308 .427 490
W w0 e g s
J151 .089 .023 222 191 .309 351
w0 oe aw s asw
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Table 6.5k

RACK SUMMARY C1, C3 RACK

Fuel Assembly Rack/Rack Rack/wall
to Cell Impact Impac} Load Impact Load
Run # Load (#) GB/8P GB/BP*
C?28 37570. 93410 0./0.
0.
Ccisd 70340, 101000 0./0.
0.
Cl2 70600 67310 0./0.
46620
cs1 69830. 1.31x10° N.A.
8654,
€53 69870. 1,331x10° N.A.
g727.

e ————

*

GB = girdle bar

BP = baseplate
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Table 6.51
RACK SUMMARY C1, C3 RACK

STRESS FACTORS

(Upper values for rack base - Lower values for support feet)

Run # Ry Ry R3 Ra Rg Rg
c28 .118 .076 . 325 .310 .433 .494
N e R T
Cl3d .193 .102 .385 .264 .607 .679
o e
C12 215 .061 .250 .274 .483 .549
7l v R
sl .187 .052 111 .087 .266 .281
oL e T R ™
€53 .i87 052 .110 .091 . 266 .281
- m am A L
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Coupling Elements
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TYP. TOP IMPACT
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Impact Springs

N\ Fluid
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(not used in
thisanalysis)

Rigid
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FIGURE 6.6 IMPACT SPRINGS AND
FLUID DAMPERS
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7.0 ENVIRONMENTAL EVALUATION

7.1 SUMMARY

Installation of high density spent fuel storage racks at the Byron Nuclear
Power Station will increase the licensed storage capacity of the spent fuel
pool from 1060 to a maximum of 2870 assemblies. Radiological consequences of
expanding the capacity have been evaluated with the objective of determining
if there is a significant additional onsite or offsite radiolegical impact
relative to that previously reviewed and evaluated (Ref. 1). In addition,
radiological impact to operating personnel has been evaluated to ensure that
exposures remain as low as is reasonably achievable (ALARA).

The decay heat loading and the radiological burden to the spent fuel pool
water are determined almost entirely by refueling operations. The frequency of
refueling operations and the conduct of refueling are independent of the
increased capacity of the storage pool, except that the increased capacity
should reduce fuel movement and allow continued norma) operation. Since the
fuel assemblies which will utilize the bulk of the storage capacity (end will
ultimately fi1l all incremental capacity above that of the existing design)
are aged, their contribution to either the peak decay-heat 1oad or the
increased radiological impact, in terms of increased doses, is negligible. A
study perfermed by the NRC (Ref. 2) supports this conclusion. Consequently,
the increase in the storage capacity of the spent fuel pool will neither
significantly alter the operating characteristics of the current pool nor
result in a measurabls change in impact on the environment.

7.2 CHARACTERISTICS OF STORED FUEL

Because of radioactive decay, the heat generation rate and the intensity of
gamma radiat‘on from the spent fuel assemblies decreases substantially with
decay time. After a cooling time of about 4 years (Ref. 3), the decay heat
generation rate is less than 2% of the rate at 7 days, the nominal time at
which depleted fuel assemblies are transferred to the spent fuel pool. The
intensity of gamma radiation is very nearly proportional to the decay heat and

decreases with cooling time in a similar manner.




The bulk of the heat load is due to freshly discharged fuel; aged fuel
contributes relatively little to the total heat load. Therefore, this
expansion will not significantly increase the thermal dissipation to the
environment. Since the intensity of gamma radiation follows the decline in
decay heat generation rate, it is similarly concluded that there will be no
significant increase in gamma radiation beyond the poo! environment due to the
expanded storage.

It is important to note that the aged fuel in thre expanded ttorage capacity
will not contair significant amounts of radioactive iodine or short-lived
gaseous fission products, since these would have decayed during the storage
period. The Krypton-8% which might escape from defective fuel assemblies has
been shown to do sc quickly (Ref. 2) (i.e., within a short time after
discharge from the core). Further, the residual Krypton-85 will be contained
within the fuel pellet matrix and hence any leakage would occur at very low
rates (Ref. 2). Cesium 134/137 (Ref. 2) is strongly dound within the fuel
pellet matrix and its dissolution rate in water is extremely small. Any
Cesium dissolved in the pool water is easily controllable in the cleanup
system (demineralizer-ion exchanger resin bed) (Ref. 2). Thus, the planned
storage expansion will not significantly increase the release of gasecus
radionuclides.

7.3 RELATED INDUSTRY EXPERIENCE

Experience with storing spent fuel underwater has been substantial (Refs. 2,
3, and 4). These references show that the pool water activity, normally low,
experiences small increase during refueling periods, which then decays vapidly
with time. Typical concentrations (Ref. 5) of radionuclides in spent fuel
pool water range from 10’d LCi/mi to 10‘3 ,Ci/ml, with the higher value
associated with refueling operations. References 2 and 5 also state that the
increase in pool water activity during refueling can De attributed to:

0 Dislodging (sloughing of f) of corrosion products on the fuel
assembly during transfer and handling operations.

0 The possible short-term exposure of fuel pellets to pool water via a
cladding defec..
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0 Mixing of the spert fuel pool water with the higher activity reactor
coolant. Upon cessation of the refueling operations, the fue! pcol
water ard the reactor coolant system would be isolated from each
other, thereby terminating transports of corrosica products from the
reactor ccolant system, Thus, deposition of cruc is a function of
refueling operaticns and is not impacted by the expanded storage.

0 Furthermore, it has been shown (Ref. 6) that release of fission
products from failed fuel decreases repidly after shutdown to
escentially negligible levels. The dissolution of exposed fuel
pellets (made of UO,) is very slow in water at fuel poo!
temreratures and the corrosion of the cladding {Zircaloy 4) at spent
fue) poo) vater temperatures is virtually nil (Refs. 2 and 5).
Anotiier me.hanism available for the release cf the gaseous fission
products is diffusion through tBe U0, pellet. It has been shown that
at lov water temperatures (<150%F), %he diffusion coefficient is
extremely small (Ref.7). Therefore, the small increase in activity
of the spent fuel pool water is due to either crud transport,
fission products release, or cross-flow from the reactor coolant
cystem, and i only a function of refueling cperations. The
expansion of ruel pool storage capacity will not cause a significant
increagse in doses either onsite or offsite.

The corrosion properties of irradiated Z rcaloy cladding have been
reviewed in References 2 and 4 and the cunclusion is drawn that the
corrosion of the cladding in spent fue' uco' water is negligible.
The minor incremental heating of poo: water, due to the expansion of
etorage capacity, is far too small to materially affect the
corrosion properties of Zircaloy c'acding.

7.4 BYRON NUCLEAR POWER STATION EXPERIENCE

At present, there is one spent (normal core offload) batch of spent fuel
assemblies stored in the spent fuel pool.

7.5 SPENT FUEL POOL COOLING AND CLEANUP SYSTEM

[t has been shown previously in Section 5 of this licensing report that the
cooling system at Byron is adeguate to handle the expected heat loads and
maintain the poo! temperature peaks within acceptable iimits. It has been
shown in Section 5 that the sma)l increase in heat load due to the storage
capacity expansion will neither significantly increase the thermal dissipation
to the environment nor increase the propensity for corrosion of the cladding.

It has also been shown that the crud deposition in the spent fuel pool water
occurs during refueling outages and that the planned expansion will not
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increase long-term crud deposition., The fuel pool cleanup system (filter and
demineralizer) is designed to maintain fuel poo) water clarity and ic operated
and maintained in accordance with tne Byron operating procelures. The cleanup
system takes a surface skim from the fuel pool and cleans it through a process
of filtration and demineralization to prevent crud duildup on the fuel pool
walls at the water-to-air interface,

The spent fuel pool water is sampled and analyzed periodically to confirm
proper operation of the pool cleanup system, The spent fuel pool modification
will not result in a significantly higher quantity of solid radwaste.

7.6 FUEL POOL RADIATION SHIELOINS

7.6.1 Source Terms

The spernt fuel gamma source terms used for the fuel pool shielding evaluation
were generated using the point reactor fission product inventory code RIB!
The following assumptions were usec 1n the analysis:

Initia)l fuel enrichment = 4.2%

Net Reactor core power level = 3565 MWt

Average assembly discharge burnup = 45,750 MAD/MTU

Power level for average assembly = 17.67 MWt

O © O O o

Power level for peak power assembly = 29.16 MWt
(peaking factor of 1.65)

0 Burnup for peak power assembly = 33,000 MWD/MTU
(one 18-month cycle at maximum power)

0 Start of Pefueling Process = 100 hours after shutdown
0 Time atter shutdown for dose rate calculation = S days

The peaking factor of 1.65 and burnup for peak power assembly of 33,000
MWD/MTU for one cycle were chosen to produce the highest possible gamma source
term attainable unaer operational conditions. The average assembly burnup and
power level were chosen to represent a conservative gamma source term for the
spent fuel. The 100-hour decay time is the minimum permitted pericd before
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refueling can begin per the Technical Srecifications.

The photon energy production rates of an average spent fuel assembly is given
in Table 7.1.

7.6.2 Radiation Shielding

For an equilibrium refueling cycle 84 fuel assemblies will be discharged into
the poo) starting no earlier than 100 hours after reactor shutdown at a rate
of 1 fue) assembly per hour. For a full core discharge, 193 assemblies are
discharged.

To evaluate the adequacy of the shielding capatility of the spent fuel pool
walls, the radiation dose from all racks filled to capacity with assemblies
decayed 9 days after shutdown. [t was found that only the first row of racks
closest to the wall contributas significantly to the dose rate on the other
side of the wa!l due to self-shielding. Only the “first row" results were

used.

The north and south perimeter walls of the spent fuel pool are 5 feet thick.
The east and west perimeter walls of the pool are 6 feet thick. The wall
separating the spent fuel pool from the transfer canal is 5 feet 6 inches
thick. These walls, together with the water and fuel storage racks are
incorporated in the dose rate calculations for the adjacent areas. The
results of the calculations are provided in Table 7.2.

Except for the area immediately adjacent to tne Al rack, the maximum
calculated dose rates through the pool walls are less than the currently
designaied radiation level limit of 20-mrem/hr for these areas. The area
adjacent to the Al rack is normally occupied only briefly during the local and
integrated leak rate tests which are conducted every 5 years. Access to the
area is controlled.

The dose rates in Table 7.2 are considered an upper 1imit since they are

calculated for freshly discharged fuel. The dose rates will reduce by a
factor of six, 60 days after the fuel ig discharged into the pool.

7-5



The above discussion indicates that the shielding available arc.nd the spent
fu.l pool is adequate fur installation of the high density storage racks.

The radiation dose level at the side of the pool and on the spent fuel pit
crane bridge due to the transfer of a peak power fue! assembly are 2.5 mrem/hr
and 2.0 mrem/hr, respectively. These calculations assume a minimum of 10 feet
of water cover over the active fuel, If the transfer of fuel assemblies into
the spent fuel cask pit becomes necessary, the water cover will be less than
10 feet over the active fuel, however, the dose rate during this fuel
aovement will be much lower than for the transfer of the peak power assembly
noted above since the radiation level of the fuel assembly will have had time
to decay to a level which would mere than compensate for the loss of water
cover shielding.

Since the fuel transfer operation normally lasts less than 4 days (88
assemblies at 1 assembly per hour), the above radiation field does not Ccreate
excessive operator exposure.

7.7 RADIOLOGICAL CONSEQUENCES

The design basis fuel handling accident (dropped assembly) in the Fuel
Handling Buildi: in Section 15.7 of the FSAR was reviewed for possible
effects on radiological dose consequences. The review determined that the
conclusions in the FSAR were still valid and that offsite radiological dose
consequences were well within 10CFR100 1imits.

7.8 RERACKING OPERATION

installation of the fuel racks will include removal of the existing racks,
making minor pool modifications, and cleaning and instaliing the new racks.
The existing racks are bolted to the pool floor.

The new racks will be cleaned prior to installation. The fue. handling
building overhead crane will be used 1O place the racks in the pool. This
effort will be performed after the first refueling for Unit 1. The existing
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fue) racks will have been exposed to spent fuel and should only be nominally
contaminated. Therefore, doses to individuals involved in the reracking should
be minimal.

A1) poo) modifications that can be completed prior to filling the pool with
water have been done to minimize underwater work. Although divers may be
needed for some tasks, all of the work associated with the installation will
be sequenced to minimize potential radiation exposure of personnel due (" the
spent fuel located in the pool. ALARA considerations will be fully
incorporated in the installation procedures for this condition. When the fuel
hendling building overhead crane is used over the pool, physical stops will be
installed on the crane to preclude carrying racks over any stored fuel
assemblies.

Exact disposition of the cxisting racks has not been determined. They will be

decontaminated and/c i and disposed of in accordance with the
applicable Federal ar regulations.
7.9 CONCLUSIONS

Based upon the industry experience and evaluations discussed in previous
sections, the following conclusions are macde:

Minor increases in radiclogical burden to the pool water, if
any, can be adequately handled by the fuel pool cleanup system
(filter and demineralizer), thereby maintaining the
radionuclide concentration in the water at an acceptably low
level.

No appreciable increase in solid radioactive wastes (i.e.,
filte- media and demineralizer resin) is anticipated.

No increase in release of radioactive gases is expected since
any long-lived inert radiocactive gas potentially available for
release (i.e. Kr-85) will have leaked from the fue)l either in
the reactor core during operation or during the first few
months of residence in the pool. Further, vol. 1, Reference 3
(pp. 4-16) has shown airborne in activity to be considerably
lower than that allowable by Table 1 of 10CFR Part 20, Appendix
B. Therefore, the planned expansion will not significantly
increase the release of radioactive gases.

-
/
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The existing spent tuel pool cooling system will keep the pool
water temperaturc at an acceptable level (see Section 5,
Thermal-Hydraulic Considerations).

The existing radiation protection monitoring systems and
program are adequate to detect and to warn of any unexpected
abnormal increases in radiation level. This provides
sufficient assurance that personnel exposures can be maintained
as low as is reasonably achievable.

Since the reracking will occur after the first refueling,
procedural controls and necessary precautions will be taken to
reduce radiation exposure to as low as is reasonably
achievable, and hence, radiological impact will be minimized.

Expanding the storage capacity of the spent fuel pool will not
significantly increase the onsite or offsite radiological
impact above that of the currently authorized storage capacity,
nor is any significant increase in environmental radiological
or nonradiological impact anticipated.
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Table 7.1

PHOTON ENERGY PRODUCTION RATES OF
AN AVERAGE SPENT FUEL ASSEMBLY
(9 DAYS AFTER SHUTDOWN)

Photon Energy Photon Energy Production Rate
(Mev) (MeV/sec)

< .05 4.16E+18
.05-.10 3.36E+17
.10-.30 2.24E+17
30-.55 1.40E+17
.55-.90 1.27€+17
.90-1.1 4.50E+15
1.1-1.6 1.70E+16
1.6-2.0 1.82€+14
2.0-2.4 3.13E+14
2.4-2.6 3,26E+14
‘ >2.5 9.42E+12
TOTAL 5.01E+18




Table 7,2

CALCULATED DOSE RATES IN AREAS ADJACENT
TO THE SPENT FUEL POOL
(9 DAYS AFTER SHUTODO¥N)

High Density Rack
Location Dose Rate (mrem/hr)

Floor el. 401 ft, 0 in., argas
adjacent to the north walls

Floor el. 426 ft, O in., areas
adjacent to the edge of the pool.

Floor el. 401 ft, 0 in., gpent fuel
pool heat exchanger area

*x
Fuel transfer canal

k design water gap of 4-7/8 inches between the high density rack and the
wall is used.

A design water gap of 4 inches between the high density rack and the well
is used.




8.0 IN-SERVICE SURVEILLANCE PROGRAM FO2
BORAFLEX NEUTRON ABSORBING MAIEHIAL

8.1 PROGRAM INTENT

A sampling program to verify the integrity of the neutron absorber material
employed in the high density fue) racks in the long-term environmen® is
described in this section,

The program is conducted in a manner which allows access to the representative
absorber material samples without disrupting the integrity of the entire fuel
storage system, The program is tailored to evaluate the material in normal
use mode and to forecast future changes using the data base developed,

8.2 DESCRIPTION OF SPECIMENS

The absorber material used in the suyryeillance program, hence forth referred to
as poison, is representative of the material used within the storage system,
It is of the same composition, produced by the same method, and certified to
the same criteria as the productinn lot poison. The sample coupon is of
similar thickness as the poison u 4 within the storage system and not less
than 4 by 2 inches on a side, Figure 8.1 shows 2 typical coupon, Each poison
specimen is encased in a stainless steel jacket of an jidentical alloy to that
used in the storage system, formed so as to encase the poison material and fix
it in a position and with tolerances similar to the design used for the
storage system, The jacket has to be closed by tack welding in such a manner
as to retain its form throughout the test perind and still allow rapid and
easy opening without causing mechanical damage to the poison specimen
contained within, The jacket should permit wetting and venting of the
specimen similar to the actual rack environment,

8.3 SPECIMEN EVALUATION

After the removal of the jacketed poison specimen from the cell at a
designated time, a careful evaluation of that specimen should be made to




determine its actual condition as well as its apparent durability for
continued function, Separation of the poison from the stainless steel
specimen jacket must he performed carefully to avoid mechanical damage to the
poison specimen, Immediately after the removal, the specimen and jacket
section should be visually examined for any effects of environmental
exposure., Specific attention should be directed to the examination of the
stainless steel jacket for any evidence of physical degradation, Functional
evaluation of the poison materia)l can be accomplished by the following
measurements:

0 A neutron radiograph of the poison specimen aids in the
determination of the maintenance of uniformity of the boron
distribution,

0 Neutron attenuation measurements #i11 21104 evaluation of the
continued nuclear effectiveness of the poison, Consideration must
be given in the analysis of the attenuation measurements for the
level of accuracy of such neasurements, as indicated by the degree
of repeatability normally abserved by the testing agency.

0 A measurement of the hardness af the poison material will establish
the continuance of physical and structural durability, The hardness
acceptadility criterion requires that the specimen hardness will not
reduce the hardness listed in the quaTifqug test ¢acument for
laboratory test specimen irradiated to 10°* rads, The actual
hardness measurement should be made after the specimen has been
withdrawn from the pool! and allowed to air dry for not less than 48
hours to allow for a meaningful correlation with the pre-irradiated

sample,

0 Measuremen. of the length, the width, and the average thickness and
comparison with the preexposure data «i11 indicate dimensional
stability within the variation range reported in the Boraflex
laboratory test reports,

A procedure will be prepared for execution of the test procedure and
interpretation of the test data.




TEST COUPCN

—
-

o *f T~
4 <J s 0o
JZ 320, .
—O0O=-O0w Z @ —
F'CAI OE -
.%KGL R% -
. 4 ul
rxra ¥ - S
- +— O w ES
704m( *
2 S 2

T T T N N T e

o | L/ /e e/ B S

T R, e . S //M//////M/////////

$301S ONV dOL ¥03 dA1 290~ |=—







. 93 ALTERNATIVES TO SPENT FUEL STORAGE

CECO has considered the various alternatives to the preposed onsite spent fuel
storage, These 2lternatives are discussed below:

a. Shipment of Fuel to a Reprocessing or Independent Spent Fuel
Storaqe/Disposal Faciiity

No commercial spent fuel reprocessing facilities are presently
operating in the United States, CECO has made contractual
arrangements where - spent nuclear fuel and/or high level nuclear
waste will be accepted and disposed of by the U.S. Department of
Energy, However, such services are not expected to be available
before 1998, The existing Byron spent fuel storage capacity will
not provide 7ull core discharge capahility beyond 1994, Spent fuel
acceptance and disposal by the Department of Energy is not,
therefore, an alternative to increased onsite pool storage capacity.

b, Shipment of Fuel to Another Reactor Site

Shipment of Byron fuel to another reactor site could provide short-
term relief to the storage capacity problem, However, transshipment
of spent fuel merely serves to transfer the problem to another site

. and does not result in any ad4itional net long-term storage
capacity. Accordingly, CECO does not consider the transshipment of
spent fuel to be an appropriate alternative t0 high density spent
fuel storage at the site,

¢. Not Operating the Plant after the Current Spent Fuel
torage Capacity 1s Exhausted

As indicated in NUREG-DS75, “fFinal Environmental Impact Statement on
Handling and Storage of Spent Light Water Power Reactor Fuel," (Ref,
2) the replacement of nuclear power by coal generating capacity
would cause excess mortality to rise from 0.50 - 1,70 to 15 - 120
per year for 0.8 GWY(e). Based on these facts, not operating the
plant or shutting down the plant after exhaustion of spent fuel
discharge capacity is not a viahle alternative to high density
storage in the spent fuel pool. The prospective 1986 expenditure of
approximately $2.6 million for the high density racks fis small
compared to the estimated value of replacement power equivalent to
the plant's energy output: approximately $21 million per month in
1094 and $32 million per month in 2009,

The subject of the comparative economics associated with various spent fuel
options is the subject of Chapter 6 of NUREG-0575 (Ref. 2). Although the
. material presented is generic, it is of value in comparing the costs of the



’ various options., Of the options presented in that chapter, high density spent
fue) storage at the site is the most economic option at $ 3.50 per Kgu. The
price of Independent Fuel Storage Facilities (1FSF), if available, would be
$54 .25 per KgU.

9.4 RESOURCE COMMITMENTS

The expansion of the Byron spent fuel storage capacity will require the
following primary resources:

0 Stainless steel - 284,815 1b/unit

0 Boraflex neutron absorber - 22,000 1b/unit of which 10,925 1b is
boron carbide (B4C) powder

The requirement for stainless steel represents a small fraction of the total

domestic production for 1986 (Ref, 3). Although the fraction of domestic

production of B4C required for the fabrication is somewhat higher than that

for stainless steel, it is unlikely that the commitment of 84C to this project
‘ will affect other alternatives., Experience has shown that the production of

BsC is highly variable and depends on need but could easily be expanded to

accommodate additional domestic needs.
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10.0 QUALITY ASSURANCE PROGRAM

10.1 INTRODUCTION

This chapter provides a general description of the quality assurance program
that is implemented to assure that the quality objectives of the contract
specification are met,

10.2 GENERAL

The quality assurance progranm gsed on this project is hased upon the system
described in Dat's Nuclear Quality Assurance Manual, This system is designed
to provide a flexibie but highly controlled system for the design,
manufacture, and testing of customized components in accordance with various
codes, specifications, and requlatory requirements. The Oat Nuclear Quality
Assurance Program has been accepted by ASME and has been approved by the CECO
Quality Assurance Department and placed on CECO'S Qualified Suppliers List,

The philosophy behind Dat's Quality Assurance System is that it shall provide
for all controls necessary to fu1£i11 the contract requirements with
sufficient simplicity to make it functional on a day-to-day basis. The system
readily adapts to different designs and component configurarions, making
possible the construction of many varied forms of equipment, The following
paragraphs provide an overview of the system and how it has heen applied to
Commonweal th Edison's specifications,

10.3 SYSTEM HIGHLIGHTS

The design control is organized to provide for careful review of all contract
requirements to extract each individual design and quality criterion, These
criteria are translated into design and quality control documents customized
to the contract requirement and completely veviewed and approvec by
responsible and quaiified personnel .,



The system for control of purchased material includes generating detailed
descriptions of each individua) item of material along with specifications for
any special requirements such a, impact testing, corrosion testing, monitoring
or witnessing of chemical analysis, provision of over-check specimens, special
treatments or conditioning of material, source inspection, and provision of
performance documentation on any of the above,

Material receipt inspection includes a complete check of al) material and its
documentation, Upon acceptance, each item of material is individuaily listed
on a control sheet issued once a week to assure that only accepted material
goes into fabrication.

The fabrication control system provides that a shop traveller is prepared for
each subassembly and assembly in each contract, The traveller is generated
specifically to provide step-by-step instructions for fabrication, inspection,
testing, cleaning, packaging, etc., which address all standard and special
requirements of the contract specifications. Special attention is given to
deployment of fabrication sequence and inspection steps to preclude the
possinility of missing poison sheets or incorrect sheets 'incorrect 3!0
loading). All nondestructive examination procedures and test procedures are

custom written to apply to CECO's requirements.

The system provides for qualification and written certification of personnel
performing quality-related activities including nondestructive examination and
fabLrication inspection, welding, engineering, production supervision, and
auditing.

Other CECO requirements are fully covered in the Quality A.surance Program,
including document control, control of measuring and test equipment, control
of nonconforming material and parts, corrective action auditing, and other
areas as specified by CECO.

10.4 SUMAARY

Dat's quality assurance system provides the full measure of quality assurance
required by the contract, A1l specia) requirements of the specifications are
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covered, including source inspection of material and witnessing of material
testing by the engineer, furnishing of material certifications and test
reports within 5 days of shipment, and ohtaining verification of qualification
testing of poison materials,
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1, INTRODUCTION AND SUMMAPRY

The objective of this benchmarkino study is to verify both
the AMPX (NITAWL)-KENO (Refs. 1 and 2) methodolegy with the 27=
group SCALE cross-section librarvy (Refs, 3 and 4) and the CASMO-
2E code (Refs. 5, 6, 7, and 8) for use in criticality calcula-
tions of high density spent fuel storage racks. Both calcu-
lational methods are based on transport theory and have been
benchmarked against critical experiments that simulate typical
spent fuel storage rack desgigns as realistically as possible.
Results of these benchmark calculations with both methodologies
are consistent with correspondina calculations reported in the
literature and with the reauirements of Reaulatory Guide 3.41,'
Rev. 1, May 1977.

Results of these benchmark calculations show that the
27-group (SCALE) AMPX-KENO calculations consistently underpredict
the critical eigenvalue by 0,0106 2 00,0047 2k (with a 95% proba-
bility at a 95% confidence level) for critical experiments
selected to be representative of realistic spent fuel storage
rack configurations and poison worths, Similar calculations by
Westinghouse suqggest a bias of 0.012 £ 0.0023, and the results of
ORNL analyses of 54 relatively "clean" critical experiments show
a bias of 0,0100 £ 0,0013.

Similar calculations with CASMO-2F for clean critical
experiments resulted in a bias of 0.0013 % 0.0018 (95%/95%),
CASMO-2E and AMPX-KENO intercomparison calculations of infinite
arrays of pnisoned cell configurations show very good agreement
and suggest that a bias of 0.0013 & 0.,0018 is the reasonably
expected bias and uncertainty for CASMO-2E calculations,

*validation of <Calculational Methods for Nuclear Criticality
saf..y. (See also ANSI N16.9-1975.)



The benchmark calculations reported here indicate that
either the 27-group (SCALE) AMPX-KENO or CASMO-2E calculations
are acceptable for criticality analysis of high density spent
fuel storage racks. The preferred methodology, however, is to
perform independent calculations with both code packages and to
utilize the higher, more conservative value for *he reference
design infinite multiplication factor.

2, AMPX (NITAWL)-KENO BENCHMARK CALCULATIONS

Analysis of a series of Babcock & Wilcox (RgW) critical
experiments (Ref. 9), which include some with absorber sheets
typical of a poisoned spent fuel rack, is summarized in Table 1,
as calculated with AMPX-KENO using the 27-group SCALE cross-
section library and the Nordheim resonance integral treatment in
NITAWL. The mean for these calculations is 0.9894 & 0,0019,
conservatively assuming the larger standard deviation calculated
from the Kg¢¢ values. With a one-sided tolerance factor
(K = 2,502), corresponding to 95% probability at a 95% confidence
level (Ref. 10), the calculational bias is +0,0.06 with an uncer-

tainty of £0.0048.

Similar calculational deviations reported by Westinghouse
(Ref. 11) are also shown in Table 1 and suggest a bias of 0.012 2
0.0023 (95%/95%). 1In addition, ORNL (Ref., 12) has analyzed some
54 critical experiments using the same methodology, obtaining a
mean bias of 0.0100 # 0.0013 (95%/95%). These published results
are in good agreement with the results obtained in the present
analysis and lend further credence to the validity of the 27-
group AMPX-KENO calculational model for use in criticality analy-
sis of high density spent fuel storage racks., Variance arnalysis
of the data in Table 1 suggests the nossihility that an unknown
factor may be causing a slightly larger variance than might be
expected from the Monte Carlo statistics alone, However, such a



RESULTS COF 27-GROUP
OF BgW CRITICAL EXPERIMENTS

Table

(SCALE)

1
.

AMPX=KENT

CALCULATIONS

Westinaghouse

Experiment Calculatesd Calculated-meas.
Number Keff o Keff

1 0.9889 £0,0049 -0,008

I1 1.0040 +0,0037 -0.012

I11 0.9985 £0,0046 -0,008

1x(1) 0.9924 £0,0046 -0.016

X 0.9907 $0,0039 -0,008

X1 0.9989 +0.,0044 +0,002

XII 0.9932 30,0046 -0,013

XIII 0.9890 +0,0054 -0.007

X1V 0.9830 £¢0.0038 -0,013

XV 0.9852 $0.0044 -0.,016

XV1 0.9875 +0.0042 -0.015

XVII 0.9811 $0.0041 -0.015

XVIII 0.9784 $0,0050 -0.015

XIX 0.9888 $+0,0033 -0.016

XX 0.9922 $0.0048 -0,011

XX1I 0.9783 20,0039 -0.,017

Mean 0.9894 +0,0011(2) -0.0120 % 0.,0010
Bias 0.0106 £0.0019(3) 0.0120 # 0.0010
Bias (95%/95%) 0.0106 +0.0048 0.0120 ¢ 0.0023
Maximum Bias 0.0154 0.0143
(l)Experiments IV through VIIT used B,C pin absorbers and were

not considered re

presentative of poisored storage racks.

(Z)Calculated from individual standard deviaticns.

)Calculated from Kag¢ values a

nd used as reference.



factor, if one truly exists, is too emall to he resolved on the

. basis of critical-experiment data presentlv available, HNo trends
in kgge with intra-assemhbly water nan, with ahsorher sheet
reactivity worth, or with so'uble poison concentration were
identified.”

3, CASMO-2E BENCHMARK CALCULATIONS

3.1 GINERAL

The CASMO-2E code is a multigroup transport theory code
utilizing transmission probabilities to accomnlish two-dimen=-
sional calculations of reactivity and depletion for BWR and PWR
fuel acsemblies. As such, CASMO-2E is well-suited to the criti-
ca '+ty analysis of spent fuel storane racks, since general
practice is to treat the racks as an infinite medium of storage
cells, neglecting leakage effects.

. CASMO=-2E is closely analogous to the EPRI-CPM code (Ref, 13)
and has been extensively benchmarked against hot and cold crit-
jcal experiments by Studsvik Frnerniteknik (Pefs. 5, 6, 7, and
8)., Reported analyses of 26 critical experiments indicate a mean
kegf ©f 1.000 £ 0.0037 (le¢). Yankee Atomic (Ref. 14) has also
reported results of extensive benchmark calculations with CASMO-
2E. Their analysis of 54 Strawbridge and Barry critical experi-
ments (Ref., 15) wusing the reported buckling indicates a mean of
0.9987 ¢ 0,0009 (le), or a bias of 0.0013 & 0.0018 (with 95%
probability at a 95% contidence level). Calculations were
repeated for seven of the Strawbridge and Barry experiments

.Significantly large trends in Kg¢ with water gap and with ab-
sorber sheet reactivity wo-th have geen reported (Ref. 16) for
AMPX-KENO calculations with the 123-aroup GAM-THERMOS library.
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Table

RESULTS OF CASMO-2E BENCHMAFRK (INTERCOMPARISON) CALCULATIONS

k.»(1)

Bsw Experiment No. (! ampx-kENO ( 2) CASMO-2E K

XIX 1.1203 & 0,0032 1.1193 0.0010
XV11 1.1149 & 0,0039 1.1129 0.0020
XV 1,1089  0,0038 1,1052 0.0007
Interpolated!?’ 1.1024 2 0,0042 1.1011 0.0013
X1V 1.0983 & 0,0041 1.0979 0.0004
X111 1.0992 2 0,0034 1.0979 0,0013
Mean 0.,0038 0,0011
Uncertainty $0.0006
BWR fuel rack 0.9212 £ 0,0027 0.9218 -0,006

(1) infinite array of central assemblies of 9-assemhly B&W criti-
cal configuration (Ref., 9).

‘Z)k from AMPX-KENO corrected for bias of
28 of Ref.

(3)Iaterpolated from

tration at critical condition,

0.0106 Ak,
9 for soluble boron concen=
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NRC Questions from December 22, 1986 Meeting:

QUESTION 4!

The information provided to 3NL does not address potential 4amage to fuel
resulting from fuel to cell wall and paseplate impacts. Have these effects
been evaluated?

ANSKWER #1

The fuel assembly has been analyzed by the fuel manufacturer and found to
withstand lateral accelerations an order of magnitude greater than those
developed due to rattling between the fuel assembly and the cell wall (less
than 1,0g). The te.timony by 2 Westinghouse expert during the Turkey Point
ASLB hearings gives the details on the fue) assembly load bearing ability.

The fuel assembly has a rugged inlet nozzle assemdly which imparts
considerable axial load bearing ability to it, Moreover, the forces developed
due to bouncing of the assemdbly on the base plate are quite small compared to
the loads associated with fuel drop accidents,

QUESTION #2

Has the pool floor evaluation included a check for potential local perforation
of the liner due to rack foot impact? How was this done?

ANSHER #2

Perforation of the stainless stee) poo! liner plate due to rack foot impact
loading has been evaluatec, A local bearing stress is calculated based on the
maximum foot reaction, The net hearing area assumes a 2" x " shim plate
distributing load over the leak chase channels, The critical hearing stress
is 6275 which is less than the allowable concrete bearing stress of 6545 psi.

The design compressive strength of the spent fuel poo) basemat is 5500 psi
whereas the walls are 3500 psi. The latter value has previously been given in
response to the second set of NRC questions,

QUESTION #3

Since the seismic impact loads may he sensitive to gap sizes, are there QA
procedures in place to assure that the proper inter-rack and wall to rack gaps
are maintained during initial installing and subsequent loading/unloadinf of
fuel?

ANSWER #3

The rack to wall 3aps will bde maintained by temporary spacer blocks. The
nominal gap betw:.n racks is zero inches and will be checked to insure the
actual gaps are bolow the 1/2 inches considered in the seismic analysis.




QA procedures are in the process of preparation and will He available to the
NRC once they are approved. The procedures are designed to assure the assumed
rack to rack gaps are not exceeded and rack to wall 3aps are maintained,

Since the load exerted by the fuel handling Sridge crane is limited by the
“load cell”, the maximum 10ad exerted on the rack during fuel loading and
unloading is a small fraction of the weight of the module, Therefore, rack
movement during fuel loading and unloading is not a credible phenomenon,

QUESTION #4

How was the conservatism of the single rack model demonstrated? The mode!
appears to limit the amount of sliding and tilting of the rack between small
gaps. This would not account for potential pileup of racks against the pool
wall, Has this possidbility been investigated?

ANSWER #4

The analysis of multi-rack motion has heen carried out to determine the
response of an array of four racks in the 3yron spent fuel pool, The object
of this analysis was to determine whether the peripheral rack module hits the
wall. Another related purpose of this analysis was to obtain maximum values
of rack kinematic displacements, The mathemat cal characterization of the
modules in this analysis is not detailed enough to furnish refined data for
predicting stress levels. The imposed seismic loading is the E-W SSE and the
VERTICAL SSE. The four racks studied are labelled 81, C2, C4, and D4 in Fi-
2.1. This array is the second row from the north wall,

Realistic spring constant values for girdle bars are based on impact at the
ends of girdle bars with the full rack height providing flexibility. An
effective cross coupiing gap was estay) ished based on dur previous directions
from the NRC for Diablo Canyon analyses, A1l racks were assumed to be full
with consolidated fuel (weight - 30004/cell)., This fuel weight is identical
to tle single rack design basis 3.D analyses,

Runs were made for .2 and .8 interface coefficients of friction, The table
below provides results for comparison of key displacement data between the
multi-rack and single rack analyses,The displacements increase over the single
rack analysis but the units do not impact the »1l11,

Friction ful ti-Rack 3.D Single
Coefficient Mode! Rack
Maximum E-W 0.2 1.1027 inch ,318 inch
Displacement
At top of rack 0.8 2,74 inch .346 inch

HQESTION 45

ow has the conservatism of the rattling mass representation of the fuel
within the rack cells been demonstrated? The model does not appear to account
for the flexural rigidity of the fuel and the potential amplified response of
its resonant modes, Has this been investigated?




ANSWER #5
The ansse: to this question is g’ven in Section 6,2,1(a) of this report,

gUESTION 86

escribe how 1. - ¢k and rack to wall fiuic coupling was handled by the
model (note p.Il  .as missing from BNL copy of seismic report),

ANSWER #6

The missing rige was provided at the meeting and the manner of handling fuel
coupling was explained to be an extension of Fritz's classical paper.

ESTION #7
Uplift of fuel from rack baseplate and resulting impact 10ads were not

considered in the model, How was this effect evaluated?

ANSWER #7

There 1¢ ndeed no degree of freedom associated with uplift of the fuel
assembly mass located at the baseplate elevation, However, due to the low
seismic accelerations involved, the resulting error is expected to be small,
Furthermore, the fuel drop case considers drop of the fuel from 36 inches
above the rack and is crictical compared to fuel uplift due to seismic
effects.

QUESTION #3

How were the rack to rack and rack to wall gap spring constants determined?
How are the impact loads evaluated?

ANSWER #8

The required rack to rack impact spring ¢nnstant is at the girdle bar and
baseplate elevations where the inter-module impacts may occur, The actual
impact spring constant at the girdle bar location is estimated by treating the
problem of a laterallly loaded beam on an elastic foundation. The spring
constant value used in the dynamic analysis is, however, several times higher
in order to maximize tne computed impact forces. The impact 1o0ads in the
spring elements are _racked at every time integration step, The maximum
values are saved and printed out. A strength-of-materials type analysis is
subsequently performed to establich that the lozations subject to impacts will
not fail as structural members,

SQESTION #9
ave any studies been performed to test the impact load sensitivity to gap
size?

ANSWER #9

Studies to test the impact load sensitivity to fuel as-embly/storage cell size
were not performed, However, the fue) mas in a rack is lumped together so it
moves in phase resulting in an extremely . nservative estimate of fuel impact
effects.
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QUESTION £10

How are the pool wall motione included in the analysis? Do the walls
experience the same motion as the floor?

ANSWER #10
Yes the walls experience the same motion as the floor since the wails are
thick and rigid,

gggSTION #11
¢ the bouyant force of water considered in the calculation of frictional
resistance of the rack feet,

ANSWER #11

Yes, the bouyant force of water is included in the evaluation of the net
vertical force on a support leg which is used in the friction spring elements
to compute the lateral friction force at each time step.

QUESTION #12
How were the floor time histories used as input generated? Provide the
corresponding response spectra,

ANSWER #12

Time histories were generated based on vhe design basis spectra at the spent
fuel pool floor level., The reponse sgicira generated from the time histories
match the design basis spectra closely (Ref, section 6.1), Plots comparing
the desin basis spectra and spectra generated from synthetic time history are
shown in Figures 8-1, 8-2, and B-3,

EUESTXON #13
arify equation for Py in Table 6.1 on page 5-23 of the licensing report.

ANSWER #13

Fi are the "absolute" generalized coordinate., q; are the associated
"relative" generalized coordinates (with respect to the coordinate frame
attached to the pool floor and walls).

EUESTION #14
xpla:n the criteria used for the selection of fuel to rack eccentricity
values (Xgy,Y8) considered in the middle,

ANSWER #14

The center of gravity of the assemblage of fuel assemblies in the horizontal
plane defines the coordinates X, and Yp.
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UESTION #15
efine the parameters given in the DYNAHIS computer run input and output.

ANSWER #15

Tnis was explained at the meeting. Some proprietary data was sent to BAL for
their review,

UESTION #16

>ck to rack and rack to wall gaps in the computer runs do not appear
consistent with gaps shown on the fuel pool layout drawing, Explain,

ANSWER #16

The rack to rark gaps for impact spring considerations should be looked up in
the non-lincar spring tables. 1ne marked output mentioned above explains the
details.
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