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I GENERAL DESCRIPTION

This Safety Analysis Report (SAR) describes the NAC International Inc. (NAC) MAGNASTOR
System for the storage of spent fuel. It demonstrates that MAGNASTOR satisfies the
requirements of the U.S. Nuclear Regulatory Commission (NRC) for spent nuclear fuel storage
as prescribed in Title 10 of the Code of Federal Regulations, Part 72 (10 CFR 72) [1] and
NUREG-1536 [2]. MAGNASTOR is a canister-based system that accommodates both the
storage and transport of Pressurized Water Reactor (PWR) and Boiling Water Reactor (BWR)
spent fuel.

The principal components of MAGNASTOR are:

* transportable storage canister (TSC)
* concrete cask
* transfer cask

The transportation component of MAGNASTOR, the MAGNASTOR Transport Cask, will be
licensed in accordance with 10 CFR 71 [3].

The TSC is designed and fabricated to meet the requirements for storage in the concrete cask. for
transport in the transport cask and to be compatible with the U.S. Department of Energy planning
for permanent disposal in a Mined Geological Disposal System. The TSC incorporates a welded
closure to preclude the loss of contents and to preserve the general health and safety of the public
during long-term storage of spent fuel.

In long-term storage, the TSC is installed in a concrete cask, which provides structural protection
and radiation shielding, as well as natural convection cooling. The concrete cask also provides
protection during storage for the TSC under adverse environmental conditions.

The transfer cask is used to move the TSC between the workstations during TSC loading and
preparation activities. It is also used to transfer the TSC to or from the concrete cask and to the
transport cask.

This SAR is formatted in accordance with NRC Regulatory Guide 3.61 [4], except that
Chapter 8, Materials Evaluation, is added in accordance with the requirement of Interim Staff
Guidance (ISG)-15 [5], with the subsequent renumbering of the remaining chapters. The
terminology used in this report is presented in Section 1.1. The term TSC refers to both the
PWR and BWR TSCs where the discussion is common to both configurations. Discussion of
features unique to the PWR and BWR configurations is addressed in subsections, as appropriate,

within each chapter.

NAC International 1-1
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1.1 Terminology -

This section lists and defines the terms used in this SAR.

Adapter Plate ..

A carbon steel plate assembly positioned on the top of the concrete cask or transport cask and
used to align the transfer cask. It supports the operating mechanism for opening and closing
the transfer cask shield doors.

Concrete Cask
A concrete cylinder that holds the TSC during storage. The concrete cask is formed around a
steel inner liner and base and is closed by a lid.
Base

A carbon steel weldment incorporating the air inlets and the pedestal that supports the
TSC inside of the concrete cask.

Lid
A thick concrete and carbon steel closure for the concrete cask. The lid precludes
access to the TSC and provides radiation shielding.

Liner
A carbon steel shell that forms the inside diameter of the concrete cask. The liner
serves as the inner form during concrete pouring and provides radiation shielding and
structural protection for the TSC.

Standoffs (Channels)
Carbon steel weldments attached to the liner that assist in centering the TSC in the
concrete cask and reducing the g-loading to the TSC and its contents in the
nonmechanistic tip-over events.

Confinement System
The components of the TSC assembly that retain the spent fuel during storage.

Contents
Up to 37.PWR fuel assemblies or up to 87 BWR fuel assemblies. The fuel assemblies are
confined in a TSC. Non-fuel hardware may be inserted into PWR fuel assemblies and BWR
fuel assemblies may include channels.

Factor of Safety
An analytically determined value defined as the allowable stress or displacement of a
material divided by its calculated stress or displacement.,,

Fuel Basket (Basket)
The structure inside the TSC that provides structural support, criticality control, and heat
transfer paths for the fuel assemblies. ,
Fuel Tube

A carbon steel tube with a square cross-section. -Fuel assemblies are loaded into the fuel
tubes. A fuel tube may have neutron absorber material attached on its interior faces.

Neutron Absorber
A borated aluminum metal matrix or composite with neutron absorption capability.

Intact Fuel (Assembly or Rod) (Undamaged Fuel)
A fuel assembly with no fuel rod cladding defect or no known or suspected fuel rod cladding
defects greater than pinhole leaks or hairline cracks. The fuel assembly can be handled by

NAC International 1.1-1
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normal means and any missing fuel rods have been replaced by solid stainless steel or
zirconium-based alloy filler rods. Missing or damaged fuel assembly or fuel rod structural
components have been evaluated to show that fuel pellets, and rods, are retained for all
loading conditions.

MAGNASTOR (Modular Advanced Generation, Nuclear, All-purpose STORage)
The high-capacity system designed for safe, long-term spent fuel storage at a power reactor
site or at an independent spent fuel storage installation.

Spent Nuclear Fuel (or Spent Fuel)
Irradiated fuel assemblies with the same configuration as when originally fabricated,
consisting generally of the end fittings, fuel rods, guide tubes, and integral hardware. For
PWR fuel, a thimble plug, an in-core instrument thimble, a burnable poison rod insert, or a
control element assembly (CEA) is considered to be a component of standard fuel. For BWR
fuel, the channel is considered to be integral hardware. Solid filler rods, burnable poison
rods, burnable poison rod assemblies, thimble plugs, control element assemblies and stainless
steel rod inserts may be inserted in PWR fuel assemblies.

Transport Cask
The packaging consisting of a transport cask body with a closure lid and energy-absorbing
impact limiters. The transport cask is used to transport a TSC containing spent fuel. The
cask body and closure lid provide the containment boundary during transport.

Transfer Cask
A shielded device used to lift and handle the TSC during fuel loading and closure operations,
as well as to transfer the TSC in/out of the concrete cask during storage or in/out of the
transport cask for transport. The transfer cask includes two lifting trunnions and two shield
doors that can be opened to permit the vertical transfer of the TSC into and from the concrete
and transport casks.
Trunnions

Two low-alloy steel components used to lift the transfer cask in a vertical orientation
via a lifting assembly.

TSC (Transportable Storage Canister)
The stainless steel cylindrical shell, bottom-end plate, and closure lid that contain the fuel
basket structure and the spent fuel contents.
Closure Lid

A thick, stainless steel disk installed directly above the fuel basket following fuel
loading. The closure lid provides the confinement boundary for storage and operational
shielding during TSC closure.
Drain and Vent Ports

Penetrations located in the closure lid to permit draining, drying, and helium
backfilling of the TSC.

Port Cover
The stainless steel plates covering the vent and drain ports that are welded in place
following draining, drying, and backfilling operations.

NAC International 1.1 -2
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1.2 Introduction

MAGNASTOR is a spent fuel dry storage system consisting of a concrete cask and a welded
stainless steel TSC with a welded closure to safely store spent fuel. The TSC is stored in the
central cavity of the concrete cask and is compatible with the MAGNASTOR Transport Cask for
future off-site shipment. The concrete cask provides structural protection, radiation shielding,
and internal airflow paths that remove the decay heat from the TSC contents by natural air
circulation. MAGNASTOR is designed and analyzed for a 50-year service life.

The loaded TSC is moved to and from the concrete cask using the transfer cask. The transfer
cask provides radiation shielding during TSC closure and preparation activities. The TSC is
transferred into the concrete cask by positioning the transfer cask, with the loaded TSC, on top of
the concrete cask, opening the shield doors, and lowering the TSC into the concrete cask. Figure
1.3-1 depicts the major components of MAGNASTOR in such a configuration.

MAGNASTOR is designed to safely store up to 37 PWR or up to 87 BWR spent fuel assemblies
in separate fuel basket assemblies. These capacities, combined with enhanced operational
features, assure that MAGNASTOR reduces the time required and the personnel dose received
on a per-assembly basis when placing spent fuel into dry storage. The fuel specifications and
parameters that establish the design basis for the PWR and BWR fuel assemblies are presented in
Chapter 2. The spent fuel considered in the design includes fuel assemblies that have different
overall lengths. The PWR and BWR fuel assembly populations are divided into two groups
based on fuel assembly length, and are accommodated by two different lengths of TSCs. The
concrete cask and transfer cask are a fixed height and can accommodate both lengths of TSC.
The designations and corresponding lengths of the TSCs are shown on the License Drawings.

For PWR fuel, the integral hardware in a fuel assembly can increase its overall length, resulting
in the need to use the longer TSC. Spacers may be used in a given TSC to allow loading of fuel
that is significantly shorter than the TSC length. The BWR fuel assembly groups are evaluated
for the effects of the zirconium alloy channel that surrounds the fuel assembly in reactor
operations.

The system design and analyses are in accordance with 10 CFR 72, ANSI/ANS 57.9 [6], the
applicable sections of the ASME Boiler and Pressure Vessel Code (ASME Code), and the
American Concrete Institute (ACI) code [7]. The analysis demonstrates that MAGNASTOR
meets the regulatory requirements of 10 CFR 72 and the guidance of NUREG-1536 [2].

NAC International 1 .2-1
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1.3 General Description of MAGNASTOR

MAGNASTOR provides for the long-term storage of PWR and BWR fuel assemblies as listed in
Chapter 2 and subsequent transport using a MAGNASTOR transport cask. During long-term
storage, the system provides an inert environment, passive structural shielding, cooling and'
criticality control, and a welded confinement boundary. The structural integrity of the system
precludes the release of contents in any of the design basis normal conditions and off-normal or
accident events, thereby assuring public health and safety during use of the system.

1.3.1 MAGNASTOR Components

The design and operation of the principal components of MAGNASTOR and the associated
auxiliary equipment are described in this section. The design characteristics of three principal
components of the system are presented in Table 1.3-1.'

This list shows the auxiliary equipment generally needed to use MAGNASTOR.

* automated, remote, and /or manual welding equipment to perform TSC field closure
welding operations

* an engine-driven or towed frame or a heavy-haul trailer to move the concrete cask to and'
from-the storage pad and'to position the concrete cask on the storage pad ' - '

* 'draining, drying, helium backfill, and water cooling systems for preparing the TSC and
contents for storage

* hydrogen monitoring equipment to confirm the absence of explosive or conibustible
gases during TSC closure welding.

* an adapter plate and a hydraulic supply system
* a lifting yoke for lifting and handling the transfer cask and rigging equipment for lifting

and handling system components

In addition to these items, the system requires utility services (electric, helium, air, clean bbrated
water, nitrogen gas supply, etc.), standard torque wrenches, tools arid fittings, and miscellaneous
hardware.

The loaded TSC may be placed into the MAGNASTOR transport cask for offsite transport. The
contents of MAGNASTOR for transport shall comply with the content conditions specified in
the 10 CFR 71 Certificate of Compliance (CoC).

1.3.1.1 Transportable Storage Canister (TSC)

Two lengths of TSCs accommodate all evaluated PWR and BWR fuel assemblies. The TSC is
designed for transport per 10 CFR 71. The load conditions in transport produce higher stresses

NAC International 1 .3-1
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in the TSC than are produced during storage conditions, except for TSC lifting. Consequently,

transport load conditions establish the design basis for the TSC and, therefore, the TSC design is

conservative with respect to storage conditions.

The stainless steel TSC assembly holds the fuel basket structure and confines the contents (see
Figure 1.3-2). The TSC is defined as the confinement boundary during storage. The welded

closure lid prevents the release of contents under normal conditions and off-normal or accident

events. The fuel basket assembly provides the structural support and a heat transfer path for the

fuel assemblies, while maintaining a subcritical configuration for all of the evaluated normal

conditions and off-normal or accident events.

The major components of the TSC assembly are the shell, base plate, closure lid, and port

covers, which provide the confinement boundary during storage. The TSC component

dimensions and materials of fabrication are provided in Table 1.3-1. The TSC overall

dimensions and design parameters for the two lengths of TSCs are provided in Table 1.3-2.

The TSC consists of a cylindrical stainless steel shell with a welded stainless steel bottom plate at

its closed end and a 9-in thick stainless steel closure lid at its open end. The stainless steel shell

and bottom plate are dual-certified Type 304/304L. The closure lid is Type 304 stainless steel. A

fuel basket assembly is placed inside the TSC. The closure lid is positioned inside the TSC on the

lifting lugs above the basket assembly following fuel loading. After the closure lid is placed on the

TSC, the TSC is moved to a workstation, and the closure lid is welded to the TSC. The vent and
drain ports are penetrations through the lid, which provide access for auxiliary systems to drain,

dry, and backfill the TSC. The drain port has a threaded fitting for installing the drain tube. The

drain tube extends the full length of the TSC and ends in a sump in the base plate. The vent port

also provides access to the TSC cavity for draining, drying, and backfilling operations.

Following completion of backfilling, the port covers are installed and welded in place.

The TSC is designed, fabricated, and inspected to the requirements of the ASME Boiler and

Pressure Vessel Code (ASME Code), Section III, Division 1, Subsection NB [8], except as noted
in the Alternatives to the ASME Code noted in Table 2.1-2.

Refer to Table 1.3-3 for a summary of the TSC fabrication requirements.

1.3.1.2 Fuel Baskets

Each TSC contains either a PWR or BWR fuel basket, which positions and supports the stored

fuel. As described in the following sections, the design of the basket is similar for the PWR and

BWR configurations. The fuel basket for each fuel type is designed, fabricated, and inspected to
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the requirements of the ASME Code, Section III, Division 1, Subsection NG [9], except as noted
in Table 2.1-2.

The structural components of both the PWR and BWR baskets are fabricated from ASME
SA537, Class 1, carbon steel. To minimize corrosion and preclude significant generation of
combustible gases during fuel loading, the assembled basket is coated with electroless nickel'
plating using an immersion process. Following coating, the neutron absorber panels and the
stainless steel-retainers are installed on the basket structure as shown on the License Drawings.
The principal dimensions and materials of fabrication of the fuel basket are provided in Table
1.3-1..-- -

Both fuel basket designs minimize horizontal surfaces that could entrain water and provide an
open path for water flow to the drain tube and sump in the bottom of the TSC. The fuel baskets:'
are supported from the baseplate by 3-in high spacers at the corner of the fuel tubes enabling the
TSC to fill and drain evenly.

Spacers may be used to limit the movement of the spent futel assemblies during storage or in
subsequent transport operations. -

PWR Fuel Basket

The PWR fuel basket design is an arrangement of square fuel tubes held in a right-circular
cylinder configuration using support weldments that are bolted to- the outer 'fuel tubes. The
design parameters for the two lengths of PWR fuel baskets are provided in Table 1.3-2.

Fuel tubes support an enclosed neutron absorber sheet on up to four interior sides of the fuel
tube. The neutron absorber panels, in' conjunction with' minimum TSC cavity water boron leVels,
provide criticality control in the basket.- Each neutron absorber panel is covered by '' sheet of
stainless steel to protect the material during fuel loading and to keep it in position. .The neutron
absorber and stainless steel cover are secured to the fuel tube using edge clips spot-welded in the"
four corners of the fuel tubes and weld posts, approximately centered along the length of the fuel
tube. -

Each PWR fuel basket has a capacity of 37 fuel assemblies in an aligned configuration. Square
tubes are assembled in an array wherethe'tubes function'as'independenthfuel positions and as'
sidewalls for the adjacent fuel positions in what is called a developed cell array. Consequently,
the 37 fuel positions are developed using only 21 tubes." The array is surrounded by weldments
that serve both as sidewalls for some perimeter fuel positions and as the structural load path from
the array to the TSC shell wall.. Each PWR basket fuel tube has a nominal 8.86-in square
opening. Each developed cell fuel position has a nominal 8.76-in square opening.
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BWR Fuel Basket

The BWR fuel basket design is an arrangement of square fuel tubes held in a right-circular

cylinder configuration using support weldments that are bolted to the outer fuel tubes. The

design parameters for the two lengths of BWR fuel baskets are provided in Table 1.3-2.

Each fuel tube supports an enclosed neutron absorber sheet on up to four interior sides of the fuel

tube, which provides criticality control in the basket. The neutron absorber is covered by a sheet

of stainless steel to protect the material during fuel loading and to keep it in position. The

neutron absorber and stainless steel cover are secured to the fuel tube using edge clips spot-

welded in the four corners of the fuel tubes and weld posts, approximately centered along the

length of the fuel tube.

Each BWR fuel basket has a capacity of 87 fuel assemblies in an aligned configuration. Square

tubes are assembled in an array where the tubes function as independent fuel positions and as

sidewalls for the adjacent fuel positions in what is called a developed cell array. Consequently,

the 87 fuel positions are developed using only 45 tubes. The array is surrounded by weldments

that serve both as sidewalls for some perimeter fuel positions and as the structural load path from

the array to the TSC shell wall. Each BWR basket fuel tube has a nominal 5.86-in square

opening. Each developed cell fuel position has a nominal 5.77-in square opening.

1.3.1.3 Concrete Cask

The concrete cask is the storage overpack for the TSC and it is designed to hold both lengths of

TSCs. The concrete cask provides structural support, shielding, protection from environmental

conditions, and natural convection cooling of the TSC during long-term storage. The principal

dimensions and materials of fabrication of the concrete cask are shown in Table 1.3-1.

The concrete cask is a reinforced concrete structure with a structural steel inner liner and base.

The reinforced concrete wall and steel liner provide the neutron and gamma radiation shielding

for the stored spent fuel. Inner and outer reinforcing steel (rebar) assemblies are encased within

the concrete. The reinforced concrete wall provides the structural strength to protect the TSC

and its contents in natural phenomena events such as tornado wind loading and wind-driven

missiles and during non-mechanistic tip-over events (refer to Figure 1.3-3). The concrete

surfaces remain accessible for inspection and maintenance over the life of the cask, so that any

necessary restoration actions may be taken to maintain shielding and structural conditions.

The concrete cask provides an annular air passage to allow the natural circulation of air around

the TSC to remove the decay heat from the contents. The lower air inlets and upper air outlets

are steel-lined penetrations in the concrete cask body. Each air inlet/outlet is covered with a
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screen. The weldment baffle directs the air upward and around the'pedestal that supports the
TSC. Decay heat is transferred from the fuel assemblies to the TSC wall by conduction,
convection, and radiation. Heat is removed by 'conduction and'convection from the TSC shell to
the air flowing upward through the annular air passage 'and exhausting out through the air outlets.
The passive cooling system is designed to maintain'the' peak fuel cladding temperature below
acceptable limits during long-term storage'[10]: The'concrete cask thermal design also maintains
the bulk concrete temperature below the American'Concrete Institute (ACI)'limits under normal
operating conditions'. The inner liner of the concrete cask incorporates standoffs that provide
lateral support to the TSC in side impact accident events.

A carbon steel'and concrete lid is bolted to the to' of the concrete cask. The lid reduces skyshine
radiation and provides a cover to protect the TSC from the environment and postulated tornado
missiles.-

Fabrication of the concrete cask requires no unique or unusual forming, concrete placement, or
reinforcement operations. The concrete portion of the cask is 'constructed by placing concrete
between a'reusable,'-exterior form and the steel liner. Reinforcing bars are used near the inner
and outer concrete surfaces to provide structural integrity. The' structural steel liner and base are
shop fabricated. Refer to Table 1.3-4 for the fabrication specifications for the concrete cask.

Daily visual inspection of the air inlet and outlet screens assures that airflow through the cask
meets licensed requirements. As an alternative to daily visual inspections, the loaded concrete
cask in storage may include the capability to measure air temperature at the four outlets. Each
air outlet may be equipped with a remote temperature detector mounted in the outlet air plenum.
The air temperature-monitoring system, designed to provide verification of heat dissipation
capabilities, can be designed for remote or local read-out capabilities at the option of the
licensee. The temperature-monitoring system can be installed on all or some of the concrete
casks at the Independent Spent Fuel Storage Installation (ISFSI) facility. 'Alternatively, daily
visual inspections of air inlet/outlet screens for blockage can be performed as described in the
Technical Specifications.

1.3.1.4 'Transfer Cask -

The transfer cask is designed, fabricated, and tested to meet the requirements of ANSI N14.6
[11] as a special lifting device. The transfer cask provides biological shielding and structural
protection for a loaded TSC, and is used to lift and move the'TSC between workstations. The
transfer cask is also used to shield the vertical transfer of a TSC into a concrete cask or transport
cask.
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The transfer cask design incorporates three retaining blocks, pin-locked in place, to prevent a

loaded TSC from being inadvertently lifted through its top opening. The transfer cask has

retractable bottom shield doors. During TSC loading and handling operations, the shield doors

are closed and secured. After placement of the transfer cask on the concrete cask or transport

cask, the doors are retracted using hydraulic cylinders and a hydraulic supply. The TSC is then

lowered into a concrete cask for storage or into a transport cask for offsite shipment. Refer to

Figure 1.3-1 for the general arrangement of the transfer cask, TSC, and concrete cask during

loading and Table 1.3-1 for the principal dimensions and materials of fabrication of the transfer

cask.

Sixteen penetrations, eight at the top and eight at the bottom, are available to provide a water

supply to the transfer cask annulus. Penetrations not used for water supply or draining are capped.

The transfer cask annulus is isolated using inflatable seals located between the transfer cask inner

shell and the TSC near the upper and lower ends of the transfer cask.

During TSC closure operations, clean water is added through these penetrations into the annulus

region to remove heat generated by the spent fuel contents. The cooling water circulation is

maintained through completion of TSC activities and is terminated to allow movement of the

transfer cask for TSC transfer operations.

A similar process of clean water circulation is used during in-pool fuel loading to minimize

contamination of the TSC outside surfaces.

The transfer cask penetrations can also be used for the introduction of forced air or gas at the

bottom of the transfer cask to achieve cooling of the TSC contents in case of the failure of the

cooling water system. Alternately, the loaded TSC may be returned to the spent fuel pool for

in-pool cooling.

1.3.1.5 Transport Cask

The transport cask is designed to transport a loaded TSC containing either PWR or BWR spent

fuel. The TSC is loaded into the transport cask cavity in the transport cask, which is closed with

a bolted stainless steel lid. A spacer may be used in the transport cask cavity to axially position

the TSC and limit its potential movement. Refer to Figure 1.3-4 for the transport configuration

of the MAGNASTOR transport cask.

1.3.2 Operational Features

In storage, MAGNASTOR does not require any active operational systems. The principal

MAGNASTOR operational activities are loading, welding, and preparing the TSC for storage
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and transferring the TSC to the concrete cask. The transfer cask is designed to meet the
requirements of these operations. The transfer cask holds the TSC during fuel loading
operations, provides biological shielding during TSC closure and preparation, and positions the
TSC for transfer into the concrete cask. The lid design of the TSC assures structural integrity,
while reducing the time and dose involved in TSC closure.

The detailed generic step-by-step operating procedures for the loading and transferring of
MAGNASTOR are presented in Chapter 9. The following is a list of the major loading
activities. This list assumes that the empty TSC is installed in the transfer cask.

* Fill the TSC with water or borated water if required.
* Lift the transfer cask over the pool and start the flow of water to the transfer cask annulus

and lower the cask to the bottom of the pool.
* Load the selected spent fuel assemblies into the TSC.
* Install the closure lid. -
* Remove the transfer cask from the pool and place it in the cask preparation workstation.
* Decontaminate the transfer cask.
* Lower the TSC water level and weld the closure lid to the TSC shell. Examine the weld.
* Drain the remaining pool water from the TSC.
* Dry the TSC cavity.
* Establish a helium backfill.
* Install the vent and drain port covers and weld them to the closure lid.
* Install the TSC lifting system:
* Install the adapter plate on the concrete cask.
* Lift and place the transfer cask on the transfer adapter.
* Attach the TSC lifting system to the crane hook and raise the TSC off of the shield doors.
* Open the shield doors.
* Lower the TSC into the concrete cask (see Figure 1.3-1).,
* Remove the transfer cask, transfer adapter, and TSC lifting systems.
* Install the lid on the concrete cask.
* Move the loaded concrete cask to the storage pad.
* Move the concrete cask to its designated location on the storage pad.

The TSC unloading and spent fuel removal from the TSC are essentially the reverse of these
steps, except that weld removal and cooldown of the contents is required. This typical sequence
of operations, and individual steps, may be modified by the approved site procedure to
accommodate specific site requirements, as long as the requirements of the Technical
Specifications and the CoC are met.
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Figure 1.3-1 Major Component Configuration for Loading the Concrete Cask
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Figure 1.3-2 TSC and Basket
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Figure 1.3-3 Concrete Cask
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Figure 1.3-4 Transport Configuration of the Transport Cask
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Table 1.3-1 Design Characteristics

Design Characteristic Nominal Value (in)a) Material
TSC Shell 0.5 x 72 dia. Stainless Steel

Bottom 2.75 Stainless Steel
Closure Lid 9 Stainless Steel
Length

Group 1 & 3 184.8
Group 2 & 4 191.8 _

Fuel Basket PWR Fuel Tube Wall 0.31 Carbon Steel
BWR Fuel Tube Wall 0.25 Carbon Steel
Neutron Absorber 0.125 (PWR) Metallic Composite/Matrix

0.1 (BWR)
Neutron Absorber Retainer 0.015 Stainless Steel
Support Plates & Gussets 0.5 to 0.75 Carbon Steel
Support Bars (PWR) 0.875 Carbon Steel
Support Plate (BWR) 0.75 Carbon Steel
Length

Group 1 & 3 172.5
Group 2 & 4 179.5

Assembly dia. 69.8
# of Fuel Tubes/Fuel
Loading Positions

PWR 21/37
BWR 45/87

Transfer Cask Outer Shell 1.25 x 88 dia. Low Alloy Steel
Inner Shell 0.75 x 74.5 dia. Low Alloy Steel
Retaining Block 8 x 8.75 x 1.50 Stainless Steel
Trunnions 9.5 dia. Low Alloy Steel
Bottom Forging 12 x 88 dia. Low Alloy Steel
Top Forging 14 x 88 dia. Low Alloy Steel
Shield Doors 5.0 Low Alloy Steel
Door Rails 5.25 x 7.5 x 52.0 Low Alloy Steel
Gamma Shield 3.2 Lead
Neutron Shield 2.25 NS-4-FR, Solid Synthetic Polymer

Transfer Adapter Base Plate 2.0 Carbon Steel
Guide Ring 2.5 x 79 dia. Carbon Steel

Concrete Cask Weldment Structures
Liner
Top Flange
Standoffs (Channels)
Pedestal Plate
Bottom Weldment
Inlet Top

Concrete Cask
Concrete Shell
Lid

Rebar

1.75 x 83 dia
1 x 91 dia.
3 x 7.5 (s-beam)
2 x 72 dia.
1 x 128 in
2x 136dia.

26.5 x 136 dia.
6.75 x 88 dia.

various lengths

Carbon Steel
Carbon Steel
Carbon Steel
Carbon Steel
Carbon Steel
Carbon Steel

Type II Portland Cement
Carbon Steel
Type II Portland Cement
Carbon Steel

a) Thickness unless otherwise indicated.
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Table 1.3-2 -Physical Design Parameters of the TSC and Fuel Baskets

Nominal
Component.. Characteristic Parameter . Val

Shell Outside Diameter (in) 72
Canister-Weldment Shell Thickness (in) 0.5

Bottom Thickness (in) 2.75
TSC Group 1 & 3 (in) 184.8

Length Group 2 & 4 (in) : 191.8
Capacity (# of fuel assemblies) PWR ; 37

BWR 87

Length (in)
Group 1 & 3 (in)
Group 2 & 4 (in)

172.5
179.5

Fuel Basket Diameter I Assembly Diameter (in) 1 70.76

Number of Fuel Tubes/Fuel
Loading Positions

PWR !

BWR
21/37
45/87
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Table 1.3-3 TSC Fabrication Specification Summary

Materials

* All materials shall be in accordance with the referenced drawings and meet the applicable
ASME Code sections.

Welding

* Welds shall be in accordance with the referenced drawings.

* Filler metals shall be appropriate ASME Code materials.

* Welders and welding operators shall be qualified in accordance with ASME Code
Section IX [12].

* Welding procedures shall be written and qualified in accordance with ASME Code
Section IX.

* Personnel performing weld examinations shall be qualified in accordance with the NAC
International Quality Assurance Program and SNT-TC-1A [13].

* Weld inspection and examination requirements and acceptance criteria are specified in
Chapter 10.

Fabrication

* Cutting, welding, and forming shall be in accordance with ASME Code, Section III, NB-
4000 [8] unless otherwise specified. Code stamping is not required.

* Surfaces shall be cleaned to a surface cleanness classification C, or better, as defined in
ANSI N45.2.1 [14], Section 2.

* Fabrication tolerances shall meet the requirements of the referenced drawings after
fabrication.

Packaging

* Packaging and shipping shall be in accordance with ANSI N45.2.2 [15].

Quality Assurance

* The TSC shall be fabricated under a quality assurance program that meets 10 CFR 72,
Subpart G, and 10 CFR 71, Subpart H.
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Table 1.3-4 Concrete Cask Fabrication Specification Summary

Materials

* Concrete mix shall be in accordance with the requirements of ACI 318 and ASTM C94 [16].

* Type 11 Portland Cement, ASTM C150 [17].

* Fine aggregate ASTM C33 [18] or C637 [19].

* Coarse aggregate ASTM C33.

* If concrete temperatures of general or local areas exceed 200'F but would not exceed 300'F,
aggregates are selected that are acceptable for concrete in this temperature range. The
following criteria for fine and coarse aggregates are acceptable.
* Satisfy ASTM C33 requirements and other requirements referenced in ACI 349 [20] for

aggregates.
* Demonstrate a coefficient of thermal expansion (tangent in temperature range of 70'F to

1000F) no greater than 6xlO6 in./inJ0 F, or be one of the following minerals: limestone,
dolomite, marble, basalt, granite, gabbro, or rhyolite.

* Admixtures
* Water Reducing and Superplasticizing ASTM C494 [21].
* Pozzolanic Admixture (loss on ignition 6% or less) ASTM C618 [22].

* Compressive strength 4000 psi minimum at 28 days.

* Specified air entrainment per ACI 318.

* All steel components shall be of the material as specified in the referenced drawings.

Construction

* A minimum of two samples for each concrete cask shall be taken in accordance with
ASTM C172 [23] and ASTM C31 [24] for the purpose of obtaining concrete slump,
density, air entrainment, and 28-day compressive strength values. The two samples shall
not be taken from the same batch or truck load.

* Test specimens shall be tested in accordance with ASTM C39 [25].

* Formwork shall be in accordance with ACI 318.

* All sidewall formwork shall remain in place in accordance with the requirements of
ACI 318.

* Grade, type, and details of all reinforcing steel shall be in accordance with the referenced
drawings.

* Embedded items shall conform to ACI 318 and the referenced drawings.

* The placement of concrete shall be in accordance with ACI 318.

* Surface finish shall be in accordance with ACI 318.

* Welding and inspection requirements and acceptance criteria are specified in Chapter 10.

Quality Assurance

The concrete cask shall be constructed under a quality assurance program that meets 10 CFR 72,

Subpart G.
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1.4 MAGNASTOR Contents

MAGNASTOR is designed to store up to 37 PWR fuel assemblies or up to 87 BWR fuel

assemblies in a pressurized helium atmosphere. PWR fuel assemblies may be stored with
inserted burnable poison rod assemblies, thimble plugs or control element assemblies. Stainless

steel rod inserts for guide tube dashpots may also be inserted. BWR fuel assemblies may be

stored with or without channels. Assemblies may contain solid filler rods or burnable absorber

rods replacing fuel rods in the assembly lattice. Steel filler rods must be unirradiated. The

design content conditions are specified in the CoC for MAGNASTOR. Unenriched fuel

assemblies are not evaluated and are not included as allowable contents. Assemblies may

contain unenriched axial end blankets.
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1.5 Identification of Agents and Contractors

The prime contractor for the MAGNASTOR design is NAC. All design, analysis, licensing, and
procurement activities are performed by NAC in accordance with its approved Quality
Assurance Program, as described in Chapter 14. Fabrication of the steel components will be by
qualified vendors. A qualified concrete contractor will perform construction of the concrete
cask. All vendors and contractors will be selected and their performance monitored in
accordance with the NAC Quality Assurance Program. All MAGNASTOR fabrication and
assembly activities will be performed in accordance with quality assurance programs that meet
the requirements of 10 CFR 72, Subpart G.

NAC as a contractor, or the licensee, may perform construction of the ISFSI and MAGNASTOR
loading operations on site in accordance with the NAC or licensee quality assurance program, as
appropriate. The licensee will perform decommissioning of the ISFSI in accordance with the
licensee quality assurance program.

NAC is a private corporation founded in 1968, whose primary focus is the tracking, inspection,
handling, storage, and transportation of spent nuclear fuel. NAC is recognized in the industry as
an expert in all aspects of the design, licensing, and operation of spent fuel handling, inspection,
storage, and transport equipment, as well as in the management of spent fuel inventories.

Within the past 15 years, NAC has completed fabrication or has under construction the following
transportation and/or storage systems.

Part 71 (Transport Casks) Part 72 (Storage System Casks and Components)
8 NAC-LWT 7 UMSO/MPC transfer casks
16 TRUPACT-Il 2 NAC-128 S/T metal casks
6 RH-TRU 72B I NAC-126 S/T metal cask
2 NAC-STC > 173 UMS®/MPC TSCs

> 179 UMS®/MPC concrete casks
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1.6 Generic Concrete Cask Arrays

A typical ISFSI storage pad layout for 20 MAGNASTOR systems is provided in Figure 1.6-1.;
As shown in this figure, roads parallel the sides of the pad to facilitate transfer of the concrete
cask from the transporter to the designated storage position on the pad. Alternately, a ramp or
low-profile concrete pad may be used to allow access for a motorized or towed frame for
concrete cask transfer and placement. Loaded concrete casks are placed in the vertical
orientation on the pad in a linear array. 'Array sizes could accommodate from 1 to more than 200
casks. Figure 1.6-1 shows the minimum concrete cask spacing and representative site
dimensions. Actual spacing and facility dimensions are dependent on the general site layout,
access roads, site boundaries, and transfer equipment selection, but must conform to the spacing
specified in the Technical Specifications.

The reinforced concrete storage pad is capable of sustaining the transient loads from the cask
transporter and the general loads of the stored casks. If necessary, the pad can be constructed in
phases to specifically meet utility-required expansions.

. ,
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Figure 1.6-1 Typical ISFSI Storage Pad Layout
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1.8 License Drawings

This section presents the list of License Drawings for MAGNASTOR.

Drawing Revision
Number Title No.

71160-551 Fuel Tube Assembly, MAGNASTOR - 37 PWR 1

71160-560 Assembly, Standard Transfer Cask, MAGNASTOR 1

71160-561 Structure, Weldment, Concrete Cask, MAGNASTOR 2
71160-562 Reinforcing Bar and Concrete Placement, Concrete Cask, 2

MAGNASTOR

71160-571 Details, Neutron Absorber, Retainer, MAGNASTOR - 37 PWR 1
71160-572 Details, Neutron Absorber, Retainer, MAGNASTOR - 87 BWR 1
71160-574 Basket Support Weldments, MAGNASTOR - 37 PWR 1

71160-575 Basket Assembly, MAGNASTOR - 37 PWR 1

71160-581 Shell Weldment, Canister, MAGNASTOR 1
71160-584 Details, Canister, MAGNASTOR 1
71160-585 TSC Assembly, MAGNASTOR 1
71160-590 Loaded Concrete Cask, MAGNASTOR 2
71160-591 Fuel Tube Assembly, MAGNASTOR- 87 BWR 1

71160-598 Basket Support Weldments, MAGNASTOR - 87 BWR 1

71160-599 Basket Assembly, MAGNASTOR - 87 BWR 1
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2 PRINCIPAL DESIGN CRITERIA

MAGNASTOR is a canister-based spent fuel dry storage cask system designed in accordance
with the requirements of 10 CFR 72 [10], Subpart L, Approval of Spent Fuel Storage Casks. It is

designed to store a variety of intact PWR and BWR spent fuel assemblies and to be compatible
with the MAGNASTOR Transportation System. This chapter presents the principal design

criteria for MAGNASTOR components.
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2.1 MAGNASTOR System Desiqn Criteria

The design of MAGNASTOR einsures that the stored spent fuel is maintained subcritical in an
inert envir6nnient" within allowable temperaiure limits, and is retrievable. The acceptance
testing and maintenance program rspecified i Chaipter 10 ensures that the system is, and remains,
suitable for the intended purpose. The MAGNASTOR design criteria appear in Table 2.1-1.

Approved alternatives to the ASME Code for the design procurement, fabrication,' inspection,
and testing of MAGNASTOR TSCs and spent fuel baskets are listed in Table 2.1-2.

Proposed alternatives to ASME Code, Section m; 2001 Edition with Addenda through 2003,
including alternatives listed in Table 2.1-2,- may be used when authorized by the Director of the
Office of Nuclear Material Safety and Safeguards or designee. The request for such alternatives
should demonstrate the following. - -

* The proposed alternatives would provide an acceptable level of quality and safety, or
* Compliance with the specified requirements of ASME Code, Section ml, Subsections NB

and NG, 2001 Edition with Addenda through 2003, would result in hardship or unusual
difficulty without a compensating increase in the level of quality and safety.

Requests for alternatives shall be submitted in accordance with 10 CFR 72.

NAC International ; 2.1-1
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Table 2.1-1 MAGNASTOR System Design Criteria

Parameter Criteria
Design Life 50 years
Design Code - Confinement
TSC ASME Code, Section 1I1, Subsection NB [1] for

confinement boundary
TSC Cavity Atmosphere Helium
Gas Pressure 7.0 atmospheres gauge (103 psig)

Design Code -Nonconfinement
Fuel Basket ASME Code, Section ]II, Subsection NG [2] and

NUREG/CR-6322 [3]
Concrete Cask ACI-349 (4], ACI-318 [5]
Transfer Cask ANSI N14.6 [6]-

Thermal
Maximum Fuel Cladding Temperature 7520F (4000C) for Normal, Off-Normal, and Transfer

[7]
10580F (5700C) for Accident [8]

Ambient Temperature
Normal (average annual ambient) 100OF
Off-Normal (extreme cold; extreme hot) -400F; 1060F
Accident 1330F

Concrete Temperature
Normal Conditions 51500F (bulk); S 3001F (local) [9]
Off-Normal/Accident Conditions 5 3500F locaV surface [4]

Radiation Protection/Shielding
Owner-Controlled Area Boundary Dose [10]

Normal/Off-Normal Conditions 25 mrem (Annual Whole Body) [10]
Accident Whole Body Dose 5 rem (Whole Body) [10]
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Table 2.1-2 ASME Code Alternatives'for MAGNASTOR Components

Component:

Reference
ASME Code

Section/Article
Exception, Justification and

Compensatory MeasuresCode Requirement
, * ,4

TSC and Fuel
Basket

NCA-1 000,
NCA-2000, '
NCA-3000,
NCA-4000,
NCA-5000,
NCA-8000,
NB-1110, and
NG-1110

Requirements for Code
stamping of NB components
and preparation of Code
Design Specifications,
Design Reports,
Overpressure Protection
Report (TSC only), and
Data Reports, and Quality
Assurance requirements in
accordance with Code
requirements.

Code stamping is not required for the
TSC or fuel baskets. Code Design
Specifications, Design Reports,
Overpressure Protection Report, and
Data Reports are not required. The TSC
and Fuel Basket are designed, procured,
fabricated, inspected and tested in
accordance with a QA Program meeting
10 CFR 72, Subpart G. Authorized
Nuclear Inspection Agency Services are
not required. ' -

TSC Pressure- NB-2000 Pressure-retaining material Materials will be supplied with Certified
Retaining to be provided by ASME- Material Test Reports by NAC approved
Materials approved Material suppliers.

Organization.
TSC Closure NB-4243 Full penetration welds The closure lid-to-shell weld is not a full
Lid-to-Shell required for Category C penetration weld. The design and
Weld joints. analysis of the closure lid weld utilizes a

0.8 stress reduction factor in accordance
,_ - with ASME Code Case N-595-4 [23].

Port Cover-to- NB-5230 Radiographic (RT) In accordance with ASME Code Case
Closure Lid examination required. N-595-4, root and final surface liquid
Weld. penetrant (PT) examination to be

performed per ASME Code, Section V,
-Article 6. (Note: Final surface PT only to
be performed if weld completed in single

. ' '. ' - pass). PT acceptance criteria are to be in
____ _ _accordance with NB-5350.)

TSC Closure
Lid-to-Shell
Weld

NB-5230 Radiographic (RT) - -
examination required.

. I ... ..

In accordance with ASME Code Case'
N-5954, the TSC closure' lid-to-shell weld
'is to be inspected by progressive'surface
'liquid penetrant (PT) examination of the
root, midplane and final surface layers.
The progressive PT examination of the
weld will be performed in accordance with
ASME Code, Section V, Article 6, and
acceptance criteria per NB-5350.
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Table 2.1-2 ASME Code Alternatives for NIAGNASTOR Components (continued)

Reference
ASME Code

Section/Article
Exception, Justification and

Compensatory MeasuresComponent Code Requirement
TSC NB-61 11 All completed pressure retaining In accordance with the

systems shall be pressure tested. alternative rules of ASME Code
Case N-595-4, the welded TSC
vessel (i.e., shell and base plate)
shall be leak tested prior to
loading in accordance with
ASME Code, Section V, Article
10 to leaktight criteria as defined
_by ANSI N14.5.

TSC NB-7000 Pressure vessels shall be No overpressure protection is
protected from the provided. The function of the
consequences of pressure TSC is to confine radioactive
conditions exceeding design contents without release under
pressure. normal conditions, or off-normal

and accident events of storage.
The TSC is designed to
withstand the maximum internal
pressure considering 100% fuel
rod failure and maximum
accident condition temperatures.

TSC NB-8000 States requirements for The TSC is marked and
nameplates, stamping and identified to ensure proper
reports per NCA-8000. identification of the contents.

Code stamping is not required.
TSC Basket NG-2000 Core support structural materials Fuel basket structural materials
Assembly are to be provided by an ASME with Certified Material Test
Structural approved Material Organization. Reports to be supplied by NAC
Materials I approved suppliers.
TSC Basket
Assembly
Structural
Components

NG-8000 Requirements for nameplates,
stamping and reports per NCA-
8000.

The TSC basket structural
assembly is marked and
identified to ensure component
traceability in accordance with
NAC's QA Program.
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2.2 Spent Fuel To Be Stored

MAGNASTOR is designed to safely store up to 37 PWR or up to 87 BWR spent fuel assemblies,

contained within a TSC. The fuel assemblies are grouped into two groups of PWR and two

groups of BWR fuel assemblies on the basis of fuel assembly length. Refer to Chapter 1 for the

fuel assembly length groupings. For TSC spent fuel content: loads less than a full basket, empty

fuel positions shall include an empty fuel cell insert.

Intact PWR and BWR fuel assemblies having parameters as shown in Table 2.2-1 and Table

2.2-2, respectively, may be stored in MAGNASTOR.

The minimum initial enrichment limits are shown in Table 2.2-1 and Table 2.2-2 for PWR and

BWR fuel, respectively, and exclude the loading of fuel assemblies enriched to less than 1.3 wt%
235U, including unenriched fuel assemblies. Fuel assemblies with unenriched axial end-blankets

may be loaded into MAGNASTOR.

2.2.1 PWR Fuel Evaluation

The limiting parameters of the PWR fuel assemblies authorized for loading in MAGNASTOR
are shown in Table 2.2-1. The maximum initial enrichments listed are based on a minimum
soluble boron concentration of 2,500 ppm in the spent fuel pool water.. Lower soluble boron,

content is allo'wed at lower maximum enrichment. The maximum initial enrichment authorized

represents the peak fuel rod enrichment for variably enriched PWR fuel assemblies. Each TSC

may contain up to 37 intact PWR fuel assemblies. The maximum TSC decay heat load for the

storage of PWR fuel assemblies is 40.0 kW. Uniform and preferential loading patterns are
allowed in-the PWR basket. The uniform loading pattern permits assemblies with a maximum

heat load 1.08 kW/assembly. The preferential loading pattern contains peak heat loads of 1.35
kW, as indicated in the following pattern and in Figure 2.2-1.

Zone Description Heat Load :
(Figure 2.2-1) Designator (W/assy) # Assemblies

Inner Ring A . 1,081 9

Middle Ring: .J B j 1,350 . 12 - -

* OuterRing -; C ; 879 16';
.

i . .' ' . _, .'.:
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The minimum cool times are determined based on the maximum decay heat load of the contents.
Refer to Chapter 5 for the minimum cool-time requirement for PWR spent fuel based on fuel
assembly initial enrichment and burnup.

The design of MAGNASTOR is based on bounding PWR fuel assembly parameters that
maximize the source terms for the shielding, the reactivity for criticality evaluations, and the fuel
weight used for the structural evaluations. These bounding parameters are selected from the
variety of spent fuel assemblies that are candidates for storage and transport in MAGNASTOR.
The bounding fuel assembly values are established based primarily on how the principal
parameters are combined, and on the loading conditions (or restrictions) established for a group
of fuel assemblies based on its parameters.

As shown in Table 2.2-1, PWR fuel assemblies may contain a thimble plug (flow mixer), a
burnable poison rod assembly (BPRA), a control element assembly (CEA), and/or solid filler
rods. As shown in Table 2.2-1, the evaluation of PWR fuel assemblies includes thimble plugs,
burnable poison rods, CEAs, or stainless steel roads inserted in guide tube positions. Empty fuel
rod positions are filled with a solid filler rod or a solid neutron absorber rod.

2.2.2 BWR Fuel Evaluation

The limiting parameters of the BWR fuel assemblies authorized for loading in MAGNASTOR
are shown in Table 2.2-2. Each TSC may contain up to 87 intact BWR fuel assemblies. To
increase allowed assembly enrichments over those determined for the 87-assembly basket
configuration, an optional 82-assembly loading pattern may be used. The required assembly
locations in the 82-assembly pattern are shown in Figure 2.2-2. The minimum initial enrichment

represents the peak planar-average enrichment. The maximum decay heat load per TSC for the
storage of BWR fuel assemblies is 38.0 kW (average of 0.437 kW/assembly). The minimum
cooling times are determined based on the maximum decay heat load of the contents. Refer to
Chapter 5 for the minimum cool-time requirement for spent fuel based on fuel assembly initial
enrichment and burnup.

The design of MAGNASTOR is based on bounding BWR fuel assembly parameters that
maximize the source terms for the shielding evaluation, the reactivity for the criticality
evaluation, and the fuel weight for the structural evaluations. These bounding parameters are
selected from the assemblies that are candidates for storage and transport in MAGNASTOR.
The bounding fuel assembly values are established based primarily on how the principal
parameters are combined, and on the loading conditions or restrictions established for a group of
fuel assemblies based on its parameters.
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As shown in Table 2.2-2, the BWR assemblies maybe channeled with a zirconium-based alloy

channel, or they may be unchanneled. BWR fuel assemblies with stainless steel channels are not

authorized as contents.

Empty fuel rod positions are filled with a solid filler rod or a solid neutron absorber rod.
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Figure 2.2-1 Schematic of PWR Fuel Preferential Loading Pattern
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Figure 2.2-2 82-Assembly-BWR Basket Pattern
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Table 2.2-1 PWR Fuel Assembly Characteristics

Characteristic Fuel Class
14x14 14x14 15x15 15x15 16x16 17x17

Max Initial Enrichment (wt% 235U) 5.0 5.0 5.0 5.0 5.0 5.0
Min Initial Enrichment (wt% 235U) 1.3 1.3 1.3 1.3 1.3 1.3
Number of Fuel Rods 176 179 204 208 236 264
Max Assembly Average Bumup 70,000 70,000 70,000 70,000 70,000 70,000
(MWd/MTU)
Min Cool Time (years) 4 4 4 4 4 4
Max Weight (lb) per Storage Location 1,680 1,680 1,680 1,680 1,680 1,680
Max Decay Heat (Watts) per Storage 1,350 1,350 1,350 1,350 1,350 1,350
Location I.I I I I _ I

* Fuel cladding is a zirconium-based alloy.
* All reported enrichment values are nominal preirradiation fabrication values.
* Weight includes the weight of nonfuel-bearing components.
* Assemblies may contain a flow mixer (thimble plug), a burnable poison rod assembly, a control element assembly, and/or

solid stainless steel or zirconium-based alloy filler rods.
* Maximum initial enrichment is based on a minimum soluble boron concentration in the spent fuel pool water. Required

soluble boron content is fuel type and enrichment specific. Minimum soluble boron content varies between 1,500 and 2,500
ppm. Maximum initial enrichment represents the peak fuel rod enrichment for variably-enriched fuel assemblies.

* Spacers may be used to axially position fuel assemblies to facilitate handling.
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Table 2.2-2 BWR Fuel Assembly Characteristics

Fuel Class
Characteristic 7x7 8x8 9x9 1Ox10

Max Initial Enrichment (wt% 235U) 4.5 4.5 4.5 4.5
Number of Fuel Rods 48/49 59/60/61/ 72174a)1761 91a)192a)I

62/63/64 79/80 96a)/1 00
Max Assembly Average Burnup (MWd/MTU) 60,000 60,000 60,000 60,000
Min Cool Time (years) 4 4 4 4
Min Average Enrichment (wt% 235U) 1.3 1.3 1.3 1.3
Max Weight (lb) per Storage Location 704 704 704 704
Max Decay Heat (Watts) per Storage Location 437 437 437 437

* Each BWR fuel assembly may have a zirconium-based alloy channel up to 120 mil thick.

* Assembly weight includes the weight of the channel.
* Maximum initial enrichment is the peak planar-average enrichment.
* Water rods may occupy more than one fuel lattice location. Fuel assembly to contain

nominal number of water rods for the specific assembly design.
* All enrichment values are nominal preirradiation fabrication values.
* Spacers may be used to axially position fuel assemblies to facilitate handling.

a Assemblies may contain partial-length fuel rods.
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2.3 Design Criteria for Environmental Conditions and Natural
'Phenomena

This section presents the design criteria for site environmental conditions and natural phenomena

applied in the design basis analyses of MAGNASTOR. Analyses to demonstrate that the design

basis system meets the design criteria defined in this section are presented in the appropriate

chapters.

The use of MAGNASTOR at a specific site requires that the site either meet the design criteria of

this section or be separately evaluated against the site-specific conditions to ensure the acceptable

performance of the system.

2.3.1 Tornado Missiles and Wind Loadings

The concrete casks are typically placed outdoors on an unsheltered reinforced concrete storage

pad at an ISFSI site. This storage condition exposes the casks to tornado and wind loading. -

2.3.1.1 Applicable Design Parameters

The design basis tornado and wind loading is defined based on Regulatory Guide 1.76 [11],'
Region 1, and NUREG-0800 [12]. The tornado and wind loading criteria are as follows.

Tornado and Wind Condition | Limit

Rotational Wind Speed, mph - -- .. -290

Translational Wind Speed, mph 70

Maximum Wind Speed, mph 360

Radius of Maximum Wind Speed, ft I 150

Pressure Drop, psi 3.0 -

Rate of Pressure Drop, psvsec 2.0

2.3.1.2 Determination of Forces on Structures.
Tornado wind forces on the concrete cask are calculated by multiplying the dynamiic'wind

pressure by the frontal area of the cask normal to the wind direction. Wind forces are applied to

the cask in the wind direction. No streamlining is assumed. The cask is demonstrated to remain

stable under design basis tornado wind loading in conjunction with impact from a high-energy
tornado missile.- I , , , . -'
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2.3.1.3 Tornado Missiles

The design basis tornado missile impacts are defined in Paragraph 4, Subsection III, Section

3.5.1.4 of NUREG-0800 [12]. The design basis tornado is considered to generate three types of

missiles that impact the cask at normal incidence.

Massive Missile - Weight = 4,000 lb
(deformable w/high kinetic energy) Frontal Area = 20 sq ft
Penetration Missile - Weight = 280 lb
(rigid hardened steel) Diameter = 8.0 in
Protective Barrier Missile - Weight = 0.15 lb
(solid steel sphere) Diameter = 1.0 in

Each missile is assumed to impact the concrete cask at a velocity of 126 miles per hour,

horizontal to the ground, which is 35% of the maximum wind speed of 360 miles per hour. For

missile impacts in the vertical direction, the assumed missile velocity is (0.7)(126) = 88.2 miles

per hour.

The analysis of the loaded concrete cask for missile impacts applies the laws of conservation of

momentum and conservation of energy to determine the rigid body response of the concrete cask.

Each missile impact is evaluated, and all missiles are assumed to impact in a manner that

produces the maximum damage to the cask.

2.3.2 Water Level (Flood) Desiqn

The loaded concrete cask may be exposed to a flood during storage on an unsheltered concrete

storage pad at an ISFSI site. The source and magnitude of the probable maximum flood depend

on specific site characteristics.

2.3.2.1 Flood Elevations

The concrete cask design basis is a maximum floodwater depth of 50 feet above the base of the

cask and a floodwater velocity of 15 ft per second. Under design basis flood conditions, the cask

does not float or tip on the storage pad and the confinement function is maintained.

2.3.2.2 Phenomena Considered in Design Load Calculations

The occurrence of flooding at an ISFSI site is dependent upon the specific site location and the

surrounding natural and man-made geographical features. Some possible sources of a flood at an

ISFSI site are: overflow from a river or stream due to unusually heavy rain, snow-melt runoff, or

a dam or major water supply line break caused by a seismic event (earthquake); high tides

NAC International 2.3-2
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produced by a hurricane;'and a tsunami (tidal wave) caused by an underwater earthquake or

volcanic eruption.

Flooding at an ISFSI site is highly improbable because of the extensive environmental impact

studies that are performed during the selection of a site for a nuclear facility.

2.3.2.3 Flood Force Application

The evaluation of the concrete cask for a flood condition determines a maximum permissible

floodwater current velocity and a maximum permissible'floodwater depih. The criteria employed

in the determination of the maximum permissible values are that a cask tip-over'will'not occur,

and that the TSC material yield strength is not exceeded.

The force of the floodwater current on the concrete cask is calculated as a function of the velocity

by multiplying the dynamic water pressure by the frontal area of the cask that is normal to the

direction of the current. The dynamic water pressure is calculated using Bernoulli's equation

relating fluid velocity and pressure. The maximum permissible force of the floodwater current is

determined such that the overturning moment on the cask will be less than that required to tip the

cask over.

During a flood condition, the force of the floodwater exerts a hydrostatic pressure on the canister

shell. This pressure is based on the design basis flood: floodwater depth of 50 ft and floodwater

velocity of 15 ft per second. Therefore, the force exerted on the canister shell is 22 psi. The

analysis of the canister shell will demonstrate that there is no containment malfunction or

impairment of the ability to retrieve fuel from the canister.

2.3.2.4 Flood Protection

The inherent strength of the reinforced concrete cask provides a substantial margin of safety,

against any permanent deformation of the cask for a credible flood event at an ISFSI site.

Therefore, no special flood protection measures for the cask are necessary. For the design basis

flood, the allowable stresses in the TSC are not exceeded.

2.3.3 Seismic Deslqn

An ISFSI site may be subject to seismic events (earthquakes) during its lifetime. The seismic

response spectra experienced by the concrete cask depends upon the geographical location of the

specific site and the distance from the epicenter of the earthquake. The possible significant effect

of a beyond-design-basis seismic event on the concrete cask would be a tip-over; however, the
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loaded concrete cask does not tip over during the design-basis seismic event. Although it is a
nonmechanistic event, the loaded concrete cask design basis includes consideration of the
consequences of a hypothetical cask tip-over event.

The TSC is analyzed for loads induced by the application of a 0.37g seismic acceleration to the
concrete cask at the top surface of the ISFSI pad.

2.3.4 Snow and Ice Loadings

The criterion for determining design snow loads is based on ANSI/ASCE 7-93 [13], Section 7.0.
Flat roof snow loads apply and the design basis snow and ice load are calculated from the
following formula.

pr = 0.7CeC11p8
= 100.8 psf

where:

Pf = flat roof snow load (psf)

Ce = exposure factor = 1.0

C, = thermal factor = 1.2

I = importance factor = 1.2

pg = ground snow load, (psf) = 100

The numerical values of C¢, Ct, I, and pg are obtained from Tables 1, 18, 19, and 20 and Figure 7,
respectively, of ANSI/ASCE 7-93.

The exposure factor, Ce, accounts for wind effects. The exposure factor of the concrete cask is
assumed to be Category C, which is defined to be "locations in which snow removal by wind
cannot be relied on to reduce roof loads because of terrain, higher structures, or several trees
nearby." The thermal factor, C,, accounts for the importance of buildings and structures in
relation to public health and safety. The concrete cask is conservatively classified as a Category
ml building or other structure. Ground snow loads for the contiguous United States are given in
Figures 5, 6, and 7 of ANSI/ ASCE 7-93. A worst-case value of 100 lb per square ft is assumed.
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The design basis snow and ice load is bounded by the weight of the loaded transfer cask on the
top of the concrete cask shell and by the tornado missile loading on the concrete cask lid. The
snow load is considered in the load combinations evaluations of the concrete cask.

2.3.5 Combined Load Criteria

Each normal condition an-d off-normal and accident event has a combination of load cases that
defines the total combined loading for that condition/event. The individual load cases considered
include thermal, seismic, external and internal pressure, missile impacts,-drops, snow and ice
loads, and/or flood water forces. The load conditions to be evaluated for storage casks are
identified in 10 CFR 72 [10] and ANSI/ANS-57.9 [14]..

2.3.5.1 'Load Combinations and Design Strenath -'Concrete Cask-

Refer to Table 2.3-1 for the load combinations for the concrete cask. The'live loads are-
considered to vary from 0% to 100% to ensure that the worst-case condition is evaluated. In each
case, use of 100% of the live load produces the maxirnmum load condition. The steel liner of the

concrete cask is a stay-in-place form that also provides radiation shielding. The concrete cask is
designed to the requirements of ACI 349 [4].

In calculating the design strength of concrete in the concrete cask body, nominal strength values
are multiplied by a strength reduction factor in accordance with Section 9.3 of ACI 349. >

2.3.5.2 Load Combinations and Design Strength - TSC and Fuel Basket

The TSC is designed in accordance with the ASME Code, Section m, Subsection NB [1]. The

basket is designed in accordance with the ASME Code, Section III,Subsection NG [2].:
Structural buckling of the basket is evaluated in accordance with NUREG/CR-6322 [3].

Refer to Table 2.3-2 for the load combinations for' all normal conditions and off-normal or
accident events and the c'rrespon'ding'ASME ser'vice levels. Levels A and D service limits

represent normal conditions and accident events, respectively. Levels B and C servce limits are
used for off-normal events. The analysis criteria of the ASME Code, Section m, Subsection NB
are employed. Stress intensities produced by pressure, temperature, and mechanical loads are
combined before comparison to the ASME Code allowable criteria. For components used in the
TSC, refer to the allowable criteria in Table 2.3-3.

The load combinations considered for the fuel basket for normal conditions and off-normal or
accident events are the same as those identified for the TSC in Table 2.3-2, except that there are

NAC International 2.3-5



MAGNASTOR System August 2004
Docket No. 72-1031 Revision 0

no internal pressure loads. The analysis criteria of the ASME Code, Section In, Subsection NG

are employed. For the fuel basket components, refer to the allowable criteria in Table 2.3-3.

2.3.5.3 Design Strength - Transfer Cask

The transfer cask is a special lifting device. It is designed, fabricated, and load tested to meet the
requirements of ANSI N 14.6 [61 for the handling of vertical loads defined in NUREG 0612 [15].
The design criteria are as follows.

* The combined shear stress or maximum tensile stress during the lift (with 10% dynamic
load factor) shall be • Sy/6 and Su/10.

* For off-normal (Level C) conditions, membrane stresses shall be less than 1.2Sm and
membrane plus bending stresses shall be the lesser of 1.8Sm and 1.5Sy.

* The ferritic steel material used for the load-bearing members of the transfer cask shall
satisfy the material toughness requirements of ANSI N14.6, paragraph 4.2.6.

Refer to Chapter 10 for information on load testing of the transfer cask.

2.3.6 Environmental Temperatures

A temperature of 1000F is selected to establish a conservative boundary for the annual average
temperature for MAGNASTOR in storage. This temperature conservatively bounds the
maximum average annual temperature in the 48 contiguous United States, specifically, Miami,

FL, at 75.60F [16], and is, therefore, used so as to bound existing and potential ISFSI sites. Refer
to Chapter 4 for the evaluation of this environmental condition along with the thermal analysis
models. Refer to Chapter 3 for the thermal stress evaluation for the normal operating conditions.
Normal temperature fluctuations are bounded by the severe ambient temperature cases that are

evaluated as off-normal and accident events.

Off-normal, severe environmental events are defined as -40'F with no solar loads and 1060F with

solar loads. An extreme environmental condition of 1330F with maximum solar loads is
evaluated as an accident case to show compliance with the maximum heat load case required by
ANSI/ANS-57.9. Thermal performance is also evaluated assuming both the half blockage of the
concrete cask air inlets and the complete blockage of the air inlets.
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The design basis temperatures used in the concrete cask analysis follow. Solar insolation is as

specified in 10 CFR 71.71 [17] and Regulatory Guide 7.8 [18].

: Condition .

Normal

Off-Normal - Severe Heat

Off-Normal - Severe Cold

Accident - Extreme Heat

- Ambient Temperature

lO..

-- -- 1060F

-400F

I - .133 0F

Solar Insolation

yes

-yes ,

no

yes
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Table 2.3-1 Load Combinations for the Concrete Cask

Load Tornado! Drop/
Combination Condition Dead Live Wind Thermal Seismic Missile Impact Flood

1 Normal 1 .4D 1.7L.
2 Normal 1 .05D 1 .275L 1 .275To
3 Normal 1.05D 1.275L 1.275W 1.275To
4 Off-Normal D L Ta

and
Accident

5 Accident D L TO Ess
6 Accident D L T. A
7 Accident D L T. _ F
8 Accident D L TO Wt

Load Combinations are from ANSI/ANS-57.9 [14] and ACI 349 [4]. Where:

D = Dead Load T3  = Off-Normal or Accident Temperature
L = Live Load ESS = Design Basis Earthquake
W = Wind Wt = Tornado/Tornado Missile
To = Normal Temperature A = Drop/Impact
F = Flood

Table 2.3-2 Load Combinations for the TSC

LOAD NORMAL OFF-NORMAL ACCIDENT
ASME Service Level A B C D
LoadCombinations 1 2 3 1 2 3|4 5 7 1 234 5 6

Dead Weight TSC w/ fuel X XX X X X x X x x x
Inside concrete cask: 100 0F X X X x x x
ambient

Thermal Inside transfer cask: 100°F ambient X X X X
Inside concrete cask: -40OF or x x
1060 F ambient I I

I Normal XXX X X X XXX X __
Internal Off-Normal XX
ressure Accident (fire) I XX

Handling Normal (1.1g) _ X X X
Load Off-Normal X X X

Dropllmpact 24-in drop, < 60g X
Seismic Tip-over and complete burial X
Flood 50-ft water head X

Tornado Pressure drop of 3.0 psi X
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Table 2.3-3 Structural Design Criteria for Components Used in the TSC

Component Criteria
1. Normal Operations: Service Level A Pm < Sm

TSC: ASME Section 1II, Subsection NB [1] PL + Pb< 1.5 Sm
Basket: ASME Section 1II, Subsection NG [2] PL + Pb + 0 : 3Sm

2. Off-Normal Operations: Service Level B Pm < 1.1 Sm
TSC: ASME Section 1II, Subsection NB PL + Pb < 1.65 Sm

3. Off-Normal Operations: Service Level C Subsection NB Criteria:
TSC: ASME Section 1II, Subsection NB Pm < 1.2 Sm or Sy (whichever is greater)
Basket: ASME Section 1I1, Subsection NG PL + Pb < 1.8 Sm or 1.5 Sy (whichever is lesser)

Subsection NG Criteria:
Pm < 1.5Sm
PL + Pb < 2.25Sm

4. Accident Conditions, Service Level D Pm ' 2.4 Sm or 0.7 Su (whichever is lesser)
TSC: ASME Section 1I1, Subsection NB PL + Pb < 3.6 Sm or 1.0 Su (whichever is lesser)

Plastic Analysis (Basket):
Basket: ASME Section 1I1, Appendix F Pm < 0.7Su
Basket: ASME Section III, Subsection NG Pint< O.9Su

5. Basket Structural Buckling NUREG/CR-6322 [3]
Symbols:
Sm = material design stress intensity
Su = material ultimate strength
Sy = material yield strength

PL = primary local membrane stress
Pm = primary general membrane stress
Pb = primary bending stress
Pint = primary stress intensity

NAC International 2.3-9



MAGNASTOR System August 2004
Docket No. 72-1031 Revision 0

2.4 Safety Protection Systems

MAGNASTOR relies upon passive systems to ensure the protection of public health and safety,

except in the case of fire or explosion. As previously discussed, fire and explosion events are

effectively precluded by site administrative controls that prevent the introduction of flammable

and explosive materials. The use of passive's'stems provides protection from mechanical or

equipment failure.

2.4.1 General

MAGNASTOR is designed for safe, long-teirnm storage of spent fuel. The system will withstand

all of the evaluated normal conditions and'off-normal and postulated'accidenite'ev'ents without
release of radioactive material or excessive radiation exposure'to workers or'the general public.'

The major design considerations used to assure safe, long-term fuel storage are as follows.'

* Continued radioactive material confinement in postulated accidents.;
* Thick steel and concrete biological shield. '

* Passive systems that ensure reliability. :
* Pressurized inert helium atmosphere to provide corrosion protection for fuel cladding and

enhanced heat transfer for the stored fuel. -

Each major component of the system is classified with respect to its function and corresponding
potential effect on public safety. In accordance with Regulatory Guide 7.10 [19], each major

system component is assigned a safety classification (see Table 2.4-1). The safety classification
is based on review of the component's function and 'th assessment of the consequ'ences of its
failure following the guidelines of NUREG/CR-6407 [20]. The safety classification categories

are defined in the following list.

* Category A - Components critical to safe operations whose failure or malfunction could
directly result in conditions adverse to safe operations, integrity of spent fuel, or public
health and safety. -

* Category B - Components with major impact on safe operations whose failure or
malfunction could indirectly result in conditions adverse to safe operations, integrity of
spent fuel, or public health and safety. '

* Category C - Components whose failure would not significantly reduce the packaging
effectiveness and would not likely result in'conditions ~adverseto safe 'operations,
integrity of spent fuel, or'public health and safety. - . .
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As discussed in the following sections, the MAGNASTOR design incorporates features

addressing the design considerations described previously to assure safe operation during

loading, handling, and storage of spent nuclear fuel.

2.4.2 Confinement Barriers and Systems

The radioactive materials that MAGNASTOR must confine during storage originate from the

stored fuel assemblies and residual contamination inside the TSC. The system is designed to

safely confine this radioactive material under all storage conditions.

The stainless steel TSC is assembled and closed by welding. All of the field-installed welds are

liquid penetrant examined as detailed in Chapter 10 and on the License Drawings. The

longitudinal and girth shop welds of the TSC shell are full penetration welds that are

radiographically and liquid penetrant examined during fabrication. The TSC bottom-plate-to-

shell shop weld joint is ultrasonically and liquid penetrant examined during fabrication.

The TSC vessel provides a leaktight boundary precluding the release of solid, volatile, and

gaseous radioactive material. There are no evaluated normal condition or off-normal or accident

events that result in the breach of the TSC and the subsequent release of radioactive materials.

The TSC is designed to withstand a postulated drop accident without precluding the subsequent

removal of the fuel (i.e., the fuel tubes do not deform such that they bind the fuel assemblies).

Operator radiation exposure during handling and closure of the TSC is minimized by the

following.

* Minimizing the number of operations required to complete the TSC loading and sealing
process.

* Placing the closure lid on the TSC while the transfer cask and TSC are under water in the
fuel pool.

* Using temporary shielding, including a weld shield plate as the mounting component of
the weld machine.

* Using retaining blocks on the transfer cask to ensure that the TSC is not raised out of the
transfer cask.

2.4.3 Concrete Cask Cooling

The loaded concrete cask is passively cooled. Ambient air enters at the bottom of the concrete

cask through four air inlets and heated air exits through the four air outlets at the top of the cask

due to natural convection heat transfer. Radiant heat transfer also occurs from the TSC to the

concrete cask liner. Consequently, the liner also heats the convective airflow. This natural
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circulation of air inside the concrete'cask, in conjunction with radiation from the TSC surface,
maintains the fuel cladding and concrete cask component temperatures below their design limits.

Conduction does not play a substantial role in heat removal from the TSC surface. Refer to

Chapter'4 for details on the concrete cask thermal analyses.

2.4.4 Protection bv Equipment

There is no important-to-safety equipment required for the safe storage operation of

MAGNASTOR. The important-to-safety equipment employed in the handling of
MAGNASTOR is the lifting yoke used to lift the transfer cask. The lifting yoke is designed,
fabricated, and tested in accordance with ANSI N14.6 as a special lifting device as defined as
NUREG 0612. The lifting yoke is proof load tested to 300% of its design load when fabricated.
Following the load test, the bolted connections are disassembled, and the components are
inspected for deformation. Permanent deformation of components is not acceptable.
Engagement pins a're examined by dye penetrant examination. The TFR and lifting yoke are
inspected for visible defects prior to each use. Transfer cask annual inspection requirements are

defined in'Chapter 10.

2.4.5 Protection by Instrumentation

No instrumentation is required for the safe storage operations of MAGNASTOR.

A remote temperature-monitoring system may be used to measure the outlet air temperature of
the-concrete c'asks in long-term storage. The outlet temperature can be monitored daily as a
check of the continuing thermal performance of the concrete cask. Alternately, a daily visual
inspection' for blockage of the air'inlet and air outlet screens of all concrete casks may be
performed.' Following any natural phenomena event, such as an earthquake or tornaido, the
concrete casks shall be inspected for damage and air inlet and air outlet blockage. -

2.4.6 Nuclear Criticality Safety

MAGNASTOR design includes features to ensure that nuclear criticality safety is maintained
(i.e., the cask remains subcritical under normal conditions and off-norral and accident events).
The design of the TSC and fuel basket is such that, under all conditions, the highest neutron

multiplication factor (rff) is less than 0.95. :i
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2.4.6.1 Control Methods for Prevention of CriticalitV

The principal design criterion is that keff remain less than 0.95 for all conditions. Criticality

control for PWR spent fuel is achieved using neutron absorber material fixed in the basket and by

maintaining a minimum boron concentration in the TSC during fuel loading. The fixed neutron

absorber attracts thermal neutrons that are moderated in the water surrounding the fuel. Fast,

high-energy neutrons escape the system. The minimum effective loading for neutron absorber

sheets for PWR baskets is 0.036 g ' 0B/cm2. As manufactured, boron concentrations depend on

the effectiveness of the sheet, typically 75% or 90%. Neutron absorber sheets are mechanically

attached to the fuel tube structure to ensure that the neutron absorber remains in place during the

design basis normal conditions and off-normal and accident events.

Similarly, the BWR basket design uses neutron absorber material fixed in the basket. Minimum

effective loading of neutron absorber sheets for BWR baskets is 0.027 g '0B/cm2 . Neutron

absorber sheets are mechanically attached to the fuel tube to ensure that the sheets remain in

place during the design basis normal conditions and off-normal and accident events.

The basket designs ensure that there is sufficient absorption of moderated neutrons by the

neutron absorber (and by boron in the cavity water in some cases) to maintain criticality control

in the basket (kff < 0.95). See Chapter 6 for the detailed criticality analyses.

2.4.6.2 Error ContingencV Criteria

The standards and regulations of criticality safety require that kern, including uncertainties, be less

than 0.95. The bias and 95/95 uncertainty are applied to the calculation using an upper safety

limit (USL) approach [22]. The kff + 2a value must be less than the USL. Based on MCNP

critical benchmarks, the USL as a function of fission neutron lethargy (eV) is shown as:

USL = 0.9364 + 8.4409 xl10 3 x x

where:

x = energy of average neutron lethargy causing fission

2.4.6.3 Verification Analyses

The MCNP criticality analysis code is benchmarked through a series of calculations based on

critical experiments. These experiments span a range of fuel enrichments, fuel rod pitches,

poison sheet characteristics, shielding materials, and geometries that are typical of light water
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reactor fuel in a cask. 'To achieve accurate results, three-dimensional models, as close to the
actual experiment as possible, are used'to evaluate' the 'experiments.

2.4.7 Radiological Protection .

MAGNASTOR is designed to minimize operator radiological'exposure in keepingwith the As
Low As Reasonably Achievable (ALARA) philosophy.

2.4.7.1 Access Control

Access to MAGNASTOR at an ISFSI site will be controlled by a fence with lockable truck and

personnel access gates to meet the requirements of 10 CFR 72, 10 CFR 73, and 10 CFR 20 [211.

Access to the storage area,-and its designation as to the level of radiation protection'required, will'
be established by site procedures by the licensee.

2.4.7.2 Shielding

MAGNASTOR is designed to limit the dose rates in accordance with 10 CFR 72.104 and
72.106, which set whole body dose limits for an individual located beyond the controlled area at
• 25 mrem per year (whole body) during normal operations and • 5 rem (5,000 mrem) from any

design basis accident.

2.4.7.3 Ventilation Off-Gas

MAGNASTOR is passively cooled by radiation and natural convection heat transfer at the outer
surface of the concrete cask and in the TSC-concrete cask annulus. In the TSC-concrete cask
annulus, air enters the air inlets, flows up between the TSC and concrete cask liner in the
annulus, and exits the air outlets. If the exterior surface of the TSC is excessively contaminated,
the possibility exists that contamination could be'carried aloft by the airflow. 'Therefore, during '

fuel loading, the spent fuel pool water is minimized in the transfer caskITSC annulus by'

supplying the annulus with clean water. Clean water is injected into the'anfiulus during the entire
time the transfer cask is submerged. The usebof the annulus clean water system miimiinimizes the

potential for contamination of the TSC.

Once the transfer cask is removed from the'pool,-smear'surveys are taken on the exterior surfaces
of the TSC. If TSC decontamination is required, clean Watercan be used to flush the annulus.

To facilitate decontamination, the TSC exterior surfaces are smooth.
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MAGNASTOR has no radioactive releases during normal conditions or off-normal or accident

events of storage. Hence, there are no off-gas system requirements for MAGNASTOR.

2.4.7.4 Radiological Alarm Systems

No radiological alarms are required on MAGNASTOR. Typically, total radiation exposure due to

the ISFSI installation is monitored by the use of the licensee's boundary dose monitoring

program.

2.4.8 Fire Protection

A major ISFSI fire is not considered credible, since there is very little material near the concrete

casks that could contribute to a fire. The concrete cask is largely impervious to incidental

thermal events. Administrative controls will be established by the licensee to ensure that the

presence of combustibles at the ISFSI is minimized. A hypothetical 1,4750 F fire engulfing the

cask for eight minutes is evaluated as an accident condition. This condition is considered to be

highly conservative.

2.4.9 Explosion Protection

MAGNASTOR is analyzed to ensure its proper function under an over-pressure event. The TSC

is protected from direct over-pressure conditions by the concrete cask. For the same reasons as

for the fire condition, a severe explosion on an ISFSI site is not considered credible. The

evaluated 20 psig over-pressure condition is considered to bound any explosive over- pressure

resulting from an industrial explosion at the boundary of the owner-controlled area.

2.4.10 Auxiliary Structures

The loading, welding, drying, transfer, and transport of MAGNASTOR requires the use of
auxiliary equipment as described in Chapter 9. External transfer of a TSC may require the use of

a structure, referred to as a "TSC Handling and Transfer Facility." The TSC Handling and
Transfer Facility is a specially designed and engineered structure independent of the 10 CFR 50

facilities at the site.

The design of the TSC Handling and Transfer Facility would meet the requirements for
MAGNASTOR described in the Design Features presented in Appendix A of the Technical
Specifications, in addition to those requirements established by the licensee.
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The design, analysis, fabrication, operation, and maintenance of the TSC Handling and Transfer
Facility would be performed in accordance with the quality assurance program requirements of

the licensee. The components of the TSC Handling and Transfer Facility would be classified as
Important-to-Safety or Not-Important-to-Safety in accordance with the guidelines of NUREG-
6407.
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Table 2.4-1 Safety Classification of MAGNASTOR Components

Component Description Reference Drawings Safety Safety
Function Classification

TSC Assembly
Shell and Base Plate 71160-581 Structural and
Closure Lid 71160-584 Confinement A

Port Covers 71160-585Cofnm tA
Fuel Basket Assembly 71160-551

Basket Support Weldments 71160-571
Fuel Tube Assemblies 71160-572
Neutron Absorbers 71160-574 Criticality, A

71160-575 Structural, and
71160-591 Thermal
71160-598
71160-599

Transfer Cask Assembly
Trunnions
Inner and Outer Shells
Shield Doors and Rails
Lead Gamma Shield
Neutron Shield

71160-560
Structural,

Shielding and
Operations

B

Adapter Plate Assembly
Base Plate
Door Rails
Hydraulic Operating System
Side Shields

I

Concrete Cask Assembly
Structural Weldments and Base
Plate
Lid Weldment
Lifting Lugs
Reinforcing Bars
Concrete

71160-561
71160-562
71160-590

Structural,
Shielding,

Operations,
and Thermal

B
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2.5 Decommissioninq Considerations

The principal components of MAGNASTOR are the concrete cask and the TSC. Refer to Chapter
15 for information on decommissioning MAGNASTOR.

Decommissioning of MAGNASTOR involves removing the TSC by offsite transport and
disassembling the concrete cask. It is expected that the concrete will be broken up and the steel

components segmented to reduce volume. The concrete and carbon steel are not expected to be

surface-contaminated and no significant activation is expected.

The TSC is designed and fabricated for use as a component of the waste package for permanent
disposal at the Mined Geological Disposal System. Consequently, decommissioning may not be
required. If necessary, the TSC could be decommissioned following unloading by
decontaminating the inside and segmenting the shell and closure plates. Since the neutron flux

rate from the stored fuel is low, only minimal activation of the TSC is expected. The resulting
stainless steel could be disposed of, or recycled, in accordance with the appropriate regulatory

requirements.

The storage pad, fence, and supporting utility fixtures are not expected to require
decontamination as a result of use of MAGNASTOR. Consequently, these items may be reused

or disposed of as locally generated clean waste.
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Chapter 3
Structural Evaluation
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3 STRUCTURAL EVALUATION

This chapter describes the design and analysis of the principal structural components of

MAGNASTOR. It demonstrates that MAGNASTOR meets the structural requirements for

confinement of contents, criticality control, heat dissipation, radiological shielding, and contents

retrievability required by 10 CFR 72 [1] for the design basis normal conditions, and off-normal
and accident events.
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3.1 MAGNASTOR Structural Design

3.1.1 Malor Components

The three principal components of MAGNASTOR are the concrete cask, TSC, and the transfer
cask; refer to Figure 3.1-1. -The following table shows the principal structural components of the
three major MAGNASTOR components.

Concrete Cask TSC Transfer Cask
Reinforced concrete shell Closure lid Trunnions
Liner weldment Shell Inner and outer steel shells
Bottom Weldment Bottom plate Shield doors
Lid Assembly Fuel basket assembly (PWR or BWR) Door support rails

Lead and NS-4-FR shielding

3.1.2 Discussion of MAGNASTOR

MAGNASTOR has four basic configurations to accommodate all PWR and BWR fuel
assemblies. The type (PWR or BWR) and overall length of the fuel assembly determine the

basic storage configuration, or group. The allocation of a fuel design to the MAGNASTOR

grouping is shown in Table 1.3-2. -The TSC is designed in two different lengths to accommodate
the four groupings of PWR (2) and BWR (2) fuel assemblies. The concrete cask and transfer
cask are one length that accommodates the two TSC lengths. The bounding weights and center
of gravity of a loaded concrete cask are presented in Table 3.2-1.

The evaluations presented in this chapter are based on the bounding, or limiting, configuration of
the components for the condition being evaluated. In most cases, the bounding condition
evaluates the heaviest configuration,;with either a total weight or bounding weight used as

specified in the analysis. Factors of safety greater than ten are generally stated in the analyses as
"Large." Numerical values are shown for factors of safety that are less than ten.

Concrete Cask '- -

The concrete cask is a reinforced concrete cylinder with an outside diameter of 136 inches and an
overall height of approximately 225 inches. The internal cavity of the concrete cask is lined by a.

1.75-inch thick carbon steel shell having an inside diameter of 79.5 inches. There are 24
standoffs (3 x 71 S-Beam) welded to the inner diameter of the liner. The overall cavity opening
in the concrete cask is 73.5 inches. The liner thickness is designed primarily on radiation
shielding requirements, but is also related to the need to establish a practical limit for the
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diameter of the concrete shell. The concrete shell, constructed using Type II Portland Cement,
has a nominal density of 145 lb/ft3 and a nominal compressive strength of 4,000 psi. Vertical

hook bars and horizontal hoop bars form the inner and outer rebar assemblies.

A ventilation airflow path is formed by inlets at the bottom of the concrete cask, the annular
space between the concrete cask inner shell and the TSC, and outlets in the concrete cask lid

assembly. The passive ventilation system operates by natural convection as cool air enters the
bottom inlets, is heated by the TSC, and exits from the outlets. Both the air inlets and air outlets
are formed with carbon steel in the concrete cask body.

The lid assembly is composed of carbon steel and concrete and forms the concrete cask closure.

The lid assembly is 6.75-inches thick and 88 inches in diameter.

TSC

The TSC consists of a cylindrical shell closed at its top end by a closure lid. The bottom of the
TSC is a 2.75-inch thick stainless steel plate that is welded to the TSC shell. The TSC forms the
confinement boundary for the PWR or BWR spent fuel that is contained in the fuel basket

assembly. The TSC is designed to accommodate both PWR and BWR classes of spent fuel
assemblies. The TSC is fabricated from dual certified SA240 Type 304/304L stainless steel.
SA182 Type 304 stainless steel may be substituted for the SA240 Type 304 stainless steel used in
the closure lid assembly provided that the SA182 material yield and ultimate strengths are equal
to or greater than those of the SA240 material. The TSC shell is a 0.5-inch thick plate formed
into a 72-inch outer diameter cylinder. The TSC closure lid consists of a 9-inch thick stainless

steel plate. The closure lid is welded to the TSC shell to seal the TSC with a partial penetration
groove weld. Prior to welding, the closure lid assembly is supported by four lift lugs attached to
the inside diameter of the TSC at equally spaced angular intervals. Handling of the TSC is
accomplished by the use of six hoist rings threaded into the closure lid providing redundancy for
heavy lifts.

The fuel basket assembly is provided in two configurations - one for up to 37 PWR fuel
assemblies and one for up to 87 BWR fuel assemblies. The baskets are manufactured from
SA537 Class 1 Carbon Steel. For both the PWR basket and BWR basket, the basic components
are the same. The baskets are assembled from three major components - fuel tube assemblies,
corner support weldments, and side support weldments. The fuel tube assemblies are equipped
with neutron absorbers and stainless steel covers on up to four interior surfaces of the fuel tubes.
The geometric integrity of the fuel tube array (21 fuel tubes - PWR, 45 fuel tubes - BWR) is

maintained by the corner and side support weldments, which are bolted to the fuel tube array.
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The nominal inner dimension of the PWR fuel tubes'is 8.86-inchi square. The nominal inner
dimension of the BWR fuel tubes is 5.86-inch square.

Transfer Cask

The transfer'cask, with its lifting yoke, is primarily a shielded lifting device used to handle the

TSC. It provides biological shielding for a loaded TSC. The transfer cask is used for the vertical

transfer of the TSC between workstations and the concrete cask, or transport cask. The shielding
of the cask incorporates a multiwall (steel/leadfNS-4-FR/steel) design. The transfer cask is

provided in one configuration capable of handling both the PWR and BWR configurations. The
transfer cask can handle a loaded TSC weighing up to 118,000 pounds. The transfer cask is a

heavy lifting device that is designed, fabricated, and load-tested to the requirements of ANSI-

N14.6 [2] and NUREG-0612 [3]. The transfer cask design incorporates three retainer assemblies
attached to the top of the transfer cask to prevent a loaded TSC from being inadvertently lifted

through the top of the transfer cask. The transfer cask has retractable bottom shield doors.

During loading operations, the doors are closed and secured by bolts/pins, so they cannot

inadvertently open. During unloading, the doors are retracted using hydraulic cylinders to allow

the TSC to be lowered into the concrete cask or transport cask.

Component Evaluation

The following components are evaluated in this chapter.

* TSC lifting devices
* TSC shell, bottom plate, and closure lid
* Fuel basket assembly
* Transfer cask trunnions, shells, retainer assemblies, shield doors, and support rails

* Concrete cask body
* Concrete cask steel components (reinforcement, inner shell, lid assembly, bottom

weldment, etc.)

Other MAGNASTOR components shown on the license drawings in Chapter 1 are included as

loads in these component evaluations.

The structural evaluations in this chapter demonstrate that MAGNASTOR components meet

their respective structural design criteria and are capable of safely storing the design basis PWR
or BWR spent fuel assemblies.
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3.1.3 Desiqn Criteria Summary

MAGNASTOR structural design criteria are described in Chapter 2. Load combinations for

normal, off-normal, and accident loads are evaluated in accordance with ANSI/ANS-57.9 [4] and

ACI-349 [5]. The TSC is evaluated in accordance with ASME Code, Section III, Subsection NB

for Class 1 components [6]. The basket is evaluated in accordance with ASME Code, Section III

Subsection NG [7] and ASME Code, Section III, Appendix F [8]. The buckling evaluation of the

TSC shell is performed in accordance with NUREG/CR-6322 [9]. The transfer cask and lifting

yoke are lifting devices that are designed to NUREG-0612 [3] and ANSI N14.6 [2].
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Figure 3.1-1 Principal Components of MAGNASTOR
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3.2 Weights and Centers of Gravity

The maximum calculated weights and centers of gravity (CGs) for MAGNASTOR PWR and

BWR configurations are presented in Table 3.2-1. The weights and CGs presented in this section

are calculated based on nominal design dimensions.

- ,n . .
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Table 3.2-1 MAGNASTOR Storage Weight and Center of Gravity Summary

Description PWR BWR
Weight (lb) CG (in) Weight (lb) CG (in)

Fuel (rod insert weight included for PWR fuel) 62,500 . 61,500

Basket 20,000 . 22,000

TSC w/o lid 9,500 . 9,500

Closure Lid 10,500 . 10,500

Water in TSC 17,000 16,000

Transfer Cask (does not include lifting yoke or 108,500 108,500
transfer adapter)

Concrete Cask (does not include Lid) 214,000 . 214,000

Lifting Yoke (not included in transfer cask weight) 3,000 3,000

Concrete Cask Lid 5,000 5,000

Loaded TSC (TSC, lid, basket, and fuel) 101,500 96 102,500 98

Storage Cask Loaded (concrete cask, TSC, basket, 320,000 103 321,000 104
fuel, concrete cask lid)

Transfer Cask, TSC, Basket, Lifting yoke - Empty 151,000 - 152,500

Under Hook Wet Weight (Transfer Cask, TSC, 229,500 229,500
Basket, Lifting Yoke, Closure Lid, Fuel, and Water) 2 2

Under Hook Dry Weight (Transfer Cask, TSC, Basket,
Transfer Yoke, Closure Lid, Fuel) 212,000 213,000

* Weights and CGs are maximum calculated values based on nominal component
dimensions.

* All weights rounded to the nearest 500 pounds. Component weights are rounded
individually, so total assembly weights may not equal the sum of the component weights.

* CG is measured from the bottom of each component.

* Average concrete density is considered to be 148 pcf.

* Transfer cask lifting yoke weight for specific sites may vary from listed weight. The site-
specific yoke weight should be used for site-specific applications.

* Concrete cask weight bounds alternate segmented body.
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3.3 Materials

Refer to Chapter 8 for the information on Materials.
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3.4 General Standards for Casks

MAGNASTOR is designed for safe, long-term storage of spent fuel. The system will withstand
all of the evaluated normal conditions, and off-normal and postulated accident events without
release of radioactive material or excessive radiation exposure to workers or to the general
public.

3.4.1 Chemical and Galvanic Reactions

The materials used in the fabrication and operation of MAGNASTOR are evaluated in Section
8.10.

3.4.2 Positive Closure

A stainless steel closure lid closes the top end of the TSC. Prior to being welded to the TSC
shell, the closure lid is supported by lugs welded on the inside surface of the TSC shell at an
elevation that allows for thermal expansion of the canister and fuel basket without contact with
the closure lid., The lugs also serve as the handling points for the empty TSC shipping/receiving
and placement in the transfer cask. The closure lid includes locations for installing load-tested
hoist rings or lifting points that are used to lift and lower the loaded ,TSC after the closure lid is
welded to the TSC shell. The closure lid and its weld to the TSC shell can support the weight of
the TSC with a load factor of six on material yield strength and ten on material ultimate strength
(ANSI N14.6/NUREG 0612). The TSC lifting attachments can support the weight of the TSC
with a load factor of three on material yield strength and five on material ultimate strength (ANSI
N14.6/NUREG 0612) when used in a redundant lifting arrangement. The TSC has a single 0.5-
inch full penetration J-weld attaching the closure lid to the TSC shell. Two port penetrations
through the closure lid are used for water removal/TSC drying/helium backfill.: Both have a
single welded port cover over them to provide the confinement boundary. The port cover welds
are field welds and the final weld surfaces are liquid penetrant (PT) examined. The TSC closure
lid weld is a field weld with the root, midplane, and final weld surfaces liquid penetrant (PT)
examined. The critical flaw evaluation defines the progressive inspection requirements and
considers the following criteria.

* Weld is a partial penetration groove weld with an effective throat of 0.5 inch

* Weld Filler material is E308L , ;

* Weld Process is Gas Tungsten Arc Welding (GTAW)
* Inner diameter of the TSC is 71.0 inch
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3.4.3 Lifting Devices

To provide more efficient handling of MAGNASTOR, different methods of lifting are designed

for each of the components. The transfer cask, the TSC, and the concrete cask, are handled using

trunnions, hoist rings, and lift lugs, respectively.

The design of the MAGNASTOR addresses the concerns identified in NRC Bulletin 96-02,

"Movement of Heavy Loads Over Spent Fuel, Over Fuel in the Reactor Core, or Over Safety-

Related Equipment" (April 11, 1996) listed as follows.

* The MAGNASTOR lifting and handling components satisfy the requirements of
NUREG-0612 and ANSI N 14.6 for safety factors on redundant and non-redundant load
paths as described in this chapter.

* Transfer cask lifting in the spent fuel pool or cask loading pit or transfer cask lifting and
movement above the spent fuel pool operating floor will be addressed on a plant-specific
basis.

3.4.3.1 Concrete Cask Lift

The concrete cask is lifted by means of embedded lug assemblies located in the top of the

concrete cask body or by air pads beneath the cask. The concrete cask lift is analyzed in

accordance with ANSI N 14.6 and ACI-349. The concrete cask lid assembly is evaluated for lift

conditions related to installation on the concrete cask body.

Lift Lug

A weight of 322,000 lb is conservatively used for the evaluation of the lift lugs, which bounds

the maximum weight of a loaded concrete cask. Assuming a 10% dynamic load factor, the

design load (P) on each lug is as follows.

322,000X 1.1 = 88,550 lb
4

The lugs are evaluated for adequate strength using this bounding load. The bearing stresses and

loads for lug failure involving bearing, shear-tear-out, or hoop tension are determined using an

allowable load coefficient (K). Actual lug failures may involve more than one failure mode, but

such interaction effects are accounted for in the values of K [10].

The allowable ultimate bearing load (PbruL) for lug failure in bearing, shear-out, or hoop tension

is determined to be as in the following.

PbL = 445.8 kip
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where the lug materials are:

Ftu = 80.0 ksi ------------------------------------ Ultimate strength, A537 CL2, at 1001F
Fty = 60.0 ksi ------------------------------------ Yield strength, A537 CL2, at 1000 F

The allowable yield bearing load (PbIyL) is calculated as follows.

PbryL = 341.9 kip

Using the criteria of minimum factors of safety of 5 on ultimate strength and 3 on yield strength,

the factors of safety (FS) for the lugs are shown as follows.

Ultimate Bearing: ,

FS, P= ,L = 4 4 5 8. 5.0 3 > 5
P` 88.55 --

Yield Bearing:

FS PbyL 341.9_ 386 > 3
P 88.55

The tensile stress (a) in the net cross sectional area of the lug is calculated to be as f6llows.'

P 88.55
= P =- =12.5 ksi

A 7.08

The factors of safety (FS) are listed as follows.

Ultimate:

80.0
FS = - =6.4>5

12.5

Yield:

60.0
FS = *=4.8>3

12.5

Lift Anchor

From the previous lug analysis, the maximum load on each embedment plate is 88.55 kip. The

ultimate strength (ca) in the plate is calculated as follows.; . .

P 88.55 'a = -= =5.8ksi
A 15.2
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The factors of safety (FS) are as follows.

Ultimate Tensile:

FS = 8 = 13.8>5
5.8

Yield Tensile:

FS = 5-8 =9.1 >3
5.8

Where the embedment plate material strengths are listed as follows.

Ftu = 80.0 ksi ------------------------------------ Ultimate strength, A537 CL2, at 200'F
Fy = 53.0 ksi ------------------------------------ Yield strength, A537 CL2, at 200OF

Concrete Anchor

The concrete shear area is conservatively assumed to be the perimeter of the bottom plate of the
lift anchor. The shear cone in the concrete is ignored. The required anchor depth, D, is
determined to be as follows.

D = W 177,100 42.7 inch [15]
42P~f = 0.85x2x39.6x3i 4.n[

where:

W = 2x88.55 kip = 177,100 lb---------------Anchor load
4 = 0.85-----------------------------------------Shear factor

f= 3800 psi ----------------------------------- Concrete Strength, 300'F
P = 39.6 inch ---------------------------------- Perimeter of bottom plate

Excluding the bottom anchor plate, the length of the anchor is 65.5 inch; therefore, the factor of
safety (FS) is as follows.

FS = - = 1.53
42.7

Lift Pin

The lift pin allowable ultimate shear load (Pup) for the symmetrical joint is the double shear
strength of the pin.

P,,p = 1.571D2Fup= 678.6 kip [101
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where:
P

DP = 4.0 inch--------------------------------- Pin diameter

FSUp = 0.6Sm = 0.6 x 45.0 ksi =27 ksi
Sm = 45.0 ksi --- 4PH stainless steel, at 200'F

The load on the pin is twice the lift lug load (P); therefore, the

factor of safety (FS) for the pin is as follows.

FS = P-P = 678.6 = 3.83 > 3.0
2xP 2x88.55

P12 P12
Lift Luq Bolt

The eight bolts that attach each set of the lift lugs to the embedded anchor are in tension. The

tensile load is the combination of axial loads and the prying action of the lug fitting. The load'

per bolt (Pt) is as follows.

WI W 177.1
Pt = -= = =22.1 kip

8 - 8p

where:

W = 2x88.55 = 177.1 kip---------------------Anchor Load

The tensile load (Q) on the bolt due to prying is calculated to be 2.4 kip [1]

The total load on the bolt (T) is as follows.'

T = Pt+Q=22.1 +2.4=24.5kip

The allowable bolt tensile load is as follows.

7rD 7x 1.25 2 x144.0
=,F 4 . = 176.7 kip

where:

Fy ' =144.Oksi---- ------- Yield Strength," SB637 'Grade" N07718
Nickel alloy steel, at'200'F

The factor of safety (FS) is as follows., : . ' '

176.7
FS =7.2

24.5
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The bolts are threaded into the top plate of the lift anchor. The plate material is A537 Class 2

carbon steel. The bolt material is SB637 Grade N07718 nickel alloy steel. Bolt threads are

1 1/4-7 UNC 2A. For mating internal and external threads of materials having equal tensile

strength, the length of engagement (Lu) is calculated as shown in the following.

Le=2A, =0.90 inch [ 121

3.1416(Kn nux + 0.57735(n XE.,, -K...)] ,x 12

where:

Al = Emin =0.16238) = 0.952 inch2 ---Tensile area of 1 1/4-7 UNC 2A

Since the bolt and plate materials are different, the required length of engagement (Q) is

calculated to be as follows.

Q = LeJ=0.9x1.59= 1.43

where:

= AsxSu9t = 1.59 > 1.0
A.n XS.plate

Su bolt = 177.6 ksi------------------------------Ultimate Strength, SB-637 Grade N07718
nickel alloy steel, at 200OF

Su plate = 80.0 ksi ----------------------------------- Ultimate Strength, A-537 Class 2 carbon
steel, at 2000F

The bolt thread length is 2.0 inch; therefore, the factor of safety (FS) is as follows.

FS = 20 = 1.40
1.43

Concrete Cask Lid Assembly Lift

The lid assembly of the concrete cask is lifted using three 3/4-bI UNC 2A threaded bolts with a

3/4-inch thread engagement in the A36 carbon steel lid. A weight of 5,000 lb is conservatively

used for the evaluation of the cask lid assembly lift, which bounds the maximum weight of the

lid assembly. The load per bolt (P), including dynamic load factor of 10%, is as follows.

p 5,000 x 1.1= 1,834 lb
3
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The required length of engagement is calculated to be as shown in the following.

L 2Am = 0.54 inch [12]

3.1416(Kniaxi +0.57735(nXEsin -K._)]'

The factor of safety (FS) is as follows.

FS =1.39
0.54

Pedestal Structural Evaluation

This section presents the structural evaluation of the pedestal during a concrete cask top-end lift.

The ANSYS finite element model, presented in Appendix 3.D, is used to evaluate the concrete

cask pedestal. The critical loading is during the concrete cask lift operations using the concrete

cask lift anchors mounted on top of the concrete cask body.

Component Stresses:

From the finite element model, the maximum stresses in the pedestal stand occur in the support

rails. The critical section is the unsupported region between the pedestal stand and the inlet top.

The maximum membrane stress is 16.7 ksi. The maximum membrane plus bending stress is 25.3

ksi. The factors of safety are shown as follows.

Membrane

FS = m, = *9=1.16
am, 16.7

Membrane plus Bending

FS 1.5Sm = 28.95= 1.14
am+b 25.3'

where:
- :K~ : , .. . .:

Sm = 19.3 ksi ------------------------------------ Design Stress Intensity, A-36 Carbon Steel,
at 300OF
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Pedestal Welds

The pedestal is a welded assembly. The structural welds in the pedestal are evaluated using an

allowable stress of 0 .6Sm. The weld forces (Fx, Fy, and F,) are obtained from the pedestal finite

element analysis results. The total weld load (F,) is obtained by using the square root of the sum

of the squares method of the weld forces.

Support Rail to Inlet Top Weld

The support rails are welded to the inlet top with a %-inch fillet weld. The stress in the weld (a)

is as follows.

a = Fv=9.1ksi
A

where:

FW = 36,077 lb ---------------------------------- Total weld load
F, = 3,248 lb------------------------------------Weld force, X-direction
FY = 32,351 lb ---------------------------------- Weld force, Y-direction
F, = -15,633 lb --------------------------------- Weld force, Z-direction
A = 3.95 inch2 - -------- Area
lW = 8.95 inch-----------------------------------Weld length
tw = ¼/s-inch ------------------------------------- Weld size

The factor of Safety (FS) is as follows.

FS = 0.6Sm 127

where:

Sm, = 19.3 ksi ------------------------------------ Design Stress Intensity, A-36 Carbon Steel, 300'F

Inlet Top to Inlet Side Weld

The inlet top is welded to the inlet side with a /A-inch fillet weld plus a ¼-inch groove weld. The

stress in the weld is as follows.

a = Fix = 34,099 = 4.2 ksi

A 8.03

NAC International 3.4-8
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where:

F.
F,
Fy
F,
A
1w
tw

34,099 lb ---------------------------------- Total weld load
10,437 lb --------------------------------- Weld force, X-direction
-32,351 lb --------------------------------- Weld force, Y-direction
-2,685 lb ----------------------------------- Weld force, Z-direction
l , x t =8.03 inch2 ------ --------------- Area
30.9 inch-----------------------------------Weld length
((0.125+0.25)x.707)= 0.26 inch-----Weld size

The factor of Safety (FS) is as follows.

0.6S. 0.6x19.3
FS = = -~=2.76

cG 4.2

where:

Sm = 19.3 ksi- ------------------------------------ -Design Stress Intensity, A-36 Carbon Steel,
at 300OF

Inlet Side to Base Plate Weld

The critical section of the inlet side to base plate weld is the 8.25-inch segment at the inner end

of the inlet. The weld is a ¼-inch groove weld. The stress in the weld is as follows.

aF = A' =9.9ksi
A

where:

F.

F,
Fy

*: Fz
A

tw
tw

= VF.2 +F; + Fz2 = 20,484 lb

= 270 lb -------------------------------------- Weld force, X-direction
= 20,459 lb ---------------------------------- Weld force, Y-direction
= -971 lb ------- Weld force, Z-direction

= , xt,=2..06inch'

= 8.25 inch -------------- -------------- Weld length
= 0.25 inch--------------- -------------- Weld size

The factor of safety (FS) is as follows.

FS = 0.6S. 0.6x19.3 1.17
C 9.9
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where:

Sm = 19.3 ksi -Design Stress Intensity, A-36 Carbon Steel,
at 3000F

Support Rail Gusset to Support Rail Weld

The rail gusset weld is a ¾-inch fillet weld. The stress in the weld is as follows.

Ca = -= 2.5 ksi
A

where:

F,

F,
Fy
F7
A

1l
tw

VF.+F+ F= 4,915 lb

2,224 lb------------------------------------Weld force, X-direction
= - 1,636 lb-----------------------------------Weld force, Y-direction
= -4,066 lb-----------------------------------Weld force, Z-direction
= I . x (t w x 0.707) = 1.97 inch2

= 4.45 inch-----------------------------------Weld length
= %-inch ------------------------------------- Weld size

The factor of safety (FS) is as follows.

FS = 0.6Sm 463
a

where:

Sm = 19.3 ksi -Design Stress Intensity, A-36 Carbon Steel,
at 300OF

Nelson Studs

During a top-end concrete cask lift, the Nelson studs transmit the weight of a loaded TSC to the
concrete cask. The liner is not directly attached to the pedestal. The ability of the Nelson studs
to transfer load to the concrete cask is based upon the compressive strength of the concrete.
Using ACI-349-85 [15], the maximum pullout strength of the concrete is defined by the equation

Pd = 4x Ox XAcd
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where:

= 0.85-----------------------------------------Strength reduction factor
= 3,800 psi ---------------------------------- Concrete compression strength, 300'F

Acd = Projected cone area of Nelson stud less head area

The projected area of a single Nelson stud is calculated by creating a cone that projects 450 from

the head of the Nelson stud and omits the projected area of the Nelson stud head.

For a 0.75-inch diameter, 6.0-inch long Nelson stud, the projected area is as follows.

AMd = 71(le(le +dh ))= 116.6 inch2

where- :

le = 5.5 inch------------------------------------Bolt length
dh = 1.25 inch-----------------------------------Head diameter

For a single Nelson stud the allowable concrete pullout strength is as follows.

Pd = 4x0.85xI800x116.6 -24,438 1b

The maximum load on a Nelson stud is 17,145 lb; therefore, the factor of safety (FS) is as,

follows..

FS = Pd 24,438 1.43
F 17,145 1

The geometry of the four Nelson studs on the inlet top plate is such that the projected cones

intersect each other. The combined projected area (Acd) is 332 inch2. The total load on the four
Nelson studs is 18,817 pounds. The allowable concrete pullout strength (Pcd) is as follows.

Pcd = 4x0.85xf30x332.0 =69,584 lb'

The factor of safety (FS) is as follows.

Fd=P.d 69,584 =
FS = F 18,817=3.70

The maximum stress in a Nelson stud is as follows.

F
a = -= 39.0 ksi

As

NAC International 3.4-1 1
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where:

7r 2 2As= - D= 0.44 inch
4

The factor of safety (FS) is as follows.

FS = S = * = 1.49
a 39.0

where:

Su = 58.0 ksi ------------------------------------ Ultimate Strength, A-36 Carbon Steel, at
3000F

3.4.3.2 TSC Lift

The adequacy of the TSC lifting components is demonstrated by evaluating the hoist rings, the
TSC closure lid, and the weld that joins the closure lid to the TSC shell against the criteria in
NUREG-0612 [31 and ANSI N14.6 [2]. The lifting configuration for the TSC consists of six
hoist rings threaded into the closure lid assembly at equally spaced angular intervals. The hoist
rings are analyzed as a redundant system with two three-legged lifting slings. For redundant
lifting systems, ANSI N 14.6 requires that load-bearing members be capable of lifting three times
the load without exceeding the yield strength of the material and five times the load without
exceeding the ultimate strength of the material. The closure lid is evaluated for lift conditions as
a redundant system that demonstrates a factor of safety greater than three based on yield strength
and a factor of safety greater than five based on ultimate strength. The TSC lift analysis is based
on a load of 120,000 lb, which bounds the weight of the heaviest loaded TSC configuration. A
dynamic load factor of 10% is considered in the analysis.

FR

Hoist Ring and Sling Evaluation /
The TSC lift configuration is shown in the accompanying R

sketch. The vertical component force on the hoist ring, |
assuming a 10% dynamic load factor, is as follows.

Fy = 120,000lbx 1- =144,000lb
3 3lift points = ,l'1

As shown in the sketch, x is the distance from the TSC - F

centerline to the hoist ring centerline (20.5 inch); F, is the I S
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horizontal component of force on the hoist ring; R is the sling length; FR is the maximum

allowable force on the hoist ring; and, the angle 0 is the angle from vertical to the sling.

The hoist rings are rated at 50,000 lb with a safety factor of five on ultimate 'strength.

Calculating the maximum angle (0) that will limii FR to 50,000 pounds.

o = cos' F ) 44,000 = 28.4°

FR 50,000)

The minimum sling length, R, is as follows.

x = 20.5 =43.1 inch'
sin 0 sin 28.4

A 50-inch sling places the lift hook about 44 'inch above the top of the'TSC (y = R cos 0= 50 cos

28.40°='44 inch).

Bolt Shear

From the Machinery's Handbook [12], the shear stress (X) in the hoist ring hole threads (2'/2-4- -
UNC) in the closure lid is calculated as follows.

Fy 44,000 lb 362ps
A 12.148 in2 =3,622psi . ,

where:

2'An= 12.148 inch --------------------------- Shear area of the closure lid assembly
threads based on a length of engagement of
2.0 inches.

The TSC closure lid is constructed of SA240, Type 304 stainless steel. Using shear allowables

of 0.6 Sy and 0.5 S, at a temperature of 300'F,- the shear stress factors of safety are as follows.

Yield:

FSy = 0.6x22,400psi 37
3,622 psi

Ultimate:

FSu 0.5x66,200psi =9 1 > 5
'3,622 psi
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The criteria of NUREG-0612 and ANSI N14.6 for redundant systems are met and the minimum

thread engagement length of 2.0-inch is adequate.

The weight of the heaviest loaded transfer cask is less than 230,000 pounds. Three times the

bounding weight of the loaded TSC is (3 x 120,000) 360,000 lb, which is greater than the weight

of the heaviest transfer cask plus the weight of the loaded TSC (108,500 + 102,500 lb).

Consequently, the preceding analysis bounds the inadvertent lift of the transfer cask during the

handling of the TSC.

TSC Lift Evaluation

The structural adequacy of the TSC closure lid assembly and weld is evaluated using a finite

element model described in Appendix 3.C. During a TSC lift, the acceleration due to gravity,

with a dynamic load factor of 10%, is applied to the fully loaded TSC in the vertical direction.

The maximum nodal stress intensity experienced by the various TSC components during a three-

point lift is as follows.

Component Descnption Nodal Stress (psi)
TSC Shell (inner surface of shell below closure lid weld) 2,198
Closure Lid Weld 1,980

The TSC shell and closure lid are constructed of SA240, Type 304 stainless steel. The yield

strength is 18,000 psi and the ultimate strength is 63,400 psi. These are conservatively evaluated

at a temperature of 650'F. The strength of the weld joint is taken as the same as the strength of

the base material. Thus, when compared to the yield and ultimate strengths, the maximum nodal

stress intensity of 2,198 psi produces the following factors of safety for a three-point lift.

Yield:

yield strength 18 ,000 psi8.2>3
y maximum nodalstress intensity 2,198 psi

Ultimate:

FS, = ultimatestrength 63,400 psi 2 8 .8 > 5
maximum nodal stress intensity 2,198 psi

The criteria of NUREG-0612 and ANSI N 14.6 for nonredundant systems are met. Thus, the TSC

shell and closure lid are adequate.
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3.4.3.3 'Transfer Cask Lift

The MAGNASTOR transfer cask is analyzed for loads associated with the heavy lift

requirements specified in ANSI N14.6 [2] and NUREG-0612 [3]. All load path components of

the cask are evaluated for structural adequacy. The transfer cask is analyzed for loads associated

with the vertical lift of the transfer cask. The transfer cask is not designed for redundant lifting;

therefore, factors of safety of six on'material yield strength and ten on material'ultimate strength

are required for the lifting trunnions.

The analysis of the fully loaded transfer cask consists of a finite element analysis using the
ANSYS program to calculate the stress in the transfer cask forgings, shells, and the trunnion

region for the operational vertical lift condition. Details of the ANSYS finite element model are

presented in Appendix 3.E. The structural evaluations of the rail, the shield'door, and the rail
welds are performed using standard engineering'equations. The'design weight of the transfer cask

is 230,000 p6unds. A bounding'weight of the transfer cask of 240,000 lb is considered'in the

evaluati6n. A'conservative'load of 264,000 lb (240,000 x 1.1 dynamic load factor) is used in the

finite element analysis.

Transfer Cask Body

Table 3.4-1 'provides the summaries of the stress intensities for'the seven cross-sectional

locations of the trunnion and top ring. Table 3.4-2 provides the stress summaries for the inner
and outer shells and bottom ring. The maximum primary membrane, Pm, and the maximum

primary membrane plus bending stress, Pm + Pb, is compared with the 'allowable stress criteria.

The cross-section of the trunnion is circular. Two cross-sectional areas are examined as shown
in Figure 3.4-1. The maximum bending stress occurs at the cross-section (x = 43.9 inch) at the

intersection of the trunnions with the outer diameter of the top-forging ring. The maximum
stress occurs at the trunnion surface. The maximum stress in the trunnion is 3.8 ksi. Comparing
the stiressto the'material (A350 Grade LF 2) allowabie'yield and ultimate strength, the'factors of

safety'are 8.1(>6) forfmaterial yield strength'and 18.5 (>10) for matei-ial ultimate strength.i

For the top ring, the five cross-sectional areas selected for stress examination are shown in Figure
3.4-1. The maximum bending plus membrane stress occurs at the radial cross-section (topring-

Al) above the trunnion. The bending stress through this cross-sectional area is 4.9 ksi.
Comparing the stress to the material (A516 Gr 70) allowable yield and ultimate strength, the

factors of safety are 6.6 (>6) and 14.2 (>10) for yield and ultimate material strengths,

respectively.
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For the inner shell, the maximum stress intensity occurs at the location of "0 = 10°, z = -7.0

inch", which is outside the inter-section just below the trunnion. The maximum bending plus
membrane stress is through the shell is 2.3 ksi. Comparing the stress to the material (A588)
allowable yield and ultimate strengths, the factors of safety are 18.6 (>6) and 30.2 (>10),
respectively.

For the outer shell, the maximum stress intensity occurs at the location of "6 = 100, z = -7.0
inch", which is outside the intersection just below the trunnion. The maximum bending plus
membrane stress is the shell thickness is 3.5 ksi. Comparing the stress to the material (A588)
allowable yield and ultimate strengths, the factors of safety arel 2.3 (>6) and 20 (>10),
respectively.

For the bottom ring the maximum stress intensity occurs at the nodal location of "0 = 90°, z = -

173.5 inch", which is just below the inner and outer shells. The maximum bending plus
membrane stress is the ring thickness is 0.7 ksi. Comparing the stress to the material (A588)
allowable yield and ultimate strengths, the factors of safety are 58 (>6) and 94 (>10) for yield and
ultimate strength, respectively.

Transfer Cask Shield Door Rails and Welds

This section demonstrates the adequacy of the transfer cask shield doors, door rails, and welds in

accordance with NUREG-0612 and ANSI N14.6, which require safety factors of six and ten on

material yield strength and ultimate strength, respectively, for nonredundant lift systems. The

transfer cask shield doors and door rails are designed to retain and support the maximum loaded

TSC weight of 118,000 lb, which includes the weight of basket, fuel, and water. The shield

doors are 5-inch thick plates that slide on the door rails. The rails are 7.50 inch wide x 52 inch

long and are welded to the bottom ring of the transfer cask. The doors and the rails are

constructed of A-588 and SA-350 Grade LF 2 low alloy steel, respectively.

A weight of 143,000 pounds (>118,000 x 1.1) is conservatively used for the evaluation of the
rails. This weight bounds the weight of the heaviest loaded TSC, the weight of the water in the
TSC, and the weight of the shield doors and rails. The 10% dynamic load factor is included to

ensure that the evaluation bounds all normal operating conditions. Allowable stresses for the

component materials are taken at 400'F, which bounds the maximum temperature at the bottom

of the transfer cask under normal conditions.
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Stress Evaluation for Door Rail

Each rail is assumed to carry one half of the load.

p=W 314 inch Weld
2 171 9 (Typical)

3.12 c e5 .25
52.00 7.50 L

Al Dimensions In Inches -

The shear stress (x) in each door rail bottom plate (section b-d) due to the applied load is as

follows.

143.0 '
- 2 =0.65 ksi
A 110.8

where:

A = (5.25 - 3.12) x 52 = 110.8 inch2 ------- Shear area

The bending stress (Gb) in each rail bottom section b-d due to the applied load, P. is as follows.

Cb = -6M =3.1 ksi
LtC

where:

M = P x La.b = 120.8 inch-kip
La.b = 1.69 inch-----------------------------------Applied load moment arm

L = 52 inch-------------------------------------Length of the rail
ta, = 2.13 inch-----------------------------------Thickness of the rail

The maximum stress (a) intensity in the bottom section of the rail is as follows.

Y = (ob)2 +4t2 =3.4 ksi

The factor of safety (FS) based on the material yield strength is as follows.

Sy, 30.8 ksi
FS -- =9.1 >6 - -

C 3.4 ksi
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where:

S,=30.8 ksi----------------------------------------Yield strength for A350 Grade LF 2, at
4000 F

The factor of safety (FS) based on the material ultimate strength is as follows.

FS= Su = 70ksi 20 > 10
FS G 3.4 ksi

where:

Su = 70.0 ksi ------------------------------------ Ultimate strength A-350 Grade LF 2, at
4000 F

Stress Evaluation for the Shield Doors

The shield doors are 5 inch thick at the center and step down to 2.94 inch thick at the edges,

where they rest on the rails. The stepped edges of the two door leaves are designed to interlock

at the center. Therefore, the doors are analyzed as single simply supported plates. The

engagement length of the door with the rail is 52 inches. The shear stress (T) at the edge of the

shield door where the door contacts the rail is as follows.

T = P = 0.94 ksi
As

where:

As = td x L = 152.9 inch2 ---------------------- Total shear area
td = 5.0 - 2.06 = 2.94 inch ------------------- Thickness of the door at edge
L = 52 inch-------------------------------------Length of door and rail engagement

The maximum bending stress (Ob) at the center of the doors, is as follows.

Gb = M= 4.0ksi

where:

M = -= 1.36 x 106 inch-lb
8

W = 143,000 lb---------------------------------Total weight

c = -= 2.5-------------------------------------Distance to surface
2

I bh= 855 inch4-------------------------- Cross-sectional moment of inertia
12

L = 76 inch-------------------------------------Span length
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The maximum stress intensity (ca) in the door is as follows.

a = (ab)2 +4¶ 2 =4.1ksi

The factor of safety (FS) based on the yield strength is as follows.

Sy 43ksi 6FS = = ,, 4.1k>i
a 4.lksi

where:

SY= 43 ksi ---------------------------------- Yield strength for A-588, at 4000F

The factor of safety (FS) based on the ultimate strength is as follows.

FS SU 70ksi =17.1 > 10
a 4.1ksi

where:

S, = 70.0 ksi -Ultimate strength for A-588, at 400'F

Door Rail Weld Evaluation' '

The door rails are attached to the bottom forging of the'transfer 'cask} by 0.75-inch partial
penetration bevel groove welds that extend the full length of the inside' and outside of each rail.

The loaded TSC weight is conservatively assumed to act at a point on the inside edge of the rail.
Since the base metal is the limiting strength of the welded section, the ultimate strength on the
inner weld is evaluated. Summing moments about the edge of outer weld are as follows.

M = 0 P XL Fw x (Ld ¢ 2 = Fw,= 9l kip

where:

I
L

P = 2 = 71.5 kip ---------------------------- Load on a single rail
2

Lit = .75 inh---------"---'--------'-'----'-------:-Wedlnth-_ = 0.75 inch~ ~--~-~-Weld length
d-e = 7.5 - 1.69 = 5.81 ------------------------- Distance from edge of inner weld to edge of

outer weld
= 7.5 inch ------------------------------------ Width of the railL

_,.s . ._ ... _..
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The maximum stress (a) in the base metal attached by the inner weld is as follows.

a = F. =2.3 ksi
As,

where:

Aw = 0.75 x 52 = 39 inch2 --------------------- Area on the base metal supporting inner
weld

The factor of safety (FS) based on the yield strength is as follows.

43 ksi
FS 43 = 18.7 > 6

2.3 ksi

The factor of safety (FS) based on the ultimate strength is as follows.

70 ksi
FS = = 30.4>10O

2.3 ksi

Trunnion Bearing Stress Evaluation

During a vertical lifting load case, the transfer cask is being lifted by the trunnions.

The load on each trunnion is 132 kips (240 x 1.1/2). The minimum trunnion bearing engagement

depth is 7.5-inch, but only 50% of this is used in the evaluation. The diameter of the trunnion is

9-inch. The bearing stress on the trunnion (ab) is as follows.

Cabrg = WvL = 132 = 3.92 ksi
A brg 33.75

The factor of safety (FS) is as follows.

FS = y = * = 7.85
a 3.92

where:

SY = 30.8 ksi ------------------------------------ Yield strength, SA-350 LF2, at 4000 F
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Inadvertent Lift of Transfer Cask by TSC

The inadvertent lift of the transfer cask by the TSC is considered an off-normal event. The

stresses associated with this condition are required to satisfy allowable stress limits for ASME

Boiler and Pressure Vessel Code, Service Level C condition. The temperature of the cask at the

top is assumed to be 300TF.

In the event the transfer cask is lifted by the TSC during handling operations, instead of by the

transfer cask trunnions, the weight of the transfer cask is supported by the three retaining blocks

mounted on top of the transfer cask top ring. In this case, the retaining blocks must have

sufficient strength to support the weight of the transfer cask. The three retaining blocks on the

top-forging ring are spaced 120' apart.

Retainer Rod Evaluation

During an inadvertent lift of the transfer cask;- the retainer rod is subjected to a tensile load, Fp,

due to the prying action of the retaining block. The top view and the side view of the retaining

block are shown in the following sketches.'
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Retainer block

Neck-down section

Top ring-

Retainer roi

-Edge of off-centered canister

A conservative weight of 110,000 lb is used for this evaluation. This weight bounds the

maximum weight of the transfer cask. The dynamic load factor, DLF, is 1.1. The maximum

uplifting force applied by the TSC to the retainer block, Fc, is I 10 kip (1. 1)/3 = 40.3 kip. When

the TSC is off-center, the maximum distance between the TSC outer edge and the inner edge of

the transfer cask is one inch. The prying force applied to the retainer rod (Fp) is as follows.
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= 40.3x(l +3+4.25) -78.2 kip

Fp=40.3 x (I + 3 + 4.25) =7. i
4.25

Effective Stress Areas of Retainer Rod

Referring to the previous sketch, the cross-sectional areas for the retainer rod evaluation is as

follows. -

At = E D2
2= 3.14 inch2---------------------- Tensile area (neck down area)

4
Aws = 7 Di Hz = 7.07 inch2 -------------------- Weld shear area
Ash = 7c D2 Hi = 6.28 inch2 --------------------- Head shear area (through' head thickness)

The bearing area in the retainer rod just above the neck-down area is the hatched area as shown
in the following.

I L=0.875 !Head of retainer rod
R2 A2Li.87

Ri

.1

( Opening Hole

242

The total bearing area (Abrg) is as follows.

-Abrg = 2(Al + A2) = 2(0.982 + 0.3,42) = 2.648 inch2  -,

Retainer Rod Load Capacity:

The load capabilities of the retainer rod are calculated in the following.,

Ftensile = (At )(SM)= (3.14)(26.9) = 84.4 kip -------- Load capability at D2
Fws = (Aws)( Ss ) = (7.07)(13.4) = 94.7 kip -------- Shear capability of weld
Fbrg = (Abrg )( Sbrg) = (2.648)(33.6) = 88.9 kip-----Bearing capability of rod head
Fsh = (Ash)( Ss) = (6.28)(13.4) = 84.2 kip --------Shear capability under rod head
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where:

SMI

Ss

Sbrg

Sy

Sm

1.2 Sm = 1.2 (22.4) = 26.9 ksi
0.6 Sm = 0.6 (22.4) = 13.4 ksi
SV = 33.6 ksi
33.6 ksi --------------------
22.4 ksi ------------------------------------

-Yield Strength, SA-516 Grade 70 at 3000 F
-Design Stress Intensity, SA-516 Grade 70 at
3000 F

The minimum factor of safety (FS) is as follows.

FS = =h = * =1.08
Fp 78.2

Retainer Block Evaluation

The retainer block and the force-loading diagram are shown in the following sketch.

2.0 dim

1.5 _ 2 4.0

I i
A eg N OF F

Far edge of retainer blodc Edg~e of off-centered canister

Point P is where the headed retainer rod is loaded under prying force Fp. The maximum bending

stress (Ob) in the retainer block is as follows.

7b = - = 71.6 ksi

where:

M = FJ(4)= 161.2kip-inch
F, = 40.3 kip
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I = -= 1.688inch 4

12
C = 0.75 inch

The factor of safety (FS) is as follows.

FS = 1.8SM 1.13
web

where:

Sm = 45.0 ksi
Y . H t

-Yield Strength,- 17-4 PH at 300°F------------------------------------
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Figure 3.4-1 Top Ring Section Cuts
?00
ion name = topring-A90
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sction name = topring-A45
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I Ta_

4Z=O

Top Ring Section without Trunnion

Trunnion (enlarged)

NAC International 3.4-26



MAGNASTOR System
Docket No. 72-1031

August 2004
Revision 0

Table 3.4-1 Stresses for Trunnions and Top Ring

Location a) 'Position a) | Psi | Pb b) Material S ksm | te FSYield FSanmateksi ksi ksi ksi ksi

Trunnion-L1 x =43.9. inch 0.04 3.75 3.79 SA350 30.8 70.0 8.1 Large
Trunnion-L2 x =45 inch 0.00 2.05 2.05 SA350 30.8 70.0 Large Large
TopRing-Al 9 = 0°, z > 0 2.37 2.57 4.93 SA516 32.5 70.0 6.6 Large
TopRing-A2 0 - 0°, z < 0 0.33 1.29 1.63 SA516 32.5 70.0 Large Large

TopRing-Al 0 0 = 100 0.07 1.02 1.09 SA516 32.5 70.0 Large Large
TopRing-A45 0 = 450 0.11 0.84 0.95 SA516 32.5 70.0 Large Large
TopRing-A90 0 = 90° 0.11 0.75 0.86 SA5i6 32.5 70.0 Large Large

Table 3.4-2 Stresses for Transfer Cask Shells and Bottom Ring

LocationC) Positionc) |Pm+Pb | Material ksield S uktsiate FSYeld |FSutimate

Inner Shell 0 = 10°, z=-7 inch 2.32 A588 43.0 70.0 Large Large
Outer Shell 9 = 100, z=-7 inch 3.50 A588 43.0 70.0 Large Large
Botm Ring I 9 = 90°, z=-1 73.5 0.74 A588 43.0 70.0 Large Large

a) The locations and positions are defined in Figure 3.4-1.
b) P. = primary membrane stress; Pb = primary bending stress; Pm + Pb = primary membrane +

bending stress
C) The locations and positions correspond to the axis shown in Figure 3.E-1 Appendix 3.E.
) Pm + Pb = primary membrane + bending stress
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3.5 Normal Qnerating Conditions

This section presents the analyses of the major structural components of MAGNASTOR for

normal conditions of storage. The TSC, fuel baskets, and concrete cask are evaluated using finite
element models and classical hand calculations.

3.5.1 TSC Evaluation for Normal Operatinq Conditions

For normal conditions of storage, the TSC is evaluated using ASME Code, Section m,
Subsection NB 'Service Level A' allowable stresses.

3.5.1.1 TSC Thermal Stress Analysis

The thermal stresses in the TSC during normal conditions of storage are evaluated using a finite
element model described in Appendix 3.C. The thermal gradient applied to the TSC model

bounds all conditions of storage; therefore, the results presented are conservative. The resulting

maximum (secondary) thermal stresses in the TSC are shown in Table 3.5-I. ;The locations of

the stress sections are shown in Figure 3.C-2 in Appendix 3.C.

3.5.1.2 TSC Dead Load

The TSC is analyzed for dead load using the finite element model described in Appendix 3.C.

The normal handling plus normal pressure conditions presented in Section 3.5.1.5 bound the

resulting maximum TSC dead load stresses; therefore, results for the dead load analysis are not

presented separately.

3.5.1.3 TSC Maximum Internal Pressure

The TSC is analyzed for a maximum internal pressure load using the finite element model -

described in Appendix 3.C. A maximum internal pressure of 110 psig is, applied as a surface

load to the elements along the internal surface of the TSC shell, bottom plate, and closure'lid.

This pressure bounds the maximum calculated pressure for PWR and BWR fuel under normal

conditions.

The resulting maximum internal pressure load stresses for the TSC are summarized in Table

3.5-2 and Table 3.5-3 for prinmary membrane and primary membrane plus primary bending stress

categories, respectively. The locations for the stress sections are shown in Figure 3.C-2 in

Appendix 3.C.

NAC International 3.5-1



MAGNASTOR System August 2004
Docket No. 72-1031 Revision 0

3.5.1.4 TSC Handling Loads

The TSC is analyzed for handling loads using the finite element model described in

Appendix 3.C. Normal handling is simulated by constraining the model at nodes on the closure

lid simulating three lift points. A I.Ig acceleration load, which corresponds to the dead weight

with a 10% dynamic load factor, is applied to the model in the axial direction. Pressure is

applied to the TSC bottom plate to simulate the weight of the basket and fuel with an

acceleration of 1.1 g.

The resulting maximum stresses in the TSC due to handling loads are bounded by the maximum

stresses for the normal handling loads plus normal pressure condition presented in Section

3.5.1.5; therefore, the stress results for the handling condition are not presented separately.

The lift lugs are evaluated for dead weight using classical methods. The TSC lift lugs are welded

to the inner surface of the TSC shell to accommodate handling of the empty TSC and to support

the closure lid prior to completion of the weld to the shell. The total weight, W, imposed on the

lift lugs conservatively considers the weight of the closure lid and supplemental support

equipment. A 10% load factor is also applied to ensure all normal operating loads are bounded.

The stresses evaluated for the lift lugs are bearing stress and shear stress through the weld. The

bearing stress is as follows.

W 22,550 lb
G7bearing = XV_2,5 b-1,044 psi

4A 21.6 in'

where:

W = (I0,500 lb + 10,000 lb) x 1.1 = 22,550 lb
A = 5.4 inch2 - ------------ Area of lifting lug

Using a conservative temperature of 650'F, the factor of safety (FS) is as follows.

FS 1.0 SY 19,400 psi Large
Gbeainfg 1,044 psi

where:

SY = 19,400 psi --------------------------------- Yield strength of SA-240, Type 304
stainless steel

The attachment weld for the lift lugs is a Vs-inch double-bevel weld. The shear stress (Tw) is as

follows.
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W ' 22,550 lb
Tw=- == 4,176 psi4Aeff 5.40 in2 2s

where: '

Aeff = Lff x teff = 1.35 inch2 ------------------- Area of lifting lug weld
1,ff = 5.4 x = 10.8 ------- ---Lngth of lifting lug weld
teff = 0.125 inch -------------------------------- Thickness of lifting lug weld

Conservatively using the temperature of 650'F and material allowables of the base metal, the

factor of safety (FS) is as follows.

FS= Sa1ow 0.6 Sm 9,720 psi '-23'
-,,, 4,176 psi.., -

where:

Saiow = 0.6 Sm -------------------------------------- Weld allowable
Sm = 16,200 psi -------------------------------- Design stress intensity of SA-240, Type 304

stainless steel

3.5.1.5 TSC Load Combinations

The TSC is structurally analyzed for combined thermal, dead, maximum internal'pressure, and

handling loads using the finite element model described in Appendix 3.C.

The resulting maximum stresses in the TSC for combined loads 'are' summarized in Table 3.5-2,

Table 3.5-3, and Table 3.5-4 for primary membrane, primary membrane plus primary bending,'

and primary plus secondary stresses, respectively. The sectional'stresses at 12'locations are

evaluated for each angular division of the model (a total of 19 angular locations for each axial

location). The locations for the stress sections are shown in Figure 3.C-2, Appendix 3.C.

As shown in Table 3.5-2 through Table 3.5-4, the TSC maintains factors of safety greater than

one for the combined load conditions. The minimum factor of safety of 1.37 occurs at Section 11

for the Pm+Pb stresses.

3.5.1.6 TSC Fatigue Evaluation

The purpose of this section is to evaluate whether an analysis for cyclic service is required for the

TSC.' For the TSC, dte requirements 'for cyclic'operatio'n are presented ini ASME Code;,Section

m, Subsection NB, Article NB-3222.4 [6]. ,The criteria for determining whether cyclic loading
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analysis is required are comprised of six conditions, which, if met, preclude the requirement for

further analysis.

I. Atmospheric to Service Pressure Cycle

2. Normal Service Pressure Fluctuation

3. Temperature Difference - Startup and Shutdown

4. Temperature Difference - Normal and Off-normal Service

5. Temperature Difference - Dissimilar Materials

6. Mechanical Loads

The evaluation of these conditions is as follows.

Condition I - Atmospheric to Service Pressure Cycle

This condition is not applicable. The ASME Code defines a cycle as an excursion from

atmospheric pressure to service pressure and back to atmospheric pressure. Once sealed, the

TSC remains closed throughout its operational life, and no atmospheric to service pressure cycles

occur.

Condition 2 - Normal Service Pressure Fluctuation

This condition is not applicable. The condition establishes a maximum pressure fluctuation as a

function of the number of significant pressure fluctuation cycles specified for the component, the

design pressure, and the allowable stress intensity of the component material. Operation of the

TSC is not cyclic, and no significant cyclic pressure fluctuations are anticipated.

Condition 3 - Temperature Difference - Startup and Shutdown

This condition is not applicable. MAGNASTOR is a passive, long-term storage system that does

not experience cyclic startups and shutdowns.

Condition 4- Temperature Difference - Normal and Off-Normal Service

The ASME Code specifies that temperature excursions are not significant if the change in AT

between two adjacent points does not experience a cyclic change of more than the quantity:

AT = S = 57°F
2Ecx

where: for Type 304 stainless steel,

S, = 28,200 psi --------------------------------- Value obtained from the fatigue curve for
service cycles < 106

E = 25.1 x 106 psi ----------------------------- Modulus of elasticity at 650 'F
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ax = 9.9 x 104 inch/inch- 0 F ---------- Coefficient of thermal expansion at 650'F

Because of the large thermal mass of the TSC and the concrete cask and the relatively constant

heat load produced by the TSC's contents, cyclic changes in AT greater than 57 'F will not occur.

Condition 5 - Temperature Difference Between Dissimilar Materials

The TSC and its internal components contain several materials. However, the design of all

components considers thermal expansion, thus precluding the development of unanalyzed

thermal stress concentrations.

Condition 6- Mechanical Loads

This condition does not apply. Cyclic mechanical loads are not applied to the concrete cask and

TSC during storage conditions. Therefore, no further cyclic loading evaluation is required.

The criteria of ASME Code, Section HI, Subsections NB, Articles NB-3222.4 and NG-3222.4 are

met; therefore fatigue analysis is not required.

3.5.2 Fuel Basket Evaluation for Normal Onerating Conditions

3.5.2.1 PWR Fuel Basket

This section evaluates the MAGNASTOR PWR fuel basket for normal operating conditions.

Factors of safety for the PWR fuel basket are calculated based on the criteria for Service Level

'A' limits from ASME Code, Section HI, Subsection NG [7].

Normal Handling Evaluation

The PWR fuel basket is analyzed using classical hand calculations for a I.lg inertia loading in

the basket axial direction to account for the dead load and handling load. During normal

conditions, the PWR fuel assemblies do not apply loads to the basket, they rest on the TSC

bottom. Using a bounding basket weight of 22,500 lb, the maximum stress in the fuel tube is

calculated. There are 21 fuel tubes in the PWR fuel basket. Conservatively assuming the entire

basket weight is carried through the fuel tubes, the stress in the tube (stub,) is as follows.

lube = =b- 118 = 0.1 ksi
A: "11.4

where:

Ptube -= 1,178 lb ------------------------- Load per tube
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W = 22,500 lb ---------------------------------- Bounding basket weight
a = I.lg-----------------------------------------Inertia g-load
n = 21 ------------------------------------------- Number of fuel tubes

A = 11.4 inch2---------------------------------- Tube cross-sectional area

The factor of safety (FS) is as follows.

FS = m = * = Large
CYtube °- I

where:

Sm = 21.4 ksi ------------------------------------ Design stress intensity, SA-537 Class 1, at
7000 F

The weight of the fuel tubes is supported on connector pins. Referring to Figure 3.7-1, the

interior tubes (Tube #4) are supported by four connector pins, the side fuel tubes (Tube #1) are

supported by two connector pins and the side and corner weldments, and the corner fuel tubes

(Tube #3) are supported by three connector pins. The bearing stress on the fuel tube (abrg) is as

follows.

Ybrg = Abrg = 0.21 '2 ksi

where:

Abrg = 0.21 inch2 ----------------------------- Bearing area Bearing Area of Fuel Tube
and Connector Pin

IntersectionPpin = IP,+-P, =3941b
3 41

Pt= 675 lb --------- -Tube weight

The factor of safety (FS) for bearing is as follows.

FS = y= = Large
abrg 2.1

where:

SY = 32.3 ksi ------------------------------------ Yield strength, SA-537 Class 1, at 700'F

The bearing stress (abrg) in the connector pin at the TSC bottom plate, conservatively using Plube.

as previously determined is as follows.

NAC International 3.5-6



MAGNASTOR System August 2004
Docket No. 72-1031 -Revision 0

Ptube 178 =2.9 ksi
A brg 0.41

where:

Abrg = 2 -D. (0.752 -0.192) =0.41 inch2

4 4

The factor of safety (FS) for bearing is as follows.

Sy 24.7
FS= Y = *=8.5

abrS 2.9

where: --

SY = 24.7 ksi ---------------------------------- Yield strength, SA-240 Type 304, at 400'F

The buckling evaluation of the connector pin is performed for the governing condition of the 24-

inch concrete cask end-drop accident, as shown in Section 3.7.2.1. The accident condition

buckling is bounding due to the 60g axial inertia loading.

The weight of the side and corner weldments is carried through to the TSC bottom plate by

supports at the bottom of the basket. The bounding dimensions for the supports of the

weldments are 5.0-inch length and 0.3125-inch thickness_(corner weldment). The maximum

weight of one weldment is 800 lb (bounding side weldment). The weldment supports one-

quarter of the weight of two fuel tubes (675 lb per tube, bounding). The bearing stress (a'rg) is as

follows.

1.1 X W~ 1.1xI138 n..-

abrg = A = 0.8 ksi
ASUP 1.56

where:

Wsup = 800+2x(0.25x675) = 1138 lb

ASUP = 5.0 x 0.3125 = 1.56 inch2 :

The factor of safety (FS) for bearing is as follows. . , . .

FS=Sy 32.3
FS y -= 32 8 = Large

0.8
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where:

SY = 32.3 ksi ------------------------------------ Yield strength, SA-537 Class 1, 700'F

The side and corner weldments are attached to the fuel tube array with bolts. The maximum

torque on the %-inch bolt is 50.0 inch-lb (40 inch-lb ±10 inch-lb). The preload on the bolt (P) is

as follows.

= T = 50 = 400 lb
0.2D 0.2x0.625

[121

where:

T = 50 inch-lb --------------------------------- Maximum bolt torque
D = 0.625 inch---------------------------------Bolt diameter

The bolt thread is a %-I I UNC and the length of engagement is 0.50 inch. From Machinery's

Handbook [12], the ultimate strength (ca,) in the bolt is as follows.

t = -= 0-=1.74ksi
A, 0.23

where:

At = 0.7854 D- ) =0.23 inch2

D = 0.625 inch

n = 11

The factor of safety (FS) is as follows.

FS = 2(SmB3= 2x5.9 = 6.78
a, 1.74

where:

SmBMI = 5.9 ksi------ -Design stress intensity for SA 193, Gr B8 at
7000 F

The shear stress (Tbmlt) in the bolt thread is as follows.

TblIt = - -. 400 = 0.8 ksi
As 0.499
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where:

A= 3.1416nL K,.x[ -+0.57735(Enin - Knrx )]=0.499 inch

The factor of safety (FS) is as follows.

FS 0.6S 0.6x16.0 Large
tbolt 0.8

where:

Sm = 16.0 ksi ------------------------------------ Di
7C

The shear stress in the boss thread (Tbr,) is as follows.

-sign stress intensity, SA-193 Grade BS at
00°F

Tboss, = - = -° = 0.6 ksi
An 0.713

where:

-An = 3.1416nLeDsmtn[i +0.57735(Dsmn- Enax)]=0.713 inch2

The factor of safety (FS) is as follows.

0.6SM 0.6x19.2
FS al = 0.6 =Large'hee0.6:

where:

Sm = 19.2 ksi …1I)esign stress intensity, SA-695
10, at 7000F,

Type B, Gr

The boss is welded into the fuel tube with a l/-inch groove weld. The shear stress in the boss

weld (Tweld), is as follows.

P 400
Tweld ;= -=-=0.8ksi

A' 0.49 -

where:

P =

A,, =
400 lb
aDtwcld =7 x1.25x0.125= 0.49 inch
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D = 1.25 inch ----------------------------------- -Boss diameter

Using the lesser allowable, Sm, of SA537 Class I or SA695 Type B, Gr 40, the factor of safety

(FS) is as follows.

FS = .0*6S.= 0.6x 19.2 L
wcld 0.8

where:

Sm = 19.2 ksi ------------------------------------ Design stress intensity, SA-695 Type B, Gr
40, at 7000 F

The washers under the bolts are subjected to a bending load due to the bolt preload. Using

Roark's [13], Table 24-la, the maximum stress in the washer is calculated. The maximum stress

(a) in the washer is as follows.

6M 6x55.3
= , =2  6 0.13 = 19.6 ksi

where:

a = *2-= 0.75 inch--------------------------Radius of the cut out in support weldments
2

b = = 0.31 inch ------------------------ Inner radius of the washer
2

r.
t
E
U

0.50 inch-----------------------------------Average radius of bolt head
0.13 inch-----------------------------------Thickness of washer
30.0 x 106 psi ----------------------------- Modulus of elasticity (SA-240 Type 304)
0.3------------------------------------------Poisson's ratio

w= P = 400 =127 inch-lb
atx2i, 7rx2xO.5

G E 30.0x106  11.45 x 10o psi

2(1+tu) 2(1+0.3)

D Et3  30.0x106(0.133)6035.7 inch-lb
D = )2 - =_ , 263. nhl

12(1_ 2 12 I-0.3)-
M,= 55.3 inch-lb ------------------------------- Calculated using formulas in Roark's [13]

The factor of safety (FS) is as follows.

FS = 1.5S,= 1.5x16.0 l122
a 19.6
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where: -

Sm = 16.0 ksi ----------------------------------- Design stress intensity, SA-240 Type 304, at
7000F

The evaluation of the neutron absorber for normal handling conditions is bounded by the
evaluation for the 24-inch concrete cask end-drop accident (60g) as shown in Section 3.7.2.1...

Therefore, no evaluation for normal handling is presented in this section.

Thermal Stress Evaluation -

The thermal stresses for the PWR fuel basket are calculated using an ANSYS finite element
model (Appendix 3.A). The 0° basket orientation model is used for the thermal stress evaluation.
The model calculates the stresses in the basket based upon an applied temperature distribution.
The thermal stresses are combined with the normal handling condition stress. Factors of safety
are calculated based on Service Level 'A'. limits from ASME Code, Section mII, Subsection NG
[7]. The maximum handling stress in the basket is 0.1 ksi. The following presents the combined
normal handling plus thermal stress (P+Q) for the PWR basket.

Component Stherm, ksi Sttal, ksi Sallow, ksi FS
Fuel Tube 48.3 48.4 64.2 1.33
Support Weldments 37.6 37.7 64.2 1.70

The total stress is the sum of the component thermal stress and the normal handling stress. The

allowable stress is 3Mm (3 x 21.4 = 64.2 ksi for SA537 Cl at 700'F). The maximum nodal

thermal stress (48.3 ksi) occurs at the nodes, which are coupled between the fuel tube and the
support weldment. This is conservative because the single nodal coupling does not account for
the load being distributed over the boss area.

The axial average temperature at the center of the basket is 4690F. The axial average
temperature at the outer radius of the basket is 4440F. The relative thermal expansion of the
basket in the axial direction between the center and outer edge of the basket is as follows.

Ax = Axinncr -AXouter = 0.50 - 0.47 = 0.03 inch

where:

Axinner = ATxLxal =(469-70X173.5)(7.24xlO6) = 0.50 inch

Axoutf = ATxLxa2 = (444-70Xl73.5)(7.19x106) = 0.47 inch
L = 173.5 inch---------Fuel tube length

a, = 7.24x10-6 inch/inch/°F--------------Coefficient of thermal expansion, SA537
- CLI, at 469°F
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cX2 = 7.19x106 inch/inch/0 F ------------------ Coefficient of thermal expansion, SA537
CL I, at 4440 F

Connector pins at the top and bottom of the basket are used to maintain the geometry of the fuel

tube array during manufacturing. A pin is inserted into the connector pin to maintain geometry

between adjacent fuel tubes. Adjacent fuel tube connector pins have a 0.08-inch gap between the

connector pins; see the following sketch. Since the relative thermal expansion of the basket

between the center and outer edge of the basket is less than the pin gap, no axial thermal stresses

are produced by the axial expansion of the basket.

Top of Fuel Tube

_ 008

Top of Fuel Tube

The maximum shear load calculated by ANSYS in the basket attachment bosses is 3.2 kip due to

the radial thermal expansion of the basket. The shear stress in the boss (Tbos) is as follows.

Tboss = p = = 3.5 ksi
A 0.92

where:

A = Z (Do-D?)=0.92inch2
4

D. = 1.25 inch
Di = 0.63 inch

The factor of safety (FS) is as follows.

FS = 0.6S= 0.6x19.2 3.29
Tboss 3-5

where:

Sm = 19.2 ksi ------------------------------------ Design stress intensity SA-695 Type B,
Gr 40 at 700'F
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From the finite element model, the bolt tensile load due to thermal expansion is ten pounds. The

maximum bolt load for normal handling conditions is 400 pounds. The minimum factor of

safety for normal conditions is 1.22 (washer bending). For n6rmal handling'plus thermal loads

the maximum bolt load is 410 pounds, a 2.5% increase in load. Therefore, the minimum factor

of safety for the attachment bolts is 1.19.

Neutron Absorber Retainer Thermal Stress Evaluation

The stainless steel corner clips are attached to the fuel tubes using plug welds spaced every five

inches. The stainless steel retainer strips are fastened to the carbon steel fuel tube using weld

posts spaced every ten inches along the length of the tube. Because of the dissimilar material

properties, differential expansion of the components creates thermal stresses in some of the'

components.

Corner Clin

The equation used to calculate the difference in expansion between carbon and stainless steel, A,

is as follows.

A = (acxATxL)-(a,,xATxL) (1)

The standard formula to calculate the deflection of a beam or plate is as follows.

PL _aL

A = =
AE ' E

(2)

Substituting equation (1) into equation (2) and solving, the corner clip thermal stress, a, is as

follows.

a = - E(a= - axS XAT) =34,700 psi (3)

where:

= 9.9 x 10.6 inch/inch/0F ------------- Coefficient of thermal expansion, SA-240
Type 304, at 6670 F

= 7.6 x j06 inch/inch/lF ------------------ Coefficient of thermal expansion, SA-537
Class 1, at 6671F

AT = 6720 F -70'F = 602'F--------------------Difference between maximum PWR
temperature and ambient conditions

T, ,= 6720F---------------------------------------Maximum basket temperature
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E = 25 x 106 psi --------------------------- Modulus of elasticity, SA-240 Type 304, at
6720 F

The factor of safety (FS) is as follows.

FS = 3S, = 48,300
aT 34,328

where:

Sm = 16,100 psi --------------------------------- Design stress intensity,SA-240 Type 304, at
6670 F

Retainer Strip

The attachments of the retainer strip and neutron Retainer

absorber to the fuel tube using weld posts and corner Strip

clips allows each component to move independently Weld

during thermal growth. In the case of the stainless steel Post-,

retainer strip, the expansion of the neutron shield

material, which is composed primarily of aluminum, and

carbon steel fuel tube tends to tighten the joint created

by the weld post. Thermal stresses may develop

between the weld posts because the carbon steel fuel 10.251

tube expands at a different rate than the retainer strip. 0. 34

From equation (3) previously listed, it is observed that thermal stress developed between

dissimilar materials is independent of the length. Assuming the same boundary conditions as the

corner clip, the stresses in the retainer strip are the same as the corner clip. Therefore, no further

evaluation is required.
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3.5.2.2 BWR Basket .,

This section evaluates the MAGNASTOR BWR basket for normal operating conditions. Factors
of safety for the BWR basket are calculated based on the criteria for Service Level 'A' limits

from ASME Code, Section m, Subsection NG [7].

Normal Handling Evaluation

The BWR basket'is analyzed using classical hand calculations fora l.lg inertia loading in the
basket axial directionto account for the dead load and handling load. During normal conditions,
the BWR fuel assemblies do not apply loads to the basket; they rest on the TSC bottom. Using a

bounding weight of 24,000 pounds, the maximum stress in the fuel tube is calculated. There are
45 fuel tubes in the BWR basket. Conservatively assuming the entire basket weight is carried

through the fuel tubes, the stress in the tube (Gtub,) is as follows. - -'

C = =58 7 =0.1 ksi
A 6.1

where:

Ptube = = 587 lb --------------------------- Load per tube
n

W = '24,000 lb'------------------
a'= .lg-----------------------
n = 45------- -

A = 6.1 inch2- -..............

The factor of safety (FS) is as follows.

-------------Bounding basket weight
-----------Inertia g-load
-------------Number of fuel tubes
-------------Tube cross-sectional area

FS = - = - = Large
Ttube 0.1

where:

Sm = 21.4 ksi ------------------------------------ Design stress intensity, SA-537 Class 1, at

. r
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The weight of the fuel tubes is supported on connector pins. For tube locations presented in

Figure 3.7-10, the interior tubes (Tube #4) are supported by four connector pins, the side fuel

tubes (Tube #1) are supported by two connector pins and the side and corner weldments, and the

corner fuel tubes (Tube #5) are supported by three connector pins. The bearing stress (Obrg) on

the fuel tube is as follows.

I.1 x Ppin =|1 I x 233 08 i

rAbrg 0.34

where:

Abrg = 0.34 inch2---------------------------------- Bearing

Ppin = IP,+IP,=233 lb
3! 4t

P. = 400 lb -------------------------------------- Tube we

The factor of safety (FS) for bearing is as follows.

area

Bearing area of Fuel Tube
and Connector Pin

Intersection-eight

FS = y = 32 3 = Large
0ybrg 0.8

where:

SY = 32.3 ksi ------------------------------------ Yield strength, SA-537 Class 1, at 7000 F

The bearing stress (Gbrg) in the connector pin at the TSC bottom plate, conservatively using Ptube

as previously determined is as follows.

crbrg = A,,, = 5875 = 0.8 ksi
Abrg 0.75

where:

Abrg = D' )= c (1.02 _0.192) = 0.75 inch2

4 1 4

The factor of safety (FS) for bearing is as follows.

FS = Sy = .7=Large
abrg 0.8
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where:

SY = 24.7 ksi ------------------------------- Yield strength, SA-240 Type 304, at 700'F

The buckling evaluation of the connector pin is performed for the governing condition of the 24-

inch concrete cask end-drop accident, as prescribed in Section 3.7.2.2. The accident event
buckling evaluation is bounding due to the 60g axial inertia loading.

The weight of the side and corner weldments is carried through to the TSC bottom plate by
supports at the bottom of the basket. The corner weldment is bounding for the top and bottom
supports. The dimensions for the corner support weldment are 8.0-inch length and 0.375-inch
thickness. The bounding weight of the corner weldment is 1,100 pounds. The comer weldment
also supports one-quarter of the weight of four fuel tubes (400 lb per tube, bounding). The
bearing stress (Sbrg) is as follows.

Wabrp = 1650_
C-brg 0.6 ksi

Aru 3.0

where:

WSUp= .lx(1,100+4x(0.25x400)) = 16501b
A =up 8.OxO.375 = 3.0 inch2

The factor of safety (FS) for bearing is as follows.

FS=Sy 32.3=
FS = Large

abra 0.6

where:

SY= 32.3 ksi ------------------------------------ Yield strength, SA-537 Class 1, 700'F

The side and corner weldments are attached to the fuel tube array with bolts. The maximum
torque on the 5/,-inch bolt is 50 inch-lb (40 ±10 inch-lb). The preload on the bolt (P) is as
follows.

T 50P = -0 = 400 lb [12]
0.2D 0.2 x 0.625

where:

T = 50 inch-lb --------------------------------- Maximum bolt torque
D = 0.625 inch --------------------------------- Bolt diameter
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The bolt thread is a %-I I UNC and the length of engagement is 0.50 inch. From Machinery's

Handbook 112], the ultimate strength (a,) in the bolt is as follows.

P 400
at = -=-= 1.74ksi

At 0.23

where:

At = 0.7854D'- 09743) =0.23 inch2

D = 0.625 inch
n = 11

The factor of safety (FS) is as follows.

2(SmEMj) 2 2x5.9
FS = = = 6.78

at 1.74

where:

SmBN1 = 5.9 ksi---- -Design stress intensity for SA- 193, Gr B8, at
700 0F

The shear stress in the bolt thread (Tb. 1t) is as follows.

P 400
Tbolt = -= = ll ksi

A, 0.379

where:

A, = 3.1416nLeKn. . [ I + 0.57735(Esrn - Knm f)]=0.379 inch2

n = 11

The factor of safety (FS) is as follows.

FS = 0.6Sr = 0.6x16.0 8
Tbolt 1.1

where:

Sm = 16.0 ksi -Design stress intensity, SA-193 Grade B8, at
700 0F
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The shear stress in the boss thread (Tbo.s) is as follows.

P .400
Tboss - = 0.7 ksi

An 0.542

where: -

= 3.1416nLeDs min[i-+0.57735(Dnin -En = 0.542 inch

1, = 0.38 inch
En max = 0.5732
Dsmin = 0.6113

n = 11

The factor of safety (FS) is as follows.

FS = 0.6Sm 0.6xI9.2 Large

T bolt 0.7

where:
; ,, , n-tS p ,G

Sm = 19.2 ksi --------------------- ---------- Design stress i'tensity, SA-695, Type B, Gr
40, at 7000 F

The boss is welded into the fuel tube with a l/8-inch groove weld. The shear stress in the boss

weld (Tweld) is as follows.

P 400
Tweld = -=- = 0.8 ksi

Aw- 0.49

where:

P =400 lb

Aw= 7rDtwel=7rxl.OOx0.156=0.49inch

D = 1.00 inch---------------------------------Smallest boss diameter

Using the lesser allowable, Sm, of SA-537 Class 1 or SA-695 Type B, Gr 40, the factor of safety

(FS) is as follows.

FS 0.6Sm 0.6x19.2
-S-Large

Tweld .0.8
.; ,,4
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where:

Sm = 19.2 ksi -Design stress intensity, SA-695 Type B
Grade 40, at 7000F

The washers under the bolts are subjected to a bending load to the torque of the bolts. Using
"Roark's Formulas for Stress and Strain" Table 24-la [131, the maximum stress in the washer is
calculated. The maximum stress (a) in the washer is as follows.

6M, 6x55.3 19.6ksi
t2 0. 132

where:

a = *2 = 0.75 inch--------------------------Radius of cut out in support weldments
2

0.625b = =0.31 inch ------------- Inner radius of the washer
2

rO
t

E
1)

0.50 inch------
0.13 inch------
30.0 x 106 psi
0.3 --

-Average radius of bolt head
-Thickness of washer
-Modulus of elasticity (SA240 Type 304)
-Poisson's ratio

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

w = P - 400 =127inch-lb
7nx2r, 7rx2xO.5

G = E 30.0X106  11 .45e6 psi
2(1+uj) 2(1+0.3)

D = =Et' 30.0x 106 (0.13 -=6035.7 inch-lb

M, = 55.3 inch-lb--------------

The factor of safety (FS) is as follows.

Calculated using the formula in Roark's [13]

FS = 1.5S_. = 1.5x16.0 1.2
a 19.6

where:

Sm = 16.0 ksi ------------------------------------ Design stress intensity, SA-240 Type 304, at
700 0F
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The evaluation of the neutron absorber for normal handling conditions is bounded by the
evaluation for the 24-inch concrete cask end-drop accident (60g) as shown in Section 3.7.2.2.
Therefore, no evaluation for normal handling is'presented in this section.

Thermal Stress Evaluation .

The thermal stresses for the BWR fuel basket are calculated using an ANSYS finite element
model (Appendix 3.B). The 00 basket orientation model is used for the thermal stress evaluation.
The model calculates the stresses in the basket based upon an applied temperature distribution.

The thermal stresses are combined with the normal handling condition stress. Factors of safety

are calculated based on Service Level 'A'. limits'from ASME Code, Section III, Subsection NG
[7]. The maximum handling stress in the basket is 0.1 ksi.: The following presents the combined
normal handling plus thermal stress (P+Q) for the BWR fuel basket.

Component Stern, ksi Stotai, ksi Saeow, ksi FS
Fuel Tube 22.3 22.4 64.2 2.87
Support Weldments 21.1 21.2 64.2 3.03

The total stress is the sum of the component thermal stress and the normal condition stress. The

allowable stress is 3Sm (3 x 21.4 = 64.2 ksi for SA-537 Class 1 steel at 700JF). The maximum
nodal thermal stress (22.3 ksi) occurs at the nodes, which are coupled between the fuel tube and

the support weldment. This is conservative because the nodal coupling does not account for the

load being distributed over the boss area.

The average temperature at the center of the basket is 4650F. The average temperature at the
outer radius of the basket is 430'F. The relative thermal expansion of the basket in the axial
direction between the center and outer edge of the basket is as follows.

Ax = Axinner- -Axouter = 0.48 - 0.43 = 0.05 inch

where:

Axinner = ATxLxa, =(465-70X166.5)(7.3xlO4) = 0.48 inch

Axouter = ATxLxa, = (430-70X166.5X7.2xlO6) = 0.43 inch

L = 166.5 inch ------------------------- --Fuel tube length .

a, = 7.3xO-6 inch/inch/F -------------------- Coefficient of thermal expansion, SA537
CLI, at 500 0F.
Coefficient 'of 'thermal expansion, SA537

- - CLI, at 4500F
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Connector pins at the top and bottom of the basket are used to maintain the geometry of the fuel
tube array. A pin is inserted into the connector pin to maintain geometry between adjacent fuel
tubes. Adjacent fuel tube connector pins have a 0.08-inch gap between the connector pins; see
the following sketch. Since the relative thermal expansion of the basket between the center and
outer edge of the basket is less than the pin gap, no axial thermal stresses are produced by the
axial expansion of the basket.

Top of Fuel Tube

Top of Fuel Tube

The maximum shear load calculated by ANSYS in the basket attachment bosses is 1,379 lb (1.4
kip) due to the radial thermal expansion of the basket. The shear stress in the boss (mbos,) is as
follows.

=P 1.4 kip -9 s
Tboss = A = 0.4 7 = 2.98 ksi

where:

A = (D' - D ) = 0.47 inch2
4

D. = 1.00 inch
Di = 0.63 inch

The factor of safety (FS) is as follows.

FS = 0.6SM 0.6x19.2 =3.87
Tboss 2.98

where:

Sm = 19.2 ksi ------------------------------------ Design stress intensity, SA-695 Type B,
Gr 40, at 700'F

The thermal expansion of the basket does not add significant additional tensile loads to the bolts;
therefore, no additional bolt analysis for thermal loads is required.
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Neutron Absorber Retainer Thermal Stress Evaluation

The stainless steel corner clips are attached to the fuel tubes using plug welds. Similarly, the
stainless steel retainer strips are fastened to the carbon steel fuel tube using fixed weld posts
spaced along the length of the tube. Because of the dissimilar material properties, differential
thermal expansion of the components results in thermal stresses in some of the components.
However, the PWR basket thermal gradient is greater than that of the BWR basket. Therefore,
the evaluation provided in Section 3.5.2.1 bounds the'BWR basket.

3.5.3 Concrete Cask Evaluations for Normal Operatinq Conditions.

The structural evaluation of the concrete cask for normal conditions considers the combination of
thermal stresses, dead and live loads, and wind loads (see Chapter 2 for load combinations). The

analysis results are presented in Section 3.5.3.3. The conservative stress due to wind loads is
obtained from Section 3.7.3.2.

3.5.3.1 Concrete Cask Thermal Stresses

Using the finite element model presented in Appendix 3.D, a structural evaluation of the concrete
cask for normal conditions thermal loads was performed. The analysis conservatively considered
a bounding temperature profile corresponding to the off-normal thermal event (106'F ambient).
The following summarizes the critical thermal stresses for normal conditions.

Component I Stress (ksi)
Circumferential Rebar 15.6
Vertical Rebar | 19.1
Concrete, Compression | 1.0
Concrete, Tension I 0.1

3.5.3.2 Dead and Live Loads

Dead Loads

The concrete cask dead load consists primarily of the weight of the concrete. Assuming all dead
loads are 'reacted by the lower concrete surface only,' stress levels can be determined. Under'''
these conditions, the only stiess/component is the vertical axial compression stress. The
maximum stress (Gcask) at the base of the concrete cask in the concrete is as follows.

Wcs== 210,000
Ocask - 23.0 psi

A 9,119
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where:

Wcask = 210,000 lb-----------------------
Do = 136.0 inch
Di = 82.98 inch
A = n (Do' - Di') / 4 = 9,119 inch2

I- - -- - -Bounding weight for empty concrete cask

The concrete bearing strength (fb) is much larger than the applied load.

fb = p(0.85fA)=0.85(0.85x380Ox9119)=25.0x 106 lb >210,000 lb

where:

fe = 3,800 psi- -Compressive strength, concrete, at 3000F

Live Loads

The live load calculation considers the loaded transfer cask positioned on top of the concrete cask
for transfer of the TSC for development of the peak live load bounding condition. Assuming live
loads are reacted by concrete sections (no credit taken for steel liner), stress levels are
conservatively determined. Under these conditions, the only stress component is the vertical
axial compression stress (Oconcretecask)-

Gconcrete cask = A- = 23000 = 25.2 psi
A 9,w19

where:

WTF = 230,000 lb---------------------------------Loaded transfer cask
Do = 136.0 inch
Di = 82.98 inch
A = t(DO'-D 2) / 4 = 9,119 inch2

3.5.3.3 Concrete Cask Combined Stresses

The load combinations described in Chapter 2 are used to evaluate the concrete cask for normal
conditions of storage (Load Conditions 1, 2, and 3). Concrete cask stresses are summarized in

Table 3.5-5, Table 3.5-6, and Table 3.5-7 for the various loading conditions on the concrete cask.

The allowable compressive stress for concrete (Scon) is as follows.

Scon = Off = 2,660 psi
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where:

= 0.7 ----------------------------------------- Strength reduction factor [15]
fc= -3800 psi ------------------------------------ Compressive strength, concrete, at 300OF

The concrete ultimate strength allowable is 8% to 15% of the compressive stress [14]; therefore,

the allowable ultimate strength (SC) is as follows.

StC = 0.08 x Scon = 0.08 x 2660 = 213 psi or 0.21 ksi

The maximum concrete compressive stress is 1,332 psi (see Table 3.5-6); therefore, the
minimum factor of safety (FS) for normal conditions is as follows.

2,660
FS = =2.00

1,332

From Section 3.5.3.1, the maximum concrete ultimate strength due to thermal load is 0.1 ksi.
Multiplying the stress by 1.275 factor for normal conditions thermal stresses (see Chapter 2) the

factor of safety (FS) for concrete ultimate strengths is as follows.

FS = SIC 0.21 =1.62
,S x1.275 0.lx1.275

The allowable stress for rebar (Srebar) is as follows.

Srebar = OFr , 54.0 ksi

where:

= 0.9 ----------------------------------------- Strength reduction factor [15]
Fr = 60.0 ksi ------------------------------------ Yield strength, rebar

From Section 3.5.3.1, the maximum rebar stress due to thermal load is 19.1 ksi. The stresses due

to other loadings are negligible for normal conditions. Compressive loads are carried by the
concrete. Multiplying the stress by 1.275 factor for normal conditions thermal stresses (see

Chapter 2) the factor of safety (FS) for the rebar is as follows.

S. x1.2 54.0 2;27
SI xl .275 19.lxl.275
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Table 3.5-1 TSC Thermal Stress, Q

rvicel __., - I Component Stresses (ksi)b)SeLoad Case Level Secuonai
Sx I Sy I Sz ISxy I Syz I Sxz

4 I 4 I b-4�

Thermal A 12 -37.061-34.161-22.331 0.26 1 2.82 | 0.14 115.40

Table 3.5-2 TSC Normal Conditions, Pm Stresses

I Component Stresses (ksi)b)

Table 3.5-3

Service ,
Level _

TSC Normal Conditions, Pm + Pb Stresses

I Component Stresses (ksi') I
Load Case sectiona)

SX I Sy I Sz I Sxy ISyz ISxz
SIlt I Sallow FS

Pressure A 1 1.80 -2.46 14.94 0.11 0.03 0.21 17.41 N/A N/A
Pressure + Handling A 11 25.58 25.57 5.14 0.08 3.81 0.66 21.88 30.00 1.37

Table 3.5-4 TSC Normal Conditions, P + Q Stresses

Service Component Stresses (ksi)b)Load Case Level Sectio S . S S - Sint Sallow FS
I Sy z Ixy I Syz Ixz

Pressure + Handling
+ Thermal A 11 -40.76 -39.22 -7.89 0.11 2.42 0.60 33.07 60.001 1.81

a) See Figure 3.C-2 for section locations.
b) The x,y,z component of stress are to be interpreted radial, circumferential, and axial directions,

respectively.
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Table 3.5-5 Concrcte Cask Vertical Stress Summary - Outer Surface, psi

Condition Dead Live Wind Thermal Seismic Flood Tornado Total
1 -32 -43 0 0 0 0 0 0 -75
2 -24 -32 0 0 0 0 0 -56
3 -24 -32 -24 0 0 0 0 -80

Table 3.5-6 Concrete Cask Vertical Stress Summary - Inner Surface, psi

Condition Dead | Live Wind Thermal Seismic Flood Tornado Total
1 -32 -43 0 1 0 0 1 0 -75
2 -24 -32 0 -1261 0 0 0 -1317
3 -24 -32 -15 -1261 0 0 0 -1332

Table 3.5-7 Concrete Cask Circumferential Stress Summary - Inner Surface, psi

Condition | _Dead_ | Live Wind Thermal | Seismic Flood Tornado Total
21 | ___ 01 5 610 0 0 -56
2 0 0 0 -566 0 0 0 -566
3 0 0 0 -566 0 0 0 -566
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3.6 Off-normal Operating Events

This section presents the analyses of the 'major structural components of MAGNASTOR for off-

normal events of storage. MAGNASTOR is evaluated using finite element models and classical

hand calculations for the fuel baskets and TSC. Off-normal environmental events are defined as

-40'F with no solar load, 1 060F with solar load. and half-blockage of the concrete cask air inlets.,

3.6.1 TSC Evaluations for Off-normal Operating Events

3.6.1.1 Thermal Stresses for Off-normal Events .

The thermal stresses of the TSC are calculated using the ANSYS finite element model described
in Appendix 3.C. As discussed in Section 3.5.1.1, the temperature gradient applied to the TSC

bounds the temperature gradient for all conditions of storage. Therefore, the maximum thermal
stresses for the off-normal severe ambient temperature event are bounded by those presented in

Table 3.5-1.

3.6.1.2 Off-Normal TSC Load Analyses

Based on the load combinations specified in Table 2.3-2, the following two off-normal load

events are evaluated.

.Off-normal internal pressure + normal handling + thermal (ASME Code, Level B)

* Normal internal pressure + off-normal handling (ASME Code, Level C)

Off-Normal Internal Pressure with Normal Handling .

The TSC is analyzed for off-normal pressurization and normal handling loads using the finite;
element model described in Appendix 3.C. Applying a l.lg acceleration load in the axial --
direction to a loaded TSC simulates normal handling. To represent the off-normal pressure, an
internal pressure of 130 psig is applied to all internal surfaces. A bounding temperature profile is

considered for the thermal stress calculation as discussed in Appendix 3.C.

The resulting maximum stresses in the TSC for Service Level B off-normal loads are

summarized in Table 3.6-1 for primary membrane, Table 3.6-2 for primary membrane plus
primary bending, and Table 3.6-3 for primary plus secondary stress categories. The minimum
factor of safety of 1.32 (Pm + Pb) occurs at Section 11 (center of bottom plate). The locations for

the stress sections are shown in Appendix 3.C.;
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Off-Normal Handling with Normal Internal Pressure

An evaluation is performed for the off-normal handling loads on the TSC during the installation
of the TSC in the concrete cask, removal of the TSC from the concrete cask, and removal from
the transfer cask. The TSC is handled vertically in both the concrete and transfer casks.

The TSC is analyzed for handling loads using the finite
element model described in Appendix 3.C. The off-
normal TSC handling loads are defined as 0.5g applied in
all directions (i.e., in the global x, y, and z directions) in
addition to a Ig lifting load applied in the finite element
model. The resulting off-normal handling accelerations
are 0.707g in the lateral direction and 1.5g (0.5g + 1.Og) in
the vertical direction. To represent the normal pressure, an
internal pressure of 110 psig is applied to all internal surfaces.

Off-Normal Handling

L GA = 1.5

G, = 10.52 + 0 5
= 0.707

The resulting maximum stresses in the TSC for Service Level C off-normal loads are
summarized in Table 3.6-1 for primary membrane, Table 3.6-2 for primary membrane plus
primary bending, and Table 3.6-3 for primary plus secondary stress categories. The minimum
factor of safety of 1.45 (Pm + Pb) occurs at Section I (bottom plate I shell). The locations for the
stress sections are shown in Appendix 3.C.

3.6.2 Fuel Basket Evaluation for Off-normal Events

3.6.2.1 PWR Fuel Basket

This section evaluates the MAGNASTOR PWR basket for off-normal events using both classical
hand calculations and finite element analysis methods. Factors of safety for the PWR basket are

calculated based on the criteria for Service Level 'C' limits from ASME Code, Section mI,
Subsection NG [7].

The inertia loading for off-normal handling events is a 1.5g vertical acceleration and a 0.707g
(0.5g inch each transverse direction) transverse acceleration. The basket stresses due to the
transverse loading are calculated using the three-dimensional periodic finite element models
described in Appendix 3.A. Both half-symmetry models for the O° and 45° basket orientations
are used. Using a bounding weight of 22,500 pounds for the PWR basket, the maximum stress in
the fuel tube in the axial direction is calculated. Conservatively assuming the entire basket
weight is carried through the fuel tubes, the stress in the tube due to the axial acceleration is as

follows.
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atube = Abe . 1674 = 0.14 ksi

where:

= Wxa 22500x1.5 1,607 lb
n 21.

W 22,5001b ------- -------------------------- Bounding basket weight
n = 21 ------------------------------------------- Number of fuel tubes
a = 1.5g-----------------------------------------Inertia g-load

A = 11.4 inch2---------------------------------- Tube cross-sectional area

The maximum stresses due to transverse loading (S.,), from the finite element analysis results,
are shown in the following table. The combined maximum stress intensity (St1 t) is conservatively
obtained by adding the maximum stresses due to axial load (atube) to the maximum stresses due
to transverse load (S,.,n). The combined stresses and factors of safety are presented in the
following. The allowable stresses for the off-normal events (Level C) are l.5Sm for membrane
stresses and 2 .2 5Sm for membrane plus bending stresses. .

Component Strn, ksi Stot, ksi Saiow, ksi FS
Fuel Tube, Pm 7.0 j 7.1 32.10 4.52
Fuel Tube, Pm + Pb 16.2 16.3 48.15 i 2.95
Support Weldments, Pm 0.7 0.8 J 32.10 -- -Large
Support Weldments, Pm + Pb 6.4 6.5 48.15 7.41

The weight of the fuel tubes is supported on connector pins. Referring to Figure 3.7-1, the
interior tubes (Tube #4) are supported by four connector pins, the side fuel tubes (Tube #1) are
supported by two connector pins and the side and corner weldments, and the corner fuel tubes

(Tube #3) are supported by three connector pins. The bearing stiess on the fuel tube (Cbrg) is as

follows.

-Og l'.5 X Prj = 1.5 x 394 =2.8 ksi
Awbrg 0.21

where: Bearing Area of Fuel Tube
I and Connector Pin

Abrg = 0.21 inch2  -------------------- Bearing area Intersection
Ppin = 'Pt + 1/4Pt= 394 lb ---------------------- Combined loading on one'support pin

Pt = 675 lb -------------------------------------- Tube weight
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The factor of safety (FS) for bearing is as follows.

FS = y = * =Large
Gbrg 2.8

where:

SY=32.3 ksi----------------------------------------Yield strength, SA-537 Class 1, at 700'F

The bearing stress (Gbrg) in the connector pin at the TSC bottom plate, conservatively using Ptube

as previously determined is as follows.

abrg = Pu_ = 1607' = 3.9 ksi
Abs 0.41

where:

Abrg = - (D2-D2)=.'.(0.752-O.l92) =0.41 inch2
4 4

Do = 0.75 inch
Di = 0.19 inch

The factor of safety (FS) for bearing is as follows.

FS = y = 2. = 6.3
abg 3 9

Cbrg 39

where:

SY = 24.7 ksi ------------------------------------ Yield strength, SA-240 Type 304, at 7000F

The weight of the side and corner weldments is carried through to the TSC bottom plate by
supports at the bottom of the basket. The bounding dimensions for the supports of the
weldments are 5.0-inch length and 0.3125-inch thickness (corner weldment). The maximum
weight of one weldment is 800 lb (bounding, side weldment). The weldment supports one-
quarter of the weight of two fuel tubes (675 lb per tube, bounding). The bearing stress is as
follows.

abrg = = 1.- ksi

where:

WSUP= 800+2x(0.25x675)=1138lb
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2Aup = 5.0 x 0.3125 = 1.56 inch

The factor of safety (FS) for bearing is as follows.

FS = K= * Large
abrg 1.1.

where:

SY= 32.3 ksi ------------------------------------ Yield strength, SA-537 Class I, at 700'F

The buckling evaluation of the connector pin is performed in Section 3.7.2.1. The accident
condition buckling evaluation is bounding due to the conservative 60g axial inertia loading.

During off-normal storage events, the only load on the attachment bolts is'due to preload. The

analysis presented in Section 3.5.2.1 is bounding. Therefore, additional bolt analysis is not
required.

From the finite element analysis results for off-nor mal handling, the maximum shear load in the

basket attachment bosses is 883 pounds. The attachment bosses are evaluated in Section 3.5.2.1

(normal condition) for a shear load of 1,379 lb, which bounds the maximum load of 883 lb for

off-normal events; therefore, no additional analysis is required.

The analysis presented in Section 3.7.2.1 bounds the off-normal analysis of the neutron absorber
and retainer strip; therefore, no additional analysis is required.

3.6.2.2 BWR Fuel Basket

The analysis of the BWR basket for off-normal events uses both classical hand calculations and
finite element analysis methods. The ANSYS finite element model and boundary conditions are
presented in Appendix 3.B for the 0° and 450 basket orientations. Factors of safety for the BWR
basket are calculated based on the criteria for Service Level 'C' limits from ASME Code, Section
m, Subsection NG [7]. The inertia loading for off-normal events is a 1.5g vertical acceleration
and a 0.707g (0.5g in each transverse direction) transverse acceleration

For off-normal events of storage, a 1.5g acceleration (a) is applied to the basket in the axial
direction. Using a bounding weight of 24,000 lb for the BWR basket, the maximum stress in the
fuel tube in the axial direction is calculated. Conservatively assuming the entire basket weight is
carried through the fuel tubes, the stress in the tube due to the axial acceleration is as follows.

(lube = -be = 6 l = 0.13 ksi
A 6.1
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where:

Wxa 24,000xl.5
Ptube = 800 lb

n 45
WV = 24,000 lb ---------------------------------- Bounding basket weight
N = 45-------------------------------------------Number of fuel tubes
a = 1.5g-----------------------------------------Inertia g-load

A = 6.1 inch2 ---------------------------------- Tube cross-sectional area

The maximum stresses due to transverse loading (Sran), from the finite element analysis results,
are as follows. The combined maximum stress intensity (S1ot) is conservatively obtained by
adding the maximum stresses due to axial load (awubO) to the maximum stresses due to transverse
load (Stran). The combined stresses and factors of safety are presented in the following table.
The allowable stresses for the off-normal events (Level C) are 1.5Sm for membrane stresses and
2.25Sm for membrane plus bending stresses.

Component Strand ksl Stot, ksi SaiiOW, ksi FS
Fuel Tube, Pmr 7.8 7.9 32.10 4.06
FuelTube,Pm +Pb 10.9 11.0 48.15 4.38
Support Weldment, Pm 0.5 0.7 32.10 Large
Support Weldment, Pm + Pb 7.3 7.5 48.15 6.42

The weight of the fuel tubes is supported on connector pins. Referring to Figure 3.7-10, the
interior tubes (Tube #4, typical) are supported by four connector pins, the side fuel tubes (Tube
#1, typical) are supported by two connector pins and the side and comer weldments, and the
comer fuel tubes (Tube #5,typical) are supported by three connector pins. The bearing stress

(Obrg) on the fuel tube is as follows. r_

<ybrg = A P = x 33 = 1.0 ksi
Awrg 0.34

where: Bearing area of Fuel Tube
and Connector Pin

Abrg = 0.34 inch2- ---- Bearing area Interst

Ppin = -P. + - Pr = 233 lb ---------------------- Combined loading on one pin
3 41

Pt = 400 lb -------------------------------------- Fuel tube weight

The factor of safety (FS) for bearing is as follows.

,ction

FS = Sy = l0 = Large
cGbrg 1.0
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where:

SY = 32.3 ksi ------------------------------------ Yield strength, SA-537. Class 1, at 700'F

The bearing stress (0brg) in the connector pin at the TSC bottom plate, conservatively using Ptube

as previously determined, is as shown.

.brg = .A =0 = 1.1 ksi
Abrg 0*.75

where:

Abrg = D 0D75)=.4(1.02 -0.19-) = 0.75 inch2

Do= 1.00 inch
D= 0.19 inch

The factor of safety (FS) for bearing is as follows.

FS = Large
CbrS

where:

SY= 24.7 ksi ------------------------------------ Yield strength, SA-240 Type 304, at 700'F

The weight of the side and corner weldments is carried through to the TSC bottom plate by

supports at the bottom of the basket. The corner weldment is bounding for the top and bottom

supports.- The dimensions for the corner support weldment are 8.0-inch length and 0.375-inch

thickness. The bounding weight of the corner weldment is 1I,100 pounds. :The corner weldment

also supports one-quarter of the weight of four fuel tubes (conservatively 400 lb per tube). The

bearing stress is as follows. i

Gbrg = Asp 0.8 ksi
AS -

where:

Wsup = 1.5x(1,100+4x(0.25x400)) = 2,250 lb

Asup = 8.OxO.375= 3.0 inch2
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The factor of safety (FS) for bearing is as follows.

FS = y = * =Large
Gbrg 0.8

where:

SY = 32.3 ksi ------------------------------------ Yield strength, SA-537 Class 1, at 700'F

The buckling evaluation of the connector pin is performed in Section 3.7.2.1. The accident
condition buckling evaluation is bounding due to the 60g axial inertia loading.

During off-normal events of storage, the only load on the attachment bolts is due to preload. The
analysis presented in Section 3.5.2.2 is bounding; therefore, no additional bolt analysis is
required.

From the finite element results for off-normal handling, the maximum shear load in the basket
attachment bosses is 1,370 pounds. The attachment bosses have been evaluated in Section
3.5.2.2 (normal conditions) for a shear load of 1,379 lb, which bounds the maximum shear load
of 1,370 lb for off-normal events. Therefore, no additional analysis is required.

The analysis presented in Section 3.7.2.2 bounds the off-normal analysis of the neutron absorber
and retainer strip; therefore, no additional analysis is required.

3.6.3 Concrete Cask Evaluation for Off-normal Events

Section 3.5.3.1 presents the thermal stress evaluation for normal conditions for the concrete cask.
The analysis used the 1060F ambient condition thermal gradient, which is the off-normal event;
therefore, the analysis is conservative. The analysis bounds both the normal and off-normal
events; therefore, no thermal stress evaluation is presented in this section. All analyses of the
concrete cask are bounded by the analyses presented in the normal and accident sections
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Table 3.6-1 TSC Off-Normal Events, Pm Stresses

Service Component Stresses (ksi)b)
Load Case Level Sectiona) Sinty|S |Sy|Sz x m Salo, FSLvlSX Sy Sz SXY SYZ S~z

Off-Normal Pressure + B 3 0.00 -8.29 5.63 -0.27 -0.04 0.89 14.07 22.00 1.56
Normal Handling _ _ _ _ _ _ _ _ _ __ __ _ _ _ _ _ _ _

Normal Pressure + C 3 0.05 -8.50 5.59 0.03 -014 0.87 14.23 24.50 1.72

Table 3.6-2 TSC Off-Normal Events, Pm + Pb Stresses

Service Component Stresses (ksi)b)Load Case Level Section a) Sint Sam FS

Off-Normal Pressure + B 11 29.25 29.23 5.87 0.09 4.36 0.75 25.02 33.00 1.32
Handlinq I_ _ _ _ _ _ ___ _ _ __ _

Normal Pressure + Off- C 1 2.47 -4.01 20.32 -0.09 -0.19 0.28 24.34 35.40 1.45
Normal Handling

Table 3.6-3 TSC Off-Normal Events, P + Q Stresses

Service Component Stresses (ksi)b)
LoadCase Level Sectiona) Sint||_|_ SaIow FS

Off-Normal Pressure +
Normal Handling +

Thermal
B 2 1.32 -18.21 -35.371 0.00 0.00 |-1.80 136.86160.001 1.63

a) See Figure 3.C-2 for section cut locations.
b) The x,y,z component of stress are to be interpreted radial, circumferential, and axial directions,

respectively.
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3.7 Storage Accident Events

This 'section presents' the analyses-of the structural components of MAGNASTOR for storage

accident events. 'MAGNASTOR is evaluated using finiite element models and classical hand

calculations for the TSC, fuel baskets, and concrete cask.'

3.7.1 ;, - TSC Evaluations for Storage Accident Conditions

The TSC is analyzed for an accident pressurization of 250 psig, a 24-inch end drop of the

concrete cask, and the hypothetical concrete cask tip-over accident.'

3.7.1.1. , -Accident Pressurization

Accident pressurization is a hypothetical event that assumes the failure of all of the fuel rods

contained within the TSC. No postulated storage condition is expected to lead to the rupture of

all fuel rods. The TSC is analyzed for accident pressurization and dead weight loads using the{',

finite element model and conditions described in Appendix 3.C. Dead weight is simulated by

applying a .Og acceleration load in the axial direction in conjunction with pressure being applied

to the TSC bottom plate to simulate the weight of the basket and fuel. To represent the accident

pressure, an internal'pressure of 250 psig is applied to all inner surfaces of the TSC. The canister,

bottom plate, which is resting on the pedestal plate is conservatively subjected to the 250 psig

pressure and the dead weight of the fuel and basket.

The resulting TSC stresses for the accident pressurization condition are summarized in Table

3.7-1 and Table 3.7-2 for primary membrane and primary membrane plus primary bending stress

categories, respectively. The minimum factor of safety of 1.75 occurs at Section 11 for the

Pm+Pb stresses. The locations for the stress sections are shown in Appendix 3.C.

Results of analysis of this event demonstrate that the TSC is not significantly affected by the
increase in internal pressure that results fromi ithe hypothetical rupture of all PWR or BWR fuel

rods in the TSC.^

3.7.1.2 Concrete Cask 24-inch End-Drop

This section addresses the TSC stresses and potential TSC shell buckling associated with the

postulated 24-inch end-drop accident of the concrete cask. The evaluation of the TSC during the

end impact is performed using an inertial load of 60g. This inertial load conservatively bounds

the maximum calculated acceleration including dynamic load factor (DLF).

NAC International 3.7-1
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3.7.1.2.1 TSC End Impact Stress Evaluation

The TSC is analyzed for the concrete cask 24-inch drop accident condition using the finite

element model described in Appendix 3.C. The 24-inch drop is simulated by applying a 60g
acceleration load in the axial direction with pressure applied to the TSC bottom plate to simulate
the inertial load of the basket and fuel. To represent the normal pressure, an internal pressure of
110 psig is applied to all inner surfaces of the TSC. The canister bottom plate, which is resting
on the pedestal plate is conservatively subjected to the pressure due to the 60g inertia of the
basket and fuel, as well as the 110 psig internal pressure.

The resulting maximum stresses in the TSC for the 24-inch drop accident events are summarized
in Table 3.7-1 and Table 3.7-2 for primary membrane, and primary membrane plus primary
bending stress categories, respectively. The minimum factor of safety'of 3.61 occurs at section 4
(lower TSC shell) for the Pm stresses. The locations for the stress sections are shown in
Appendix 3.C.

3.7.1.2.2 TSC Buckling Evaluation

During the 24-inch bottom-end drop of the concrete cask, the 60g inertial load conservatively
applied to the closure lid assembly generates longitudinal compressive stresses in the TSC shell.
The critical buckling stress (SCR) in the TSC shell based on the TSC geometry and material
properties is as follows.

SCR = E0 60 5 =1n- 34.5 ksi [16]
m(l + 0.004p)

where:

E = 25.8 x IO' ksi-----------------------------Modulus of elasticity of SA-240, Type 304,
at 5Q00F

E
= - = 1,330 ------------------------------- Inverse strain parameter

Sy

SY= 19.4 ksi ------------------------------------ Yield strength of SA-240, Type 304, at
5000F

m = -= 71.5---------------------------------Mean radius to thickness ratio
t

rm = 35.75 inch ------------------------------- Mean radius TSC shell
t = 0.5 inch ------------------------------------ Thickness of TSC shell

The results from the 24-inch end-drop analysis are screened for the maximum longitudinal
compressive stress. The maximum longitudinal compressive stress-,S,, of 9.2 ksi occurs at the
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intersection of the TSC shell and bottom plate (See'Appendix 3.C). The factor of safety (FS) is
as follows.

SCR = 34.5 ksiFS= -92s 3.8
Sz 9.2 ksi- --

Therefore, buckling of the TSC does not occur.

3.7.1.3 Concrete Cask Tip-Over

The TSC is analyzed for the concrete cask tip-over using the finite element model described in
Appendix 3.C. A 40g inertial load is conservatively used in the evaluation of the loaded TSC.

This value bounds the calculated maximum g-load for the TSC during the concrete cask tip-over
event including the dynamic load factor (Section 3.7.3.7).

The resulting maximum stresses in the TSC for tip-over conditions are summarized in Table'
3.7-1 and Table 3.7-2 for primary membrane and primary membrane plus'primary bending stress
categories,.respectively. The minimum factor of safety of 1.85 occurs at Section I for the Pm
stresses. The locations for the stress sections are shown in'Appendix 3.C. Note that the'
maximum stresses occur at the section cut at the'0-degree location.

3.7.1.4 Flood

This evaluation considers design basis flood conditions of a 50-foot depth of water having a
velocity of 15 feet per second. The hydrostatic pressure (Ph) exerted on the TSC during a 50-foot
flood event is as follows.

(6 lb I ft3 'i
Ph p pxh 6 2.4 - ix(5O ft - 22 psi

ft3 A 1728in2 ) I ft )

where: .

p = 62.4 lb/ft3  ---- --------------Density of water
h = 50 ft ---------------------------------------- Immersion depth

During normal conditions, the TSC is evaluated for an internal pressure of 110 psig. Because the
pressure differential is reduced during flood conditions (110 - 22 -=88 psig), stresses in the TSC

shell are reduced. Therefore, the hydrostatic pressure exerted by the 50-foot depth of water
actually reduces the stress in the TSC. MAGNASTOR is therefore, not adversely affected by the

design basis flood.
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3.7.1.5 Tornado and Tornado-driven Missiles

The postulated tornado wind loading and tornado missile impacts are not capable of overturning
the concrete cask, or penetrating the boundary established by the concrete cask. Consequently,
there is no effect on the TSC. Stresses resulting from the decreased external pressure due to a
tornado are bounded by the stresses due to the accident internal pressure condition evaluated in

Section 3.7.1.1.

3.7.2

3.7.2.1

Fuel Baskets Evaluation for Storaae Accident Events

PWR Basket

3.7.2.1.1 24-inch Concrete Cask End Drop

For the 24-inch concrete cask drop, a 60g acceleration (a) is conservatively applied to the PWR
basket in the axial direction. The basket is evaluated using classical hand calculations. Using a
bounding weight of 22,500 lb for the PWR basket, the maximum stress in the fuel tube is
calculated. Factors of safety for the PWR basket are calculated based on the criteria for Service
Level 'D' limits from ASME Code, Section III, Subsection NG [7] and Appendix F [8].
Conservatively assuming the entire basket weight is carried through the fuel tubes, the stress in
the tube is as follows.

P___ = 64286
atube =l = 5.6 ksi

A 11.4

where:

Wxa 22,500x60
Ptube = -= 2 = 64,286 lb

W = 22,500 lb ------------------------------ Bounding basket weight
n = 21 ------------------------------------------- Number of fuel tubes

A = 11.4 inch2- -------------------- Tube cross-sectional area

The factor of safety (FS) is as follows.

FS = 0.7xSu = 0.7 x68.4 = 8.6
atube 5.6

where:

Su = 68.4 ksi ------------------------------------ -Ultimate strength, SA-537 Class 1, at 700'F
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The weight of the fuel tubes is supported by connector pins. Referning' to Figure 3.7-1 'the
interior tubes (Tube #4, typical)'are supported by four connector pins,' the side fuel tubes (Tube

#1, typical) are supported by two connector pins and the side and corner weldments, and three
connector pins support the corner fuel tubes (Tube #3, typical). The load is transferred by-shear
through the connector pin welds (four welds on two connector pins, which attaches them to the

fuel tube at bottom of basket) and by axial compression through the area of the end of the fuel

tube in contact with the connector pin assembly which rests on the bottom canister plate.

The load capability (Pjoin,) of the weld and the common area is determined by the sum of the
loads, which each load path can sustain. A conservative evaluation is performed in which the
stresses are evaluated against allowables associated with an elastic evaluation as opposed to the

plastic evaluation permitted in Appendix F [8].

Pjoint = Am (0.7Su) + A ,(wf xO.42S )= 25.3 kips

where:

Am

I Ilw

- tw
wf

Common Area of Fuel
Tube

and Connector Pin

0.21 inch2---------------------------------- Common area for compression
4(lAta,)='-'l.52 inch2 ----- Weld area for shear
2.0 inch ---------------------------- Connector pin length
3/16 inch ----------------- --Weld size'
0.35-----------------------------------------Weld quality factor visual, inspection

(ASME Code Section III, Subsection NG.
Article NG-3352) -

68.4 ksi ------------------------------------ Tensile strength, SA-537 Class 1, at 700'FSu =

The load in the tube joint (P) is as follows.

P = 60 x Ppin = 60 x 394 = 23.6 ksi
f

where:

Ppin = -P. + -Pt = 394 lb
3' 4'

Pt = 675 lb----------------------

The factor of safety (FS) is as follows.

.-Tub w

-----------------Tube weight

FS 25jt = = 1.07
P 23.6

The weight of the side and corner weldments is carried through to the TSC base plate by supports
at the bottom of the weldments. The bounding dimensions for the supports of the weldments are
5.0-inch length and 0.3125-inch thickness (corner weldment). The maximum weight of one
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weldment is 800 lb (bounding, side weldment). The weldment supports one-quarter the weight

of two fuel tubes (675 lb per tube, bounding). The membrane stress (am) is as follows.

6OxW~~~60x1,138
am = A = 43.8 ksi

..u 1.56

where:

W,,p = 800+2x(0.25x675)=11381b
ASUp = 5.0 x0.3125 = 1.56 inch2

The factor of safety (FS) is as follows.

FS= 0.7SU 0.7x68.4 1.09
am 43.8

where:

Su = 68.4 ksi ------------------------------------ -Ultimate strength, SA-537 Class 1, at 700'F

The thirty-two basket connector pins support the PWR basket during a 60g bottom-end drop

accident. The bounding temperature at the bottom of the basket is 500F. The pins are subjected
to compressive loads; therefore, a buckling evaluation of the pins is presented as follows. The

load on one connector pin (Ppin) is as follows.

Wx6O 22500x60
Pn= n - 32=42.2 kipsn 32

where:

W = 22,500 lb ---------------------------------- Bounding basket weight
n = 32-------------------------------------------Number of pins

Using the Euler buckling theory, the critical buckling load (Pcr) is as follows.

Pcr = 7t2EI n2 X(25.8X106)XO.015 = 106.0 kip [9]
(K L)2  (2x3.0)2

where:

in = 0.44 inch2

) = 0.75 inch------------
L = 3.0 inch-----------

I = 0.0 15 inch4
4

-Pin diameter
-Pin lengthD- - - - - - - - - - -
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K = 2.0------------------------------------------Buckling constant, clamped-free
E = 25.8 x 106 psi-----------------------------SA-240 Type 304, at 500S F

The factor of safety (FS) for buckling of the connector pins is as follows.

FS = Pcr.= 106.0 kip= 2 51
Ppin 42.2 kip

PWR Neutron Absorber Evaluation

For the end-drop impact, the governing stress is the shearing stress in the BWR fuel tube neutron

absorber presented in Section 3.7.2.2.1. Therefore, no evaluation of the PWR neutron absorber is

presented for an end impact.

3.7.2.1.2 Concrete Cask Tip-over

The analysis results for the PWR basket subjected to a hypothetical concrete cask tip-over

accident are presented in this section. Factors of safety for the PWR basket are calculated based

on the criteria for Service Level 'D' limits from ASME Code, Section m, Subsection NG [7] and

Appendix F [8]. -

PWR Fuel Tube Evaluation

The PWR basket fuel tubes are analyzed for a tip-over accident using the two-dimensional plane

strain plastic finite element models described in Appendix 3.A. The fuel tube is conservatively

evaluated for 40g side impact load.

Plastic stress intensities are calculated for the PWR fuel tubes for the bounding basket

orientations of 0° and 450 (see Figure 3.7-1 through Figure 3.7-4 for tube ID and locations for

stress evaluations.) The maximum membrane and membrane plus bending nodal stress

intensities for each fuel tube are reported in Table 3.7-3. Note that for a plastic analysis, ANSYS

reports stresses in the elastic region as the yield strength (31.7 ksi at 500°) for the stress-strain

curve.

The ANSYS plastic finite element model follows the material stress strain curve and allows for

nonlinear behavior above the yield strength point. The stress allowables for plastic analysis are

based on ASME Code, Section 11I, Appendix F. The allowable membrane stress is 0.7Su. The

allowable primary stress intensity is O.9SM. The minimum factors of safety (450 basket

orientation) for the fuel tubes are 1.28 for membrane stresses and 1.48 for primary stress

intensity. The critical stress locations occur in the fuel tube corners.

The fuel tubes are constructed by welding two tube halves together using a full penetration weld

for the length of the fuel tube. A surface MT weld examination per ASME Code, Section II,
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Subsection NG, Article NG-5232 is used, which has a 0.65 weld quality factor (wf). From the
plastic analysis of the PWR basket, the maximum membrane and membrane plus bending stress
intensity at a tube weld is 10.3 ksi and 31.72 ksi respectively. The factors of safety (FS) for the
weld are as follows.

Membrane:

FS 0.7SU x wf 3. 0 2
a .

Membrane plus bending:

FS = 0.9Su x wf =1.26

where:

S, = 68.4 ksi -------------------------------- Ultimate strength, SA-537 Class 1, at 7000F

ASME Code, Appendix F-1336 [8] provides guidelines for a bearing stress analysis of pinned
joints. Bearing on the pin only occurs for the 00 basket orientation. For the 450 basket

orientation, the load between adjacent fuel tubes is reacted out in bearing on the tube corner flats.
Using the 00 basket orientation, the maximum bearing stress (Obrg) is as follows.

P
abrg = l = 82.4 ksi

'brg 1pin

where:

P = (2xW. + 2xWxa=56,000 lb

a = 40g
nr = 1 1 -----------------------------

nt = 6-----------------

lbrg = 0.34 inch-----------------------

-Number of fuel assemblies contributing to
maximum bearing load on pin (2 pins per
tube react load)
-Number of fuel tubes contributing to
maximum bearing load on pin (2 pins per
tube react load)
-Effective bearing arc length (25% of pin
circumference)
-Length of pin

-Fuel tube weight

pin

Wt

= 2.0 inch------------
Lp.

= Wlube pin = 78 lb

Wtbr = 675 lb ------

---- ---- ---- ---- -- .

------------------------
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Lin= 20 inch-----------------------------Length of periodic section (center to center
distance between pins)

Ltub = 173.5 inch ----- Length of fuel tube

Wf = Wfe L pi 212 lb
Lfuel

WfUel = 1,680 lb --------------------------- Maximum PWR fuel weight
Lpin = 20 inch ----------------------------- Length of periodic section
Lfuel = 158.6 inch ------------------------ Shortest fuel assembly length

The factor of safety (FS) is as follows. -

FS = =1.74
- br'

where:

Su= 68.4 ksi ----------- Ultimate strength, SA-537 Class 1, at 700'F

The 450 basketoorientation does not produce shear loads in the pins, the load between adjacent
fuel tubes is reacted out directly in bearing in the 6orner flats; therefore, the maximum shear

loads on the pins occurs in the 00 basket orientation. The pins react shear loads between adjacent

tubes. The maximum shear stress (Tpin) in the pin during a tip-over accident is as follows.
tu e . pi during; -- .- *

= D =11.4 ksi
I i. , I.

. I . - I

where:

P = 10,000 lb
D = 0.44 inch*

Ipin = 2.0 inch --
I------------------------.

-----------Bounding maximum shear load on pin
-----------Pin diam eter :

------------Lengthofpin . . !

The factor of safety (FS) is as follows.

FS = 0.42SU. = 2.58
.pin.

. . B .Gr 4

where:

Su -u= 70.0 ksi
NA . n

NAC International
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PWR Neutron Absorber and Retainer

The PWR neutron absorber and retainer are conservatively evaluated for a 60g side-impact load

and for the concrete cask tip-over event. The retainer strip assembly consists of a retainer strip
and corner clips, both are made of 304 stainless steel. The strip is supported by a single row of
weld posts placed every ten inches along the inside of the fuel tube.

The neutron absorber is supported by the retainer strip at the inside surface of the fuel tube. The
pitches of the slotted holes in the neutron absorber are the same as the holes in the retainer strip.
The slotted holes are used to prevent interference during differential thermal expansion. Two

corner clips support the edges of the neutron absorber. The head of the weld posts supporting the
retainer strip are engaged in the recessed conical pockets of the retainer. The corner clip restains
the edge of the retaining strip against the fuel tube.

As shown in Figure 3.7-19, a quarter symmetry finite element model is generated to represent a
quarter of the ten-inch periodic section for the PWR design. The model is comprised of the
retainer strip with the conical slot, the neutron absorber, and the weld post. Inelastic properties

are employed for the stainless steel retainer strip and the neutron absorber at M00F to adequately
represent the stiffness at the maximum temperature condition. To provide a bounding minimal
stiffness for the neutron absorber, properties for 1100 series aluminum were used. The weld post
was modeled as being rigid to maximize deformation of the conical shaped section of the retainer
by the weld post. Symmetry conditions were imposed along the planes of symmetry, and the
effect of the comer clip was represented by constraining the edge in contact with the corner clip.
The parts are modeled independently and the automatic contact surface option in LS-DYNA was
used between the parts to transfer load between the neutron absorber, the retainer, the weld post,
and the edge restraints. The evaluation of the side impact was performed using LS-DYNA and

the impact was simulated by imposing the acceleration time history whose maximum
acceleration was 60g's. This conservatively envelops the maximum tip over acceleration of

40g's.

Since the function of the retainer is to maintain the neutron absorber in its position, the criteria
for the retainer is to limit the motion of the neutron poison during and after the impact. This is
confirmed by considering the permanent strains and the permanent set of the retainer. Figure
3.7-20 shows the strain after the impact, which is the permanent set in the retainer. The strain of
0.02%, which is minimal, is observed to be localized to the conical shape hole. Since inelastic
strains are not recovered, this indicates that maximum inelastic strain during the impact is also

limited to 0.02%. Such a minimal strain level indicates that the conical pocket retains its
configuration for the weld post to restrain the retainer. The final displacement of the retainer strip

is computed to be 0.01 inch, which is consistent with the minimal plastic strain in the retainer.
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This also confirms that the retainer remains engaged with the weld post during and after the

impact. The maximum permanent set of 0.01 inch, which is less than the thickness of the

retainer, and only 10% of the thickness of the neutron absorber indicates that the neutron

absorber remains in its original configuration.

The peak force'on the weld post determined from ihe analysis is 35 pounds. The shear area

governs the capacity of the weld. The depth of the weld (h) is 0.13 inch. The diameter of the

weld post (D) is 0.25 inch. The governing stress is the shear stress in the base material. The

allowable shear stress for the accident condition is 0.420u. The ultimate strength (D,) of the'

base material (SA240, Type 304) is 63,200 psi. The weld capacity, Fcap, is calculated as shown

in the following.

Fcap = 0.42xnx ,xhxBD

= 0.42 x 0.3 x 63,200 x 0.13 x (3.1416 x 0.25)

= 813 lb

where:

n = 0.3------------------------------------------The design factor per ASME Code,;Section
mII, Subsection NG, Table NG-3352-1 for
the intermittent plug weld employing a
surface visual examination method per NG-'
5260.

The factor of safety (FS) is as follows.

FS == 23
-35 -;

For the corner clip weld the peak force'on the edge support is 58 pounds. The length of the edge

support is ten inches per periodic section. The plug welds supporting the corner clip are installed

along every five inches of the fuel tube corner. Two plug welds support each periodic section of
the corner clip. The peak force on each plug weld is 29 pounds. The shear capacity of the base
metal in the corner clip governs the weld capacity. The allowable shear stress for the accident

condition is 0.42bu. The ultimate strength ((Du) of the base material (SA240, Type 304) is

63,200 psi. The thickness of the corner clip is 0.048 inch. The diameter of.the plug weld is 0.13

inch. The weld capacity, Fcap, is calculated as shown in the following.

Fcap = 0.42 x n x 0, x t x (BD)

= 0.42xO.3x63,200x0.048x(3.1416x0.13)
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= 1561b

where:

n = 0.3------------------------------------------The design factor per ASME Code, Section
HI, Subsection NG, Table NG-3352-1 for
the intermittent plug weld employing a
surface visual examination method per
NG-5260.

The factor of safety (FS) is as follows.

FS = 1= 5.4
29

PWR Corner Support Weldment Evaluation

The PWR basket corner support weldment is analyzed for the tip-over accident using the three-
dimensional periodic finite element model and boundary conditions described in Appendix 3.A.
The corner support weldment is comprised of two major components: the mounting plate
(vertical plate) and the side support bars, which are located on five-inch centers.

The analysis results for the mounting plate are presented in Table 3.7-4 and Table 3.7-5. Figure

3.7-5 and Figure 3.7-6 show the location of the section cuts for the 00 and 450 basket

orientations. The minimum factors of safety for the corner support weldment mounting plates
are 3.74 for membrane stresses and 1.71 for membrane plus bending stresses.

For the support bars, the beam forces and moments are extracted from the finite element model
from which the membrane and bending stresses are calculated. At the welded joint of the support
bar and mounting plate, the bar is evaluated using a plastic analysis in accordance with ASME
Code, Section m11, Appendix F. At the midpoint of the support bars, the bars are analyzed using
elastic stress equations. The stresses in the bar are calculated using the following classical
formulas.

FX F,,
am = - =

A bt

FT, _ =FY

YZ A bt

Mc 6M
Cb.elastic = I =bt2
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Mc 6M
Gb. plastic = KI Kbt2

where:

K = 1.5------------------------------------------Shape factor for plastic bending [13 and 10]

The maximum load at the welded joints between the support bar and corner mounting plate

occurs in the 450 basket orientation. The axial load (Fl) in the bar is -2,676 lb, the shear load

(Fy,z) is 980 lb, and the bending moment (M) is 7,375 inch-lb. The stress intensity (dint) in the bar

at the welded joint is as follows.

Gint b+41Y. =47.6 ksi

where:

F,, 6M
Cb = -+ -=47.5 ksi

A Kbt2

- 980
9 = AZ = 0.8 = 1.3 ksi

K = 1.5
b = 0.875 inch
t = 0.875 inch

The factor of safety (FS) is as follows.

FS = 0.9S 0.9x70.0 132
cult 47.6

where:

Su= 70.0 ksi -------------------------- Ultimate strength, SA-695, Type B, Gr 40, at 7000 F

The maximum load at the center of the support bar span occurs in the 00 basket orientation. The

axial load (Fr) in the bar is -3,296 lb, the shear load (Fyz) is 952 lb, and the bending moment (M)

is 1,749 inch-lb. The stress, intensity in the bar is as follows.

dint = GCYb +4Tyz =14.9 ksi

where:

-F+ 6M
C= 1-+-4.7 ksi

A bt-
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F.
TYZ= -- = 1.3 psi

A

The factor of safety (FS) is as follows.

FS = u = 4.7
CT int

where:

Su = 70.0 ksi ------------------ Ultimate strength, SA-695, Type B, Gr 40, at 700'F

The support bar is a continuous bar that is bent at the ridge gusset. The support bars are welded
to the corner mounting plate where cutouts in the corner mounting plate accept the end of the
bars. The bars are welded to the wall on the backside with a minimum ¼/4-inch groove weld using
the visual inspection criteria per ASME Code, Section mH, Subsection NG, Article NG-5260. A
weld quality factor of 0.35 is applied based on visual inspection of the weld per ASME Code,
Section Im, Subsection NG, Article NG-3352.

The welds only carry the axial load in the bar. Bending and shear loads are carried in the corner
assembly mounting plate directly. The maximum axial load in the support bar is -5,554 lb, for

the 0° basket orientation. The weld stress intensity (aweld) is as follows.

aweld = A 55 = 7.3 ksi
A 0 .875T

The factor of safety (FS) for the weld is as follows.

FS = 0.35(0.42S.) )138

where:

Su = 68.4 ksi -------------------------- Ultimate strength, SA-537 Class 1, at 700'F

The ridge gusset is welded to the corner mounting plate with l/8-inch flair bevel welds on both
sides of the plate. The weld uses the visual inspection criteria per ASME Code, Section mI,
Subsection NG, Article NG-5260 and quality factor of 0.35, as defined previously. The support
bar intersects the ridge gusset at 11 and generates a load that is reacted out by the ridge gusset
and ridge gusset/mounting plate weld. A compressive load in the support bar produces a load
(Pkick) that results in the ridge gusset/mounting plate weld being in tension. Additionally, the
moment (Mi) acting on the ridge gusset will also have to be reacted out by the weld. The total
tensile load acting on the weld is the sum of these two loads.
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From the finite element analysis results, the compressive forces (P) in the support bars at the
ridge gusset are 2041 lb, 5024 lb, 5470 lb and 3324 lb. The bending moment (M,) in the ridge

gusset at the mounting plate is 2574 inch-lb. The stress in the weld (COweld) is as follows.

=eld =Ad = 8.2 ksi

where:

Pweld = Pc +Pkck -5148+3026 8,174 lb

Pc = - =- 2574= 5148 lb
tplte 0.5

Pkick = (Z PXsino)=(5470+3324+2041+5024)sinll =3026lb.

Awg = tweld XIeld= 0.125x8.0 = 1.0 inch2

tweld = V-inch
tplate = 0.5 inch
Iweld = 10.0 inch - 2.0 inch = 8.0 inch

The factor of safety (FS) in the weld is as follows.

FS = 0.35 U292 - -
CTweld

where:

St= 68.4 ksi -------------------------- Ultimate strength, SA-537 Class 1, at 7000 F

PWR Side Support Weldment Evaluation

The PWR basket side support weldment is analyzed for the tip-over accident using the three-

dimensional periodic finite element model and boundary conditions described in Appendix 3.A.
The analysis results for the side support weldment are presented in Table 3.7-6 and Table 3.7-7.

Figure 3.7-7 and Figure 3.7-8 show the location of the section cuts for the 00 and 450 basket

orientations. The minimum factors of safety for the corner support weldment mounting plates
are 3.42 for membrane stresses and 1.43 for membrane plus bending stresses.

* { t , ; * .. ... . .

PWR Side and Corner Weidment / Fuel Tube Attachment Evaluation

The corner and side support weldments are the primary structure that maintains the geometry of

the fuel tube array during a hypothetical tip-over accident. The support weldments are bolted to

the fuel tubes at sixteen circumferential locations. The boss and bolt connection is designed so
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that the bolts are only loaded in tension, including preload. Otherwise, the support weldments
apply a bearing load on the fuel tube array.

A review of the modeled attachment locations in the 00 and 450 basket orientation finite element

models show that the concrete cask tip-over accident does not apply additional tensile loads to
the attachment, because the gap elements between weldments and fuel tubes are closed at boss
locations. The bolt and washer evaluation is bounded by the normal conditions analysis
presented in Section 3.5.2.1. The bosses transfer shear loads between the support weldments and
fuel tube array. The maximum shear load on a boss is 24.4 kip. The outer diameter of the boss is
1.25 inch and the inner diameter is 0.625 inch. The shear stress on the boss is as follows.

Tboss = A 0.92 = 26.5 ksi

The factor of safety (FS) is as follows.

FS = 0.42Su = 0.42x70.0 = 1.11
Tboss 26.5

where:

Su = 70.0 ksi -------------------------- Ultimate strength, SA-695, Type B, Gr 40, at 700'F

Loads between the fuel tube array and the corner and side weldments are reacted out in shear and
bearing in the support weldments. Bearing stresses are not considered for accident events. Due

to the geometry of the basket, the cutout in the corner support weldments has an edge distance
less than two times the diameter of the cutout. The shear stress in the corner weldment mounting
plate is as follows.

T = 24-4 = 21.4 ksi
Ashmr 1.14

where:

Ashear. = 2[L~d tplate]= 1. 14 inch2

[sin 5' ]
Led = 1.30 inch- ---------------------------- Boss cutout edge distance in corner

weldment
tplat = 0.31 inch-----------------------------------Mounting plate thickness
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The factor of safety (FS) is as follows.

0.42SU 0.42x68.4
FS = r 2. = 1.34

X ~21.4,-;

where:

Sue =68.4 ksi --------------------------- Ulti miate strength, SA-537 Class 1, at 700'F

PWR Fuel Basket Bucckling Evaluation

For the hypothetical concrete cask tip-over accident, a buckling evaluation of the basket is

performed. Due to the multiple components and load path's in the PWR basket, the buckling

evaluation of the PWR basket used three different methodologies. All three buckling evaluations

are conservative because they employ a constant acceleration along the length of the basket as

opposed to a iniforrhly varying 'acceleration.

The first method is a buckling evaluation of the entire basket. It uses the ANSYS buckling

solution and the three-dimensional periodic finite element models for the 00 and 450 basket

orientations. The factor of safety against buckling for the PWR basket is 6.8 for the 0° basket

orientation and 7.4 for the 45° basket orientation.

The second method is a buckling evaluation of a single fuel tube in the 00 basket orientation

using a two-dimensional finite element model, as shown in Figure 3.7-9. Loads are applied to

the fuel tube to represent a fuel tube at the bottom-of the tube array during a tip-over accident for

the O° basket orientation (maximum stress on tube sidewalls). Figure 3.7-9 shows the boundary

conditions and applied loads to the model. Similar to the basket buckling evaluation for the

entire basket (first method), the tube buckling evaluation, conservatively neglects'the tapered

inertia loading of a tip-over accident. The factor of safety for fuel tube buckling is 1.90.

The final buckling evaluation of the PWR basket is a buckling evaluation of a side wall of the'

fuel tube per NUREG/CR-6322 [9]. Using the plane strain plastic finite element model the

critical buckling of a fuel tube occurs in the 00 basket orientation (Tube 12, Figure 3.7-1). The

applied loads on a side of the fuel tube are 3.21 kip/inch axial compression and 534 inch-lb/inch

bending. The factor of safety is calculated based on the interaction Equations 31 and 32 inch

NUREG/CR-6322. These two equations adopt the "Limit Analysis Design" approach for

structural members subjected to stresses beyond the yield limit of the material: Methoddology and

equations for the buckling evaluation are summarized as follows.

Symbols and Units:

P = Applied axial compressive loads, kips
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M = Applied bending moment, kips-inch

Pa = Allowable axial compressive load, kips

Pcr = Critical axial compression load, kips

Pe = Euler buckling loads, kips

Py = Average yield load, equal to profile area-times specified yield strength, kips

C = Column slenderness ratio separating elastic and inelastic buckling

Cm = Coefficient applied to bending term in interaction equation

Mm = Critical moment that can be resisted in the absence of axial load, kip-inch

MP = Plastic moment, kip-inch.

Fa = Axial compressive stress permitted in the absence of bending moment, ksi

Fe = Euler stress for a prismatic member divided by factor of safety, ksi

K = Ratio of effective column length to actual unsupported length

I = Unsupported length of member, inch

r = Radius of gyration, inch

Sy = Yield strength, ksi

A = Cross sectional area of member, inch2

7, = Plastic section modulus, inch3

= Allowable reduction factor, dimensionless.

From NUREG/CR-6322, the following interaction equations (Eqn. 31 and 32) are used for the
evaluation of accident events.

P CmM 1.0

,cr M. I-p

P M I

P + M <1.0
Py 1.18Mp

where:

Pcr = 1.7xAXFa
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F, a fo r Pa 4
A 1.1I 1 + 0.5k + 0. 1 7V - 0.28V3

and

rTc r E4
R:!E

Fe

Pe 1.92xAxF,
Py= SYxA

Cm = 0.85 for members with joint translation (sideways)
Mp = SYxZ,

mm= MP (107 - &<MPMm = ~31603 M

From NUREG/CR-6322 the factors of safety are calculated using the following equations.

P= P
PIT

C M
P

P
Py

M2 M
=P
1.18

FS1 =

FS2 =
-P,+M ,:. .. - :

For the PWR basket fuel tube the following parameters are used in the buckling evaluation.
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t = 0.31 inch - --------------------------- Tube thickness
b = 1.00 inch-----------------------------------Unit width
I = 8.20 inch-----------------------------------Sidewall length

K = 0.80-----------------------------------------Effective length factor
E = 27.3 x 106 psi-----------------------------Modulus of elasticity, SA-537 Class 1, at

7000F
Sy = 35.4 ksi ------------------------------------ Yield strength, SA-537 Class 1, at 700'F

For P = 3.21 kip/inch and M = 534 inch-lb/inch (Tube 12, O° basket orientation):

Pi = pP=0. 19Pa

MP = CM 0.58PI

(1 -. p Mm

P

P2 = p=0.29
Py

M2 = -M = 0.52
1. 18 "

The factors of safety are listed as follows.

I 1
FS1 = - ~ = 1.30

P1+Mj 0.19+0.58

1 1
FS2 = = = 1.23

P,+M 2  0.29+0.52

3.7.2.2 BWR Fuel Basket

3.7.2.2.1 24-inch Concrete Cask End-Drop

For the 24-inch concrete cask drop, a 60g acceleration (a) is conservatively applied to the BWR
basket in the axial direction. The basket is evaluated using classical hand calculations. Factors
of safety for the BWR basket are calculated based on the criteria for Service Level 'D' limits
from ASME Code, Section III Subsection NG [7] and Appendix F [8]. Using a bounding weight
of 24,000 pounds for the BWR basket, the maximum stress in the fuel tube is calculated.
Conservatively assuming the entire basket weight is carried through the fuel tubes, the stress in

the tube is as follows.
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atube =- A 5.3 ksi=A ;. ' 1 .-

where:

'W x 60 24,000 x 60
Ptub, = - = = 32,000 lb

n 45
W = 24,000 lb ---------------------------------- Bounding basket weight

n = 45-------------------------------------------Number of fuel tubes
A = 6.1 inch2 ---------------------------------- Tube cross-sectional area

The factor of safety (FS) is as follows.

FS = 0.7xSu 0.7x68.4 9.03
a tube 5.3

where:

Su = 68.4 ksi ---Ultimate strength, SA-537 Class 1, at 700'F

The weight of the fuel tubes is supported on connector pins. Referring to Figure 3.7-10, the
interior tubes (Tube #4) are supported by four connector pins, the side fuel tubes (Tube #1) are

supported by two connector pins and the side and corner weldments, and the corner fuel tubes

(Tube #5) are supported by three connector pins. The stress (a) on the fuel tube is as follows.

_ 60xP = 60x233
*0= 4 1.1 ksi

Am 0.34

where: --

Am = 0.34 inch2- Common area

Ppin = -P +-Pt = 233 lb
3 4K

Pt = 400 lb

The factor of safety (FS) is as follows.

0.7xS= 0.7x68.4
FS = 1.17

Gbrg 41.1

Common area of Fuel Tube
and Connector Pin

Intersection

where:

Su = 68.4 ksi ------------------------------------ Ultimate strength, SA-537 Class 1, at 700'F
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The weight of the side and corner weldments is carried through to the TSC base plate by supports
at the bottom of the weldments. The corner weldment is bounding for the supports. The
dimensions for the corner support weldment are 8.0-inch length and 0.375-inch thickness. The
bounding weight of the corner weldment is 1,100 pounds. The corner weldment also supports
one-quarter of the weight of four fuel tubes (400 lb per tube, bounding). The membrane stress
(am) is as follows.

(Im = A W = 90 = 30.0 ksi
A, - 3.0

where:

W,,p = 60x(1,100+4x(0.25x400)) = 90,000 lb
.up = 8.OxO.375= 3.0 inch2

The factor of safety (FS) is as follows.

= 0.7S= 0.7 x 68.4
FS = - -1.60

am 30.0

where:

S. = 68.4 ksi ------------------------------------ Ultimate strength, SA-537 Class 1, at 7000F

The seventy-six basket connector pins support the BWR basket during a 60g bottom-end drop
accident. The bounding temperature at the bottom of the basket is 500'F. The pins are subjected
to compressive loads; therefore, a buckling evaluation of the pins is presented as follows. The
load on one connector pin (Ppin) is as follows.

Wx60 24,000x60
Ppin = n 76 = 18.9 kips

where:

W = 24,000 lb ---------------------------------- Bounding basket weight
n = 76-------------------------------------------Number of pins

Using the Euler buckling theory, the critical buckling load (Pcr)

7r2E1 n2 x(25.8x106)X0.049
Pcr= l - 24 = 346.6 kip [91

(K L)2 (2 x 3.0)2
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where:

Apin = - D2 = 0.78 inch2
4

D = 1.0 inch------------
L = 3.0 inch------------

I = =0.049inch4
4

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

--Pin Diameter
--Pin Length

--Buckling constant, clamped-free
--Modulus of elasticity of SA-240 Type 304,

ant 5oof0 F

K = 2.0-------------
''E =- 25.8 x 10 psi ---------------------------

I .

The factor of safety (FS) for buckling of the hinge' pins is as follows.

FS = 346.6 =Large
P.i 18.9

BWR Neutron Absorber Evaluation

The neutron absorber evaluation assumes an acceleration of 60g, which bounds the end impact

acceleration. 'During a'60g end impact, the BWR neutron absorber is subject to shearing force

parallel to its longitudinal axis. There are four weld-posts installed in each neutron absorber

sheet. The force due to the weight of the neutron absorber during the end impact is as follows.

F = LabsorbrxLxtxAxa =487 lb

where:

A = 0.098 - --------------------------------- Density of the neutron absorber plate
.3

in
a = 60g --------------------------------------- End drop acceleration
t = 0.1 'inch--'-' -- -Thickness of neutron absorber'

L = 5.25 inch----------------------------:-----Cross section length ;.; , -r -
Labsorber = 157.8 inch------------------------------Length of neutron absorber in axial direction

The shearing capacity of the neutron absorber, is as follows.,

Fshear =; AsxSa= 10.56x882=9,314lb ) : - '-
_ ,, * .... - . , .! .1

where: . -

As= 2 x'(Litch'- Lhoe) X t = 10.56 inch '--Shear' area- that withstands the shear 'force
acting on-each weld-post '

Lpitch = 54.03 inch ------------- ------------ Pitch length between slotted holes in the
BWR neutron absorber
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Lhoie = 1.25 inch ------------------------------- Length in the longitudinal direction of the
BWR neutron absorber

Sa = 0.42 Su = 882 psi ------------------------- Allowable shear stress
Su = 2,100 psi-----------------------------------Ultimate strength, aluminum 1 100, at 7001F

The factor of safety (FS) is as follows.

FS = - = 91314 =Large
F 487

The BWR neutron absorber is adequate to withstand a 60g end drop impact. Since the PWR
neutron absorber has more weld-posts and smaller pitch spacing than the BWR, the PWR
neutron absorber is bounded by the BWR neutron absorber evaluation.

The strength of the weld posts is significantly higher than that of the neutron absorber.
Therefore, no evaluation is required for the weld posts for the concrete cask 24-inch end-drop
evaluation.

3.7.2.2.2 Concrete Cask Tip-over

The analysis results for the BWR basket subjected to a hypothetical concrete cask tip-over
accident are presented in this section. Each basket component is evaluated in the following
sections. Factors of safety for the BWR basket are calculated based on the criteria for Service
Level 'D' limits from ASME Code, Section m11, Subsection NG [7] and Appendix F [8].

BWR Fuel Tube Evaluation

The BWR basket fuel tubes are analyzed for a tip-over accident using the two-dimensional
plastic finite element models described in Appendix 3.B. The fuel tube is conservatively

evaluated for a 40g side impact load.

Plastic stress intensities are calculated for the BWR fuel tubes for the O° and 450 basket

orientations. The maximum membrane and membrane plus bending nodal stress intensities for
each fuel tube are reported in Table 3.7-8. Note that for a plastic analysis, ANSYS reports
stresses in the elastic region as the yield strength (31.7 ksi at 500'F) for the stress-strain curve.

The ANSYS plastic finite element model employs the material stress strain curve and accounts
for the inelastic behavior of the material. The stress allowables for plastic analysis are based on
ASME Code, Section III, Appendix F. The allowable membrane stress is 0.7S,. The allowable
primary stress intensity is 0.9S%. Figure 3.7-10 through Figure 3.7-13 show the tube ID numbers

and section cut locations for the 00 and 450 basket orientations. The minimum factors of safety

(45° basket orientation) for the fuel tubes are 1.28 for membrane stresses and 1.40 for primary
stress intensities. The critical stress locations occur in the fuel tube corners.
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The fuel tubes are constructed by welding two tube halves together using a full penetration weld

the length of the fuel tube. A root and final MT weld examination per ASME Code, Section m,

Subsection NG-5232 is used, which has a 0.75 weld quality factor (wf). From the plastic

analysis of the BWR basket, the maximumiiiembrane and primary stress intensity at the tube

weld is 12.1 ksi and 31.9 ksi respectively. The factors of safety for the weld are as follows.

Membrane:

FS = 0.7SU x'wf .0;7x68.4x0.75=2.97
0 , -12.1

Membrane plus bending:

= 0.9S xwf 0.9x68.4x0.75
FS 1.45

C 31.9

where:

. Su F- 68.4 ksi ---------------------------------- Ultimate strength, SA-537 Class .1, at.700OF

ASME Code, Appendix F-1336 [8] provides guidelines for a bearing stress analysis of pinned

joints. Bearing on the pin only occurs for the 00 basket orientation. For. the 450 basket.

orientation, the load between adjacent fuel tubes is reacted out in bearing on the tube corner flats.

Using the O° basket orientation, the maximum bearing stress (0brg) is as follows.

Cybrg = = 61.0 ksi
brg pin

where:

P = (2xWf. + xW )x a 35,400 lb

a = 40g
nf = 19 -------------------------------

I

I
n, = 10 ----------------------------

brg 0.29 inch--------------------------------

pin = 2.0 inch------------------------------------I

mnber of fuel assemblies contributing to
dimum -bearing load on.pin-(2 pins per
e react load)
-nber of.- fuel ' tubes contributing to
dimum bearing load on pin (2 pins per
e react load)
-ctive bearing arc length (25% of pin
umference)
igth of pin

I ErI II

I--
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Wt = Wlube Lpin = 50 lb
Lbe

Wtube = 400 lb ------------------------------ Fuel tube weight
-Pin = 20 inch ----------------------------- Length of periodic section

Liube = 159.1 inch-------------------------Length of fuel tube

Wf = W, Lpin = 82 lb
Wfe fuel

Wruel = 704 lb ------------------------------ Maximum BWR fuel weight
Lpi, = 20 inch ----------------------------- Length of periodic section
Lfue = 171.2 inch ------------------------ Shortest fuel assembly length

The factor of safety (FS) is as follows.

FS = 2. Su 235
0brg

where:

Su = 68.4 ksi ------------------------------------ Ultimate strength, SA-537 Class 1, at 7000 F

The 450 basket orientation does not produce shear loads in the pins, the load between adjacent
fuel tubes is reacted out directly in bearing in the corner flats; therefore, the maximum shear

loads on the pins occurs in the O° basket orientation. The pins react shear loads between adjacent

tubes. The maximum shear stress (Tpin) in the pin during a tip-over accident is as follows.

P 5000
Tpin = - = 6.6 ksi

D ]pin 0.38x 2.0

where:

P = 5000 Ib--
D = 0.38 inch
pin = 2.0 inch-

---- --- ---- --- --- ---- --- --- -Maximum shear load on pin, bounding
-Pin diameter
-Length of pin-----------------------------------

The factor of safety (FS) is as follows.

FS = 0.42SU =0.42x70.0
Tpin 6.4
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where:

Su = 70.0 ksi ------------------------------------ Ultimate strength, SA695 Type B Gr 40, at
7000 F

BWR Neutron Absorber and Retainer

The neutron absorber and retainer are conservatively evaluated for a 60g side-impact load for the

concrete cask tip-over accident event. The neutron absorber for the BWR fuel tube is 0.10-inch

thick. Retainer strips are used to fasten the neutron absorber to the BWR fuel tubes similar to the

PWR fuel tube. For conservatism, the neutron absorber is analyzed as a simply supported beam

without the support of the retainer strip or weld posts. Additionally, the properties for the

neutron absorber material are taken to be 1100 series aluminum, which is annealed, and would

provide bounding minimum values for strength for the neutron absorber material.

The neutron absorber is a continuous sheet along the longitudinal axis of the fuel tube. The

simple beam model shown in the following represents a typical cross-section of the neutron

absorber plate with unit length along the longitudinal axis of the fuel tube.

K_ L= 5.25 in

V

A

Edge simply 0.10 in. V Edge simply
supported 60g supported

From the classical beam formula of Equation 2E, Table 3 in Roark [13], the maximum moment

in the center span of the beam is as follows.

(wg)12. (0.0098)(60)(5.25) 2.02 6 inch-lb

8 8

where:

w = A x t = (0.098)(0

..lb - -
A = 0.098 -l--

in'

t = 0.1 inch--------

g = 60g ---------------

.1) =0.0098 l ---- Unit weight of the beam
in ,

------------------Density of the neutron absorber

--------------------- Thickness of the neutron absorber plate
A I A -

.___. ------------ -'ACceiRN-uon
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The maximum tensile stress at the center span of the beam is as follows.

M 2.026
at = -= = 1,215 psi

S 0.001667

where:

2

S = 6= 0.001667 inch3 -------------------- Section modulus of the beam per unit length
6

The factor of safety (FS) is as follows.

FS = Sy - = 1.3
at 1,215

where:

Sy = 1,600 psi-----------------------------------Yield strength, Aluminum alloy 1100, at
7000F

The neutron absorber remains elastic during the impact without the support of the retainer strip
or weld posts. Therefore, the neutron absorber retainer design is adequate to withstand the 60g
side impact.

BWR Corner Sunnort Weldment Evaluation

The BWR basket corner support weldment is analyzed for the tip-over accident using the three-

dimensional periodic finite element model and boundary conditions described in Appendix 3.B.
The corner support weldment is comprised of two major components: the mounting plate, which
is the vertical plate and the side support plate, which are located on ten-inch centers.

The analysis results for the mounting plate are presented in Table 3.7-9 and Table 3.7-10. Figure

3.7-14 and Figure 3.7-15 show the location of the section cuts for the O° and 450 basket

orientations. The minimum factors of safety for the comer support weldment mounting plates
are 7.62 for membrane stresses and 1.22 for membrane plus bending stresses.

The side support plate acts as a stiffener to provide rigidity to the corner weldment assembly. A
rectangular opening is cut into the plate, which forms two 0.75-inch x 0.75-inch bars. For the
bars, the beam forces and moments are extracted from the finite element model. Using the forces
and bending moment from the finite element model, the membrane and bending stresses are
calculated. At the welded joint of the support plate and mounting plate, the bar is evaluated
using a plastic analysis in accordance with ASME Code, Section Im, Appendix F. The cross-
section at the mounting plate is 0.75 inchx2.00 inches because of the large radii in the corners of
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the cutout. At the midpoint of the support plate, an elastic evaluation is conservatively
performed. The bar stress is calculated using the following classical formulas.

Fx F.

A =bt

F, F, -

A bt

Mc 6M
belas = ~I= bt2

Mc 6M
Gb. plas = K Kbt2

where:

K = 1.5 ------------------------------------------ Shape factor for plastic bending [13]

The maximum load at the welded joints between the support bar and corner-mounting plate

occurs in the 450 basket orientation. The axial load (Fx) in the bar is -14,388 lb, the shear load

(Fyz) is 622 lb, and the bending-moment (M) is 4,039 inch-lb. The stress intensity in the bar at
the welded joint is as follows.

Gint b2.Os- -int= /b + 4Ty Y. 24.0 ksi .

where:

F 6M 24
Ob = A+ Kbt2 =24.0ksi .

= Fy. 622 =0.4ksi
, . A 2.OxO.75 ;. ,

~K~ = 1.5
b = 2.0 inch
t = 0.875 inch

The factor of safety (FS) is as follows.

FS = 0.9S U 2.57
(stil
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where:

S0 = 70.0 ksi ------------------------------------ Tensile strength, SA-695, Type B, Gr 40, at
7000F

The maximum load at the center of the span occurs in the 00 basket orientation. The axial load
(Fx) in the bar is -14,375 lb, the shear load (Fy,) is 595 lb, and the bending moment (M) is 1,019
inch-lb. The stress intensity in the bar is as follows.

t= =40.1 ksi

where:

rb = -+ = 40.0 ksi
A bt2

ry2 = AZ = 1.1 ksi
=A

The factor of safety (FS) is as follows.

FS = u 1.71
G int

where:

Su = 70.0 ksi -------------------------- Ultimate strength, SA-695 Type B, Gr 40, at 700'F

The support plate is welded to the corner mounting plate. The plate is welded to the wall on the
backside with a minimum 5/16-inch groove weld using the visual inspection criteria per ASME
Code, Section m, Subsection NG-5260. Visual inspection of the weld has a weld quality factor

of 0.35, per ASME Code, Section m, Subsection NG-3352.

The welds only carry the axial load in the plate. Bending and shear loads are carried out in the

corner assembly mounting plate directly. The maximum axial load in the plate is 28,200 lb, 00
basket orientation. The weld stress intensity is as follows.

P 28200
aTwcld P = 280 = 7.9 ksi

A 3.59

where:

A = 2xhxtw = 2x5.75x0.3125= 3.59 inch2

h = 5.75 inch-----------------------------------Height of plate
tw= 5/16 inch ---------------------------------- Weld size
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The factor of safety (FS) for the weld is as follows.

0.35(0.42S, ) 0.35 x 0.42 x 68.4
FS = 1.27

weld 7.9

where:

S. =68.4 ksi ------------------------------------ Tensile strength, SA-537 Class 1, at 7000F

BWR Side Support Weldment Evaluation

The BWR basket side support weldment is analyzed for the tip-over accident using the three-

dimensional periodic finite element model and boundary conditions described in Appendix 3.B.

The analysis results for the side support weldment are presented in Table 3.7-11 and Table

3.7-12. Figure 3.7-16 and Figure 3.7-17 show the location of the section cuts for the 00 and 450

basket orientations. The minimum factors of safety for the side support weldment are 8.58 for

membrane stresses and 1.82 for membrane plus bending stresses.

BWR Side and Corner Weldment / Fuel Tube Attachment Evaluation

The corner and side support weldments are the primary structure that maintains the geometry of

the fuel tube array during a hypothetical tip-over accident. The support weldments are bolted to

the fuel tubes at 16 circumferential locations. The boss and bolt connection is designed so that

the bolts are only loaded in tension, including preload. Otherwise, the support weldments apply a

bearing load on the fuel tube array.

During a hypothetical concrete cask tip-over accident, the maximum tensile load on a bolt is 271

lb (O° basket model). Combining this load with the bolt preload (400 lb), the tensile load on the

bolt is 671 pounds. The attachment joint analysis uses a bounding bolt load (P) of 1,000 pounds.

The bolt thread is a %-I I UNC and the length'of engagement is a minimum of 0.38 inch. The

bolt material is SA-193 Grade B8 stainless steel. 'From Machinery's Handbook [12], the ultimate

strength in the bolt (at) is as follows.

P _ 1000
at = --- = 4.3ksi

At 0.23

where:

At = 0.7854(D -0- 13J =0.23 inch2  [12]

D = 0.625 inch
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n = 11

The factor of safety (FS) is as follows.

S
FS = y =4.09

w1

where:

SY = 17.6 ksi ------------------------------- Yield strength for SA 193, Gr B8, at 7000 F

The shear stress in the bolt thread (Tbolt) is as follows.

Tbolt =-= 00 = 2.6 ksi
As 0.370

where:

A, = 3.1416nLeKn.[1 +0.57735(Esmin -Knx )]=0.379 inch [121

b = 0.38 inch
Knmax = 0.546
Esmin = 0.5589

n = 11

The factor of safety (FS) is as follows.

0.6S
FS =4.06

Tbolt

where:

SY = 17.6 ksi ------------------------------------ Yield strength for SA 193, Gr B8, at 700'F

The shear stress in the boss thread (Tbo,,) is as follows.

Tboss = A = 10 0 = 1.9 ksi
Tss=An 0.541

where:

An = 3 14l6nLe~rnin [ + 057735(Dr En 0-541 inch 2 [12]

Lc = 0.38 inch
Enmax = 0.5732

Dsmin = 0.6113
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n = 11

The factor of safety (FS) is as follows.

FS = 0.42Su = Large
Tbwlt

where: ,

Su 70.0 ksi ------------------------------------ Ultimate strength, SA-695 Type B, Gr 40, at
7000F

The boss is welded into the fuel tube with a l/8-inch groove weld. The shear stress in the boss

(Tweld), using the lesser of SA-537 Class I and SA-695 Type B, Gr 40 S, allowable, is as follows.

P _1000

Tweld = -= = 2.0 ksi
Aw 0.49

where:

P = 1,000 lb
AW = nDted =7Exl.OOxO.156=0.49inch

D = 1.00 inch-----------------------------------Smallest boss diameter, ,

The factor of safety (FS) is as follows. i -

FS L042Su -Iarge

Tweld

where:

Su= 68.4 ksi ------------------------------------ Ultimate strength, SA-537 Class 1, at 7000F

The washers under the bolts are subjected to a bending load due to the preload. Using "Roark's

Formulas for Stress and Strain" Table 24-la [13], the maximum bending moment (Ml) is

calculated to be 138.4 inch-lb and the maximum stress (a) in the washer is as follows.

6M, 6x138.4
Cy~~~t2 = l =49.1 ksi:

where:

t = 0.13 inch. ---Thickness of washer
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The factor of safety (FS) is as follows.

FS = -= * = 1.29
49.1

where:

Su = 63.2 ksi ------------------------------------ Ultimate Strength, SA-240 Type 304, at
7000F

The maximum shear load in the side support weldment attachment (PI) is 4,700 lb (450 basket
orientation). The maximum shear loads in the corner support weldments are 9,737 lb (P2) for the
bosses with a mounting bolt and 36,202 lb (P3) for the bosses without the attachment bolts (45°
basket orientation). For the side weldment boss, the shear stress in the boss (Tbo,,) is as follows.

Tboss = -= 47 = 10.0 ksi
A 0.47

where:

A = (Do'2-D2)=0.47inch2
4

D. = 1.00 inch
Di = 0.63 inch

The factor of safety (FS) is as follows.

FS = 0.42SU 2.94
Xboss

where:

Su = 70.0 ksi ------------------------------------ Ultimate strength, SA-695 Type B, Gr 40, at
7000F

The corner weldments have two attachment joints. One joint can react both shear and tensile
loads with the addition of a bolt. The other joint can only react shear loads parallel to the face of
a fuel tube because the boss is solid. For the corner weldment boss with a bolt, the shear stress in
the boss (Tbss) is as follows.

Tboss = -= = 8.3 ksi
A 1.17
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where:

A = . (Do2-Dj2)=1.17inch2
4

Do = 1.375 inch
Di = 0.63 inch

The factor of safety (FS) is as follows.

FS = 0.42SU =
T boss

where:

Su = 70.0 ksi ----------------------- --- Ultimate strength, SA-695 Type B, Gr 40, at
7000F

For the corner weldment boss without a bolt, the shear stress in the boss (Tbss) is as follows.

P; 36,202
Tboss = '= 48 =24.5 ksi

where:

.,A = Z (D2)=1.48 inch2
4

'D = 1.375 inch

The factor of safety (FS) is as follows.

.FS= * 42 = 1.20
I boss

' where: ' ''

Su =70.0 ksi ---------------------------------- Ultimate strength, SA-695 Type B, Gr 40, at
700,F

Loads between the fuel tube array and the corner and side weldments are reacted out in shear and

bearing in the support weldments. Bearing stresses are not considered for accident events. Due

to the geometry of the basket, the cutout in the corner support weldments has an edge distance

less than two times the diameter of the cutout.' The shear stress in the corner weldment mounting
plate is as follows.

P _9737

P =9 = 8.5 ksi
A shear 1-14
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where:

Ahear 2 [sn45 t plate114 inch2

Led = 1.30 inch-. --------------------------- Boss edge distance
tplat = 0.31 inch-----------------------------------Mounting plate thickness

The factor of safety (FS) is as follows.

FS = 0.42Su = 3.38

where:

S, = 68.4 ksi ------------------------------------ Ultimate strength, SA-537 Class 1, at 700'F

BWR Basket Buckling Evaluation

For the hypothetical concrete cask tip-over accident, a buckling evaluation of the basket is

required. Due to the multiple components and load paths in the BWR basket, the buckling

evaluation of the BWR basket used three different methodologies. All three buckling evaluations

are conservative because they employ a constant acceleration along the length of the basket as

opposed to a uniformly varying acceleration.

The first method is a buckling evaluation of the entire basket using the ANSYS buckling solution

and the three-dimensional periodic finite element models for the O° and 450 basket orientations.

The factor of safety against buckling for the BWR basket is 10.7 for the O° basket orientation and

11.4 for the 450 basket orientation.

The second method is a buckling evaluation of a single fuel tube in the 00 basket orientation

using a two-dimensional finite element model, as shown in Figure 3.7-18. Loads are applied to

the fuel tube to represent a fuel tube at the bottom of the tube array during a tip-over accident for

the 0° basket orientation (maximum stress on tube sidewalls). Figure 3.7-18 shows the boundary

conditions and applied loads to the model. Similar to the previous basket buckling evaluation,

the tube buckling evaluation, conservatively neglects the tapered inertia loading of a tip-over

accident. The factor of safety for fuel tube buckling is 2.64.

The final buckling evaluation of the BWR basket is a buckling evaluation of a side of the fuel

tube per NUREG/CR-6322 [9]. Using the plane strain plastic finite element model, the critical

buckling of a fuel tube occurs in the 0° basket orientation (Tube 25, Figure 3.7-10). The applied

loads on a side of the fuel tube are 2.75 kip/inch axial compression and 325 inch-lb/inch bending.
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The factor of safety is calculated based on the inieraction Equations 31 and 32 in

NUREG/CR-6322. These two equations adopt the "Limit Analysis Design" approach for

structural members subjected to stresses beyond the yield limit of the material. Methodology and

equations for'the'buckling evaluation are the same as those presented in Section 3.7.2.1.2 for the

PWR basket.

For the BWR basket fuel tube the following parameters are used in the buckling evaluation.

t = 0.25 inch--------------------------------:Tube thickness
b = 1.00 inch----------------------------------'-Unit Thickness
I = 5.34 inch--------------------------7--------Sidewall length

K = 0.80----------------------------------------Effective length factor
E = 27.3 x 106 psi ----------------------------- SA-537 Class 1, at 7000F
SY = 35.4 ksi ------------------------------------ Yield strength, SA-537 Class 1, at 700'F

For P = 2.75 kip/inch and M = 325 inch-lb/inch (Tube 25, 0° basket -orientation)

P . .. . *. * -,, *, :;

Pi _ -=0.20

M] CmM =0.54
P

P2  -=0.31
Py

M2 ~= M 1 8p0.51 --MP
=~~; -M =05 .~ ..1.18 '

The factors of safety are as follows.

FS, _ 1 = I' '1.3 ''' - ;
PI +Ml 0.20+0.54 , - .-

FS2 = =1.22
, 0.31+0.51 .. .. . ..

3.7.3 Concrete Cask Evaluation for Accident Events

Structural evaluation of the concrete is performed for accident events including the extreme.

temperature events (1330F ambient), tornado and tornado-driven missiles, flood, earthquake,
. . ... .- - .

concrete cask 24-inch drop and the tip-over accident.
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3.7.3.1 Concrete Cask Thermal Stresses.

Using the finite element model presented in Appendix 3.D, a structural evaluation of the concrete

cask for accident thermal loads was performed. The analysis considered a temperature profile

corresponding to the accident thermal condition (1330 F ambient). The following summarizes the

critical thermal stresses for accident events.

Component | Stress (ksi)
Circumferential Rebar 16.6

.Vertical Rebar 20.2
Concrete, Compression 1.0

Concrete, Tension 0.1

3.7.3.2 Tornado and Tornado-Driven Missiles

This section evaluates the strength and stability of the concrete cask for a maximum tornado
wind loading and for the impacts of tornado-driven missiles. It also demonstrates that the
concrete cask remains stable in tornado wind loading in conjunction with an impact from a high-
energy tornado missile.

Concrete cask stability analysis for the maximum tornado wind loading is based on NUREG-
0800, Section 3.3.1, "Wind Loadings," and Section 3.3.2, "Tornado Loadings," [17]. Loads due
to tornado-driven missiles are based on NUREG-0800, Section 3.5.1.4, "Missiles Generated by
Natural Phenomena."

The concrete cask stability in a maximum tornado wind is evaluated based on the design wind
pressure calculated in accordance with ANSI/ASCE 7-93, [18] and using classical free body

stability analysis methods.

Local damage to the concrete shell is assessed using a formula developed in NSS 5-940.1 [19].
This formula predicts the depth of missile penetration and minimum concrete thickness
requirements to prevent scabbing of the concrete.

The local shear strength of the concrete shell is evaluated on the basis of ACI 349-85 Section
I 1.1 1.2.1 [15], without considering the reinforcing steel and the steel liner. The concrete shell
shear capacity is also evaluated for missile loading using ACI 349-85, Section 11.7.

Tornado Wind Loading

The tornado wind velocity is transformed into an effective pressure applied to the concrete cask
using procedures in ANSI/ASCE 7-93 "Building Code Requirements for Minimum Design
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Loads in Buildings and Other Structures" [18]. The maximum pressure (q) is determined from

the maximum tornado wind velocity as follows:

q = (0.00256)(KxIxV)2 lb/ft2 = (0.00256)(360)2x 180 = 331.8 psf

where:

= 360 mph---------------------------------- Maximum tornado wind speed
K=1.0 ------ Terrain effect.K - 1.0-------------------------- ------------- Tranefc

I 1.0 --------------- Importance Factor

Considering that the concrete cask is small with respect to the tornado radius, the velocity
pressure is assumed uniform over the projected area of the concrete cask. Because the concrete

cask is vented, the tornado-inchduced pressure drop is equalized from inside to outside and has

no effect on the concrete cask structure. The total wind loading (Fs ) on the projected area of the

concrete cask, is computed as follows.

F, = qxGxCfxAp=36,0031b=36,100lb

where:

q = 331.8 lb/ft2 -------------------------------- Maximum pressure
Cf = 0.51 ----------------------------------------- Force coefficient (ASCE 7-93)
A = H x Do = 30,637 inch2 = 212.7 ft2 ---- Projected area
H = 225.27 inch--------------------------------Concrete cask height

D. = 136.0 inch --------------------------------- Concrete cask outer diameter
G = 1.0------------------------------------------Gust factor

The wind overturning moment (Mw) is as follows.

H
MW = Fi x- =4,066,123 inch-lb = 3.38 x 105 ft-lb

2

The stability moment (MJ) of the concrete cask (with the TSC, basket and no fuel load) about an
;

edge of the base is as follows.

M,= W, x 2°= 14.72 x 106 inch-lb = 1.23 x 106 ft-lb
,2

where: ; -

D. = 128.0 inch---------------------------------Concrete cask base plate diameter
WCC = 230,000 lb ------------------------ -Minimum concrete cask loaded weight
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ASCE 7-93 requires that the overturning moment due to wind load shall not exceed two-thirds of

the dead load stabilizing moment unless the structure is anchored. Therefore, the factor of safety

(FS) against overturning is as follows.

FS = 0.67MS - 2.44
M w

The stresses in the concrete due to the tornado wind load are conservatively calculated. The

concrete cask is considered to be fixed at its base. The stresses in the concrete are as follows.

outer = MrWc0 1 ff = 19.1 psi (tension or compression)

Minner = Mma 1 inn = 11.7 psi (tension or compression)
I

where:

Do = 136.0 inch
Di = 82.98 inch
H = 225.27 inch

A = (D -D)= 9,119 inch2

4

= T(DO Di ) = 14.4 7 xlO6 inch4
64

Mmax = F2 = 4.07x106 lb-inch
2

Couter = 136.0/2 = 68.0 inch
cinner = 82.98/2 = 41.49 inch

Tornado Missiles

The concrete cask is designed to withstand the effects of impacts associated with postulated

tornado-driven missiles identified in NUREG-0800 [17] Section 3.5.1.4.11.4, Spectrum I

missiles. These missiles are listed as follows.

* A massive high kinetic energy missile (4,000 lb automobile, with a frontal area of 20
square feet that deforms on impact).

* A 280 lb, 8.0-inch-diameter armor piercing artillery shell.

* A 1.0-inch-diameter solid steel sphere.

All of these missiles are'assumed to impact in a manner that produces the maximum damage at a

velocity of 126 mph (35% of the maximum tornado wind speed of 360 mph). The concrete cask

is evaluated for impact effects associated with each of the previously listed missiles.
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The concrete cask has no openings except for the four air outlets at the top and four air inlets at

the bottom. The outlets are configured such that a one-inch diameter solid steel missile cannot

directly enter the concrete cask interior. Additionally, the basket is protected by the TSC closure

lid. The TSC is protected from small missiles entering the inlets by the pedestal plate; therefore,

a detailed analysis of the impact of a one-inch diameter steel missile is not required.

ConcreteShell Local Damace (Penetration Missile) - '

Local damage to the concrete cask body is assessed by using the methodology presented by NSS

5-940.1 [19].! This method predicts the depth of penetration and minimum concrete thickness. '

requirements to prevent scabbing. Penetration depths calculated by using this formula have been

shown to provide reasonable correlation with test results. The penetration depth is as follows.

X = [4KNW(d-fO8 5V I =5.82 inch

where:

d = 8.0 inch ----------------------------------- Missile diameter
K = 18/(f') 2.92 ------------- Coeff. depending on concrete strength
N = 1.14 ------------------------------------- Shape factorfor sharp nosed missiles
W = 280 lb ------- '------------------------------Missile weight
'V ,= 126 'mph = 185 ft/sec --------------------Missile velocity ' -'

f= 3,800 psi--------------- --- Concreter compressive strength

The minimum concrete shell thickness to prevent scabbing is three times the penetration depth

(17.46 inch). The thickness of the-concrete shell is 26.51 inches. The factor of safety (FS) is as

follows. . - -

26.51
FS = =1.52

17.46

Note that the steel liner and rebar of the concrete cask is conservatively ignored in the previously

listed evaluation.

Closure Plate Local Damage (Penetration Missile) .

The concrete cask is closed with a 6.75-inch deep lid assembly. -The top plate-is 3/4-inch carbon

steel with a carbon steel clad disk of concrete 5.75-inches deep. --In this evaluation, only the steel

plate is considered to withstand the impact of the 280-lb armor-piercing missile,,iimpacting at 126

mph. The perforation thickness'(T) of the closure siteel plaie is calculated by using the

methodology presented in BC-TOP-9A [20].

NAC International 3.7-41'



MAGNASTOR System August 2004
Docket No. 72-1031 Revision 0

(mmV2

T = = 0.52 inch
672D

where:

mm = 280 lb/32.174 ft/sec2 -------------------- 8.70 slugs (lb-sec2/ft) missile mass
V = 185 ft/sec----------------------------------Missile velocity
D = 8 inch ------------------------------------ Missile diameter

The report recommends that the plate thickness be 25% greater than the calculated perforation
thickness (T) to prevent perforation. The recommended plate thickness is as follows.

T = 1.25x0.52 = 0.65 inch

The factor of safety (FS) is as follows.

FS = * = 1.15
0.65

High Energy Missile Impact Damage Prediction

The concrete cask is a freestanding structure. Therefore, the principal consideration in overall
damage response is the potential for overturning the concrete cask as a result of the high-energy

missile impact. From the principle of conservation of momentum, the impulse of the force from
the missile impact on the concrete cask must equal the change in angular momentum of the
concrete cask. Also, the impulse force due to the impact of the missile must equal the change in
linear momentum of the missile. These relationships may be expressed as follows:

Change in momentum of the missile, during the deformation phase

12(FXdt)= mm(v, -v.)

where:

F ---------------------------------------------- Impact impulse force on missile
mm = 4,000 lb/g = 124 slugs/12 = 10.4 (lb sec /inch)

------------------------------------------- Missile mass
tj ---------------------------------------------- Time at missile impact
t2 -------------------------------------------- Time at conclusion of deformation phase

VI = 126 mph = 185 ft/sec ------------------- Missile velocity at impact
v, ---------------------------------------------- Velocity of missile at time t2
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The change in angular momentum of the concrete cask, about the bottom outside edge/rim,

opposite the side of impact is as follows.

2M (dt) =2(HXFXdt) =Im (co,- co,)

Substituting,

J(F)(dt) =mm (v2 -v,) = m (0,

where:

Mc ---------------------------------------------- Moment of the impact force on the concrete
cask

IM ---------------------------------------------- Concrete cask mass moment of inertia, about
point of rotation on the bottom rim

col ---------------------------------------------- Angular velocity at time t1
MB2 ---------------------------------------------- Angular velocity at time t2
mc = 230,000/32.174 = 7,149 slugs/12 = 596 lb sec2 /inch

---------------------------------------------- Mass of concrete cask
Imx = l/l2(mj)(3r2 + H2) = 3.21x106 lb-sec2-inch
Im = 'mx + (m,)(dco )2 = 13.9 x106 lb-sec2 -inch

r = 68.0 inch-----------------------------------Concrete cask radius
H = 225.27--------------------------------------Concrete cask height

dCG = -X118.02 + 64.02 = 134.2 inch ---------- Distance from CG to rotation point

Based on conservation of momentum, the impulse of the impact force on the missile is equated to
the impulse of the force on the concrete cask.

mm(v2 -VI) = Im (COI oQ2)fH

at time t1 , vI = 185 ftlsec and co1 = O rad/sec
at time t2, v2 = 0 ft/sec

During the restitution phase, the final velocity of the missile depends upon the coefficient of
restitution of the missile, the geometry of the missile and target, the angle of incidence, and on
the amount of energy dissipated in deforming the missile and target. On the basis of tests
conducted by EPRI, the final velocity (vf) of the missile following the impact is assumed to be
zero. This conservatively assumes that'all of the missile energy is transferred to the-conicrete'

cask. Then, equating the 'impact' force on 'the missile to the;impulse force on the concrete cask.

(10.4)(v2 - 185(12)) = 13.9xl06 (0 - 02)/225.27

Setting v2 = 0 and solving for 0)2

= 0.374 rad/sec
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The distance (Z) from the point of missile impact to the point of concrete cask rotation is as
follows.

Z = 4132.02+225.272 =26.1 inch

And the impulse velocity is as follows.

V2 = Z x co2 = (261.1)(0.374) = 97.7 inch/sec

The line of missile impact is conservatively assumed normal to the concrete cask. Equating the
force on the missile during restitution to the impulse of the force on the concrete cask yields the
following.

-[mm(Vf - V21 = Im ((Of - ")/Z

-[10.4(0 - 97.7)] = 13.9x1 06(co -0.374)/261.1

= 0.393 rad/sec

where:

Vf = 0
V2 = 97.7 inch/sec
" = 0.374 rad/sec

Thus, the final energy (Ek) of the concrete cask following the impact is as follows.

Ek = (Im)(,of) 2 /(2) = 10.73x 10 inch-lb

The change in potential energy (Ep) of the concrete cask due to rotating it until its center of
gravity is above the point of rotation is calculated. The height of the center of gravity has
increased by the distance, hpE = dcg - hcg.

EP = (Wcc)(hpE)

Ep = 230,000 1bxl6.2 inch

Ep = 3.73x 106 inch-lb

The massive high kinetic energy tornado-driven missile imparts less kinetic energy to the
concrete cask than the change in potential energy of the concrete cask to reach the tip-over point.
Therefore, concrete cask overturning from missile impact will not occur. The factor of safety
(FS) against overturning is as follows.

3.73x106
FS = 0.73x105 3.48
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Combined Tornado Wind and Missile Loading (High Energy Missile)

The concrete cask rotation due to the heavy-missile impact is as follows.

Ek 10.73x105 -46' i- .'
hKcE = =-= 4.67 inch

Wcc 230,000

The rotation after impact is as follows.

0 = a-f3=28.4 - 23.9= 4.5°

where:

ChCg +hKE 118.0+4.67 0
cos d ' 134.2

p = 23.9°
hcr .1 8.0

cos a - = 0.8793
.dc 134.2

a = 28.40
e = dcg sin' =' 134.2 x sin(23.9) = 54.4 inch

The available gravity restoration moment after missile impact is as follows.

M'= Wcce = 230,000 x 54.4 - 12.5 x106 inch-lb 1.04 x 106 ft-lb

The tornado wind moment is 3.38x105 ft-lb; therefore, the 'factor o-f safety (FS) is as follows.

.*s 0.67(l04 0)26;FS -= =6(w l )2.06 '"''
3.38x 105

Therefore, the concrete cask will not overturn due to the combined effect of tornado wind

loading and high-energy missile impact.

Local Shear Strength Capacitv of Concrete Shell (High Energy Missile) .

This section evaluates the punching shear strength ofthe concrete shell when impacted by a high-,
energy missile.. Where the high-energy missile is equivalent to a 20-ft2 cross-sectional area
object moving at 185 ft/sec weighing 4,000 lb having proportions of 2 horizontal to 1 vertical.
The missile is assumed to impact flush with the top of the concrete shell. The concrete area

required to resist the high-energy missile impact is as follows..

A = 2bxb =2(9.64)2 = 185.9 inch2 = 1.3 ft2 < 20ft2 . - -
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where:

Setting the factored shear force, Vu, equal to the force of the high kinetic energy missile,
Fu, the leg dimension, b, of the equivalent impacting area is as follows.

Vu = Fu =:>Vc=FU => 04Jf~bod =Fu=> 44f:(4b+53)d=bb=9.64 inch

and

VC = (2+ 4 4f7(bod)=4.f(bod) ---------- Concrete punching shear strength capacity

[15 Eq. 11-361
PC = 2/1 = 2 --------------------------------------- Ratio of long side to short side
d = 26.51 inch-----------------------------------Concrete thickness

fc = 3,800 psi ------------------------------------- Concrete strength, 3000F
b, = (2b + 26.51) + 2(b + 13.26) = 4b + 53 --Perimeter of punching shear area at

approximately d/2 from the missile contact
area

= 0.85-------------------------------------------Strength reduction factor [15]
Fu = LF x F = 508.8 kip ------------------------ Force of high kinetic energy missile with

load factor [20]
F = 0.625(v)(W. = 462.5 kip ---------------- Force of high-energy missile [201
v = 185 ft/sec ------------------------------------ Velocity of the missile

Wm = 4,000 lb------------------------------------- Weight of high-energy missile
LF = 1.1 -------------------------------------------- 10% load factor

Therefore, the concrete shell alone has sufficient capacity to resist the high-energy missile impact

force.

3.7.3.3 Flood

This section will verify the stability of the concrete cask against overturning during a design basis
flood accident, and ensure that the design is adequate to withstand stresses induced by the flood.

Overturning of the concrete cask due to the drag force of the flood water flow is resisted by the
weight of the loaded cask. Assuming a full submersion and steady-state flow conditions, the
drag force (FD) on the concrete cask is calculated using classical fluid mechanics for turbulent
flow conditions. The resultant drag force acts horizontally through the CG of the cask. The
effective weight of the concrete cask acts vertically downward through the CG. The tendency of
the concrete cask to overturn is determined by comparing the moment of the drag force about a

point on the bottom edge of the concrete cask to the moment of effective concrete cask weight

about the same point.
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The effective weight of the fully submerged concrete cask is the actual weight minus the

buoyancy force due to the displaced water. The boundiiig condition for buoyancy occurs for the

concrete cask configuration with the greatest volume to weight ratio. Thus, for conservatism, the

concrete cask is assumed to be empty.

The capacity of the concrete cask to react the stresses induced by the flood water flow drag forces
is evaluated using the methodology described in ACI-349-85 [15]. For conservatism, only the

concrete shell is considered.

Assuming a hollow cylinder, the volume of the concrete cask (V,,) is as follows.

VcC= !(D.2 -D 1 2)h =3"(l 36.02 -79.482)225.27 = 2,154,777 inch3

where:

Do = 136.0 inch --------------------------------- Concrete cask outer diameter
Di = 79.48 inch---------------------------------Concrete cask inner diameter
H = 225.27 inch---------------------------Concrete cask height

The buoyancy force (Fb) is equal to the weight of water (62.4 lb/ft3) displaced by the fully

submerged concrete cask.

Fb = 3 Wh2 , = 1 62.4 77,800 lb1C 212'

Assuming complete submersion and steady-state flow for a rigid cylinder, the drag force (FDI5) of

the water on the concrete cask is as follows.

FDI5 = CDPV2 () = 0.7 x1.9 4xl5.02 (l 2 .) ~ 32,500 lb [21]

where:

CD = 0.7------------------------------------------Drag coefficient [21]
p = 1.94 slugs/ft3------------------------------ Density of water.

V = 15 ft/sec------------------------------------Flow velocity
A = H x D. = 30,637 inch2 = 212.7 ft2 ----Projected area
H = 225.27 inch--------------------------------Concrete cask height -

D, = 136.0 inch --------------------------------- Concrete cask outer diameter

The force (FD) required to overturn the concrete cask is determined by summing the moments of
the drag -force and the submerged concrete cask about a point on the bottom of-the concrete cask. -

Assuming an empty concrete cask, the minimum required overturning force is as follows.

NAC International 3.7-47



MAGNASTOR System August 2004
Docket No. 72-1031 Revision 0

FD = (Wcc - Fb)D, (200,000 - 77,800)128= 69,435 lb
FDh 225.276945l

where:

WCC = 200,000 lb------------------------------Minimum empty concrete cask weight
Dr = 128.0 inch------------------------------Concrete cask base diameter
h = 225.27----------------------------------Concrete cask height

The water velocity (V) required to overturn the concrete cask is as follows.

v = F _ 2x69.435 = 21.9 ft/sec

CDpA 0.7x1.94x212.7

Therefore the factor of safety (FS) is as follows.

FS = 2-* = 1.46
15.0

The stresses in the concrete due to the drag force (FD) are conservatively calculated by

considering the concrete cask to be fixed.

Uvouter = M / Souter = 17.2 psi (tension or compression)

av inner = M / Sinner = 10.5 psi (tension or compression)

where:

Do= 136.0 inch
D= 82.98 inch
h = 225.27 inch

A = it(Do2 -D i2) /4 = 9,119 inch2

I = i (Do4 -D 4) /64 = 14.47 x 106 inch4

Souter = 21/D. = 212,794 inch3

Sinner = 2I/(Di) = 348,759 inch3

w = FD]5/h= 144.3 lb/inch
M = w (h)2 / 2 = 3.66 x 106 inch-lb

3.7.3.4 Earthquake

The maximum horizontal acceleration at the surface of the concrete storage pad due to an

earthquake is evaluated. Per 10 CFR 72.102 [1], the required minimum earthquake ground

acceleration is 0.25g. This evaluation will show that MAGNASTOR is stable during a 0.37g
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earthquake horizontal acceleration (including a 1.1 factor of safety). The vertical acceleration is'

defined as two-thirds of the horizontal acceleration in accordance with ASCE 4-86 [22].

This calculation determines the effects of ground accelerations (components ax, ay and a,) on the
concrete cask for tip-over. The peak ground acceleration is associated with a safe shutdown

earthquake. iFor this evaluation, the maximum overturning moment is compared to the restoring

moment required to keep the concrete cask in a stable upright position (i.e. concrete cask will not

tip over due to the earthquake). The maximum ground accelerations and overturning/restoring

forces and moment are calculated for both empty and fully loaded concrete cask configurations.

In the event of earthquake, there exists a base shear force or overturning force due to the

horizontal ground acceleration and a restoring force due to'the net force of vertical ground

acceleration and gravity. This ground motion tends to rotate the concrete cask about its bottom

corner at the point of rotation (at the chamfer). The horizontal moment arm is from the center of

gravity (CG) toward the outer radius of the concrete cask. The vertical moment arm is from the
CG to the bottom of the concrete cask. If the overturning moment is greater than the restoring
moment, the concrete cask may tip over. Using the geometry of the concrete cask design, the
maximum horizontal and vertical ground accelerations that the concrete cask can safely

withstand without becoming unstable are identified.

The two orthogonal horizontal acceleration components (ax and a,) are combined for maximum

horizontal acceleration magnitude. The result is applied simultaneously with the vertical -

component to statically evaluate the overturning force and moment. Upward ground acceleration

reduces the vertical force that restores the cask to its undisturbed vertical position.. Based upon
the requirements presented in NUREG-0800 [17], the static analysis method is considered
applicable if the natural frequency of the structure is greater thand 33 cps. The 'natural frequency

of the MAGNASTOR concrete cask-is 138.3 Hz. During the design basis earthquake event a
factor of safety of 1.1 against tip-over of the concrete cask must be maintained.

Tip-over Evaluation . .

To maintain the concrete cask in equilibrium, the restoring moment, MR must be greater than, or
equal to, the overturning moment, M.. The combination of horizontal and vertical acceleration

components is based on the 100-4040 approach of ASCE 4-86 [22], which considers that when
the maximum response from one component occurs, the response from the other two components
are 40% of the maximum. The vertical component of acceleration can be obtained by scaling the
corresponding ordinates of the horizontal components by two-thirds. The vertical component is

conservatively considered to be the same as the horizontal component.
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Let:
a, =az=a
ay = -a---

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

Gh ----------------------------------------------

-Horizontal acceleration components
-Vertical acceleration component
-Vector sum of two horizontal acceleration
components
-Vertical acceleration componentGV ----------------------------------------------

Two cases are analyzed:

Case I) The vertical acceleration, ay, is at its peak:

(ay = 1.0a, ax = 0.4a, and a, = 0.4a)

Gh = a:+a_ = 4(0.4a)2 +(0.4a) 2 = 0.566a

GV = 1.0ay = 1.0a

A i---------- F

az=0.4a Gh

a%=0.4a

Case 2) One horizontal acceleration, ax, is at its peak:

(ay=0.4 x a, ax = a, and a, = 0.4a)

Gh = Pa. + aY = (1.0a) 2 + (0.4a)2 = 1.077a

ai=0.4a

a.= 1.Oa
GV = 0.4ay =0.4a

For the cask to resist overturning, the restoring moment (MR) about the point of rotation, must be
greater than the overturning moment (M0).

MR ŽMO, orFb>Fod=>(Wxl-WxGv)xb>(WxGh)xd

d

b

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

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

Vertical distance measured from the base of
the concrete cask to the center of gravity
Horizontal distance measured from the point
of rotation to the C.G.
Weight of the concrete cask
Overturning force
Restoring force

W
Fo
Fr

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

----------------------------------------------
Substituting for Gy and G. gives:

Case 1 Case 2

b-(I-Ia)- > 0.566a
d

(I - 0.4a) d 2 1.077a
d

b/
a < /d

0.566+Yb 1.7 + d
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Emptv concrete cask:

Case 1 Case 2

64.0
a<~ /116.0 = 0.49

0.566 +64.0/
/116.0

64.0/ :
a < /116.0 =0.43

1.077+0.464.Oi 16.0

where:

b = 64.0 inch
d = 116.0 inch

Loaded concrete cask:

Case I Case 2

a < 6 7>18.0 = 0.488
0.566+63.7X18.0

63.77
a< 118.0 =0.41

1.077+0.463.37>8.0.
I .

where:

d = 118.0 inch
b = 64.0 - x = 64.0 - 0.23 = 63.77 inch

73.44 -72.0.
e = = 0.72 inch------ ------ TSC CG shift

2
W e103,OOOx 0.72

x = an = 0.23 inch ---Loaded concrete cask CG shift
-Wcc 322,000

The minimum acceleration is 0.41g. A factor of safety of 1.1 is required for an earthquake

evaluation; therefore, the maximum allowable horizontal acceleration (amX) at the top of the

concrete pad that will preclude a cask tip-over is as follows.

0.41 : .
ax= l l 0.37g

Concrete Cask Stress

To demonstrate the ability of the concrete cask to withstand earthquake loading conditions, the

fully loaded cask is conservatively evaluated for seismic loads of 0.5g in the horizontal and 0.5g

in the vertical direction. These accelerations reflect-a more rigorous seismic loading, and

therefore, bound the design basis earthquake. No credit is taken for the concrete cask steel liner.

The maximum compressive stresses at the concrete shell outer and inner surfaces are
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conservatively calculated by considering the cask as a cantilever beam with its bottom end fixed.
The maximum compressive stresses are as follows.

Cvouter =S + ( )W = 138' psi
SOuter A

M (1+ ay)cc
avinner = - + (C = 105 psi

Sinner A

where

a,
ay

Wcc
Do
Di
A
I

Souter
Sinner

w
M

3.7.3.5

0.50g - ---
0.50g ----
322,000 lb---------------------------------
136.0 inch
82.98 inch
7r (D0

2 - D1
2) / 4 = 9,119 inch2

it (Do 4 - D 4) /64 = 14.47 x 106 inch4

21/Do = 212,794 inch3

21/(D1) = 348,759 inch3

(a, x Wcc) / 225.27 = 715 lb/inch
(wx225.27 2)/2 = 1.8lxI7 lb-inch

-Horizontal direction
-Vertical direction
-Bounding weight of concrete cask

Concrete Cask Combined Stresses

The load combinations described in Table 2.3-1 are used to evaluate the concrete cask for
accident events of storage. Concrete stresses are summarized in Table 3.7-13, Table 3.7-14, and
Table 3.7-15 for the loading combination No. 4, 5, 7, and 8. Loading combination No. 6
corresponds to drop accidents, 24-inch end drop and tip-over, which are evaluated in Section
3.7.3.6 and Section 3.7.3.7, respectively.

As shown in Table 3.7-14, the maximum concrete compressive stress is 1,201 psi; therefore, the
minimum compressive factor of safety (FS) for accident events is as follows.

FS = con = 2660 = 2.21
SC 1,201

where:

Scon = OFC = 0.7x3,800 = 2,660 psi ----------- Concrete compressive allowable
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From Section 3.7.3.1, the maximum concrete ultimate strength due to thermal load is 0.1 ksi.
The factor of safety (FS) for concrete ultimate strengths is as follows.

6, 021 -

FS = t-= *-=2.10 . .

St 0.1

where:

Stc= 0.08 x S n = 0.08 x 2660 = 213 psi or 0.21 ksi -Concrete ultimate strength

From Section 3.7.3.1, the maximum rebar stress (Sb) is due to thermal load is 20.2 ksi. The

factor of safety (FS) for the rebar is as follows. '

~rbr_54.0 . . ..FS=- = 2.67
Sr, ,20.2 -- - -

where:

Sbar = OF, = 0.9x60.0 = 54.0 ksi --------------Rebar stress allowable .

3.7.3.6 Concrete Cask 24-inch Drop

Evaluation of the Concrete Cask

During the 24-inch bottom-end drop of the concrete cask, the cylindrical portion of the concrete

is in contact with the steel bottom plate that is a part of the base weldment. The plate is assumed.
to be part of an infinitely rigid storage pad. No credit is taken for the crush properties of the

storage pad or the underlying soil layer. Therefore, energy absorbed by the crushing of the.
cylindrical concrete region of the concrete cask equals the product of the compressive strength of
the concrete, the crush depth of the concrete, and the projected area of the concrete cylinder.,
Crushing of the concrete continues until the energy absorbed equals the potential energy of the
cask at the initial drop height. ?The TSC is not rigidly attached to the concrete cask, so it is not
considered to contribute to the concrete crushing. The energy balance equation is as follows.

w(h+8)=P0 A8 ; ; - .1 .' ' $ It

where:
h = 24.0 inch-------------------. -------------- Drop height
6----- ------- ----------------------- The crush-depth of the concrete cask:

PO = 3,800 psi ---------------------- ---------- Compressive strength of the concrete, 300'F
A = 7(RR22_Rag)= 9,119 inch 2---------- A re a o f the concre te sh i eld wall

RI = 41.49 inch ---'------------------------------Inside radius of the concrete
R2 = 68 inch-------------------------------------Outside radius of the concrete
w = 185,000 lb---------------------------------Bounding weight of concrete, rebar, and lid

assembly
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It is assumed that the maximum force that can be exerted on the concrete cask is the compressive
strength of the concrete multiplied by the area of the concrete being crushed. The concrete cask's
steel shell will not experience any significant damage during a 24-inch drop. Therefore, its
functionality will not be impaired due to the drop.

The crush distance computed from the energy balance equation is as follows.

hw (24X)185,000)
P0AA-w (3800X9,119)-(185,000)

Pedestal Crush Evaluation

Upon a bottom-end impact of the concrete cask, the TSC produces a force on the pedestal (base
weldment) located near the bottom of the cask. The ring above the air inlets is expected to yield.
To determine the resulting acceleration of the TSC and deformation of the pedestal, a LS-DYNA
analysis is used. As described in Appendix 3.D, a quarter-symmetry finite element model of the
pedestal is used for this evaluation. To ensure that maximum deformations and accelerations are
determined, two analyses are performed. One analysis, which uses the upper-bound weight ofK
105 kips, envelops the maximum deformation of the pedestal. The second analysis employs the
lower-bound weight of 60 kips to account for maximum acceleration.

The maximum accelerations of the TSC during the 24-inch bottom-end impact are calculated to
be 14.5g and 25.2g for the upper-bound weight TSC and lower-bound weight TSC, respectively.
The resulting acceleration time' histories of the TSC, which correspond to a filter frequency of
200 Hz, are shown in Figure 3.7-21 for the analysis using the upper-bound weight model and
Figure 3.7-22 for the lower-bound weight model. The dynamic load factor (DLF) for the TSC is

calculated to be 1.35 for the upper-bound weight TSC and 0.95 (consider 1.0) for the lower-
bound weight TSC, based on the response of one-degree systems subjected to a triangular load
pulse [23]. Therefore, the accelerations for the upper-bound weight and lower-bound weight
TSC are 19.6g and 25.2g, respectively.

The maximum strain in the pedestal is 15.4%. Since the ultimate strain of A36 steel is greater
than 25%, the pedestal is not subject to failure. The maximum vertical displacement of the air
inlet is calculated to be 1.46 inch for the upper-bound and lower-bound weight TSC. The'
original opening is 4.4 inches. Since the maximum displacement is 1.46 inch, the minimum air
inlet opening is 2.9 inch (4.4 - 1.16), which is approximately 66% of the original air inlet.
opening. This condition is bounded by the consequences of the loss of one-half of the air inlets
off-normal event.
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3.7.3.7 Concrete Cask Tip-over

Tip-over of the concrete cask is a nonmechanistic, hypothetical accident condition that presents a,
bounding case for evaluation. Existing postulated design basis accidents do not result in the tip-

over of the concrete cask. Functionally, the concrete cask does not suffer significant adverse

consequences due to this event. The concrete cask, TSC, and basket maintain design basis
shielding, geometry control of contents, and contents confinement performance requirements.

For a tip-over event to occur, the center of gravity of the concrete cask and loaded TSC must be
displaced beyond its outer radius, i.e., the point of rotation. When the center of gravity passes

beyond the point of rotation, the potential energy of the cask and TSC is converted to kinetic

energy as the cask and TSC rotate toward a horizontal orientation on the ISFSI pad. The
subsequent motion of the cask is governed by the structural characteristics of the cask, the ISFSI

pad and the underlying soil.

The MAGNASTOR concrete cask tip-over analyses are performed using LS-DYNA. LS-DYNA
is an explicit finite element program for the nonlinear dynamic analysis of structures in three
dimensions. Details of the finite element model are presented in Appendix 3.D.

Two geometries are considered in this evaluation. The pad width of 30 ft in the models
corresponds to the typical width of a concrete storage pad. One model considers a pad length of
30 ft while the second model, referred to as the "oversized pad" employs a length of 60 feet. The
second model allows the effect of the pad length used in the analysis to be assessed.

The acceleration time histories for the TSC and basket for the standard and oversized pad cases

are shown in Figure 3.7-23 and Figure 3.7-24. A cut-off frequency of 200 Hz is applied to filter
the analysis results and measure the peak accelerations. The following is a summary of the peak

accelerations.

Position from Acceleration Acceleration
Location base of concrete Standard Pad (g) Oversized Pad (g)

Top of basket 1 177.7 1 26.4 [ 26.6
Top of TSC Closure lid 1 197.6 1 29.5 1 29.6

Using two-dimensional models of the PWR and BWR basket (similar to the models described in
Appendices 3.A and 3.B, meshing density modified for modal analysis), the modal frequencies
for the basket are calculated. Table 3.7-16 summarized the frequencies for the first mode shape

for the PWR and BWR baskets in the 0° and 450 basket orientations. The dynamic load factors

are determined using the response of one-degree systems subjected to a triangular load pulse
[23]. The dynamic load factors and the maximum accelerations at the top of the TSC and top of
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the basket are summarized in Table 3.7-17. As the table and figures show, maximum

accelerations are less than the specified design value of 40g. The acceleration results indicate

that even with a 100% increase in the pad length the resulting change in the maximum
accelerations is less than 1%. This demonstrates that the effect of the pad size employed in the

analysis has an insignificant effect on the maximum accelerations.
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Figure 3.7-1 PWR Fuel Tube'Array -0O Basket Orientation
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Figure 3.7-2 PWR Fuel Tube Section Cuts - 0° Basket Orientation
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Figure 3.7-3 PWA'R Fuel Tube Array - 45° Basket Orientation
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Figure 3.7-4 PWR Fuel Tube Section Cuts - 450 Basket Orientation
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Figure 3.7-5 PWR Corner Support Weldment'Section Cuts- 00 Basket Orientation
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Figure 3.7-6 PWR Corner Support Weldment Section Cuts - 450 Basket Orientation
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Figure 3.7-7 PWR Side Support Weldment Section Cuts - 0°Basket Orientation
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Figure 3.7-8 PWR Side Support Weldment Section Cuts - 450 Basket Orientation
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Figure 3.7-9
I . I . . .

PWR Fuel Tube Model for Buckling Evaluation
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Unit Thickness Loading (40g)

161.680 (40) = 49.5 psi
165.5(8.202)

PI = 6(665)+J1(1;680) (40) = 2,520 lb/inch

P2= ( +(1680) (40) =2,712 lb/inch
2(165.5)

Where:
PWR assembly weight = 1,680 lb
Fuel tube length = 165.5 inch
Inside tube width = 8.202 inch
Maximum acceleration = 408
Tube weigth = 675 lb
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Figure 3.7-10 BWR Fuel Tube Array - 0° Basket Orientation
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Figure 3.7-11 BWR Fuel Tube Section Cuts - 0° Basket Orientation
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Figure 3.7-12 BWR Fuel Tube Array - 450 Basket Orientation
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Figure 3.7-13 BWR Fuel Tube'Section Cuts -45° Basket Orientation
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Figure 3.7-14 BWR Corner Support Weldment Section Cuts - O0 Basket Orientation
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Figure 3.7-15 BWR Corner Support Weldment Sectiojn Cuts - 450 Basket Orientation
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Figure 3.7-16 BWR Side Support Weldment Section Cuts - 0° Basket Orientation
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Figure 3.7-17 BWR Side Support Weildmcnt Section Cuts - 450 Basket Orientation
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Figure 3.7-18 BWR Fuel Tube Model for Buckling Evaluation

P
w P2

w
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P=R= 10( 0 7+19( 04 140 =2185lb/in
159.1x2 2xl59.1

W = ( j70 4  )40 = 33.2 psi
(159.1x5.34)

Where:
BWR fuel weight = 704 lb
Fuel tube length = 159.1 inch
Fuel tube weight = 400 lb
Maximum acceleration = 40g
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- Figure 3.7-19 PWAIR Neutron Absorber and Retainer Finite Element Model
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Figure 3.7-20 Permanent Strain Contour Plot for the PWR Basket Retainer Strip - Cask
Tip-over
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Figure 3.7-21 Acceleration Time History of the Upper-bound weight TSC - 24-inch
Concrete Cask Drop
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Figure 3.7-22 Acceleration Time History of the Lower-bound Weight TSC - 24-inch
Concrete Cask Drop
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Figure 3.7-23 Acceleration Timc History for Concrete Cask Tip-over Condition - Standard
Pad
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Figure 3.7-24 Acceleration Time History of Oversized Pad
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Table 3.7-1 TSC Accident Events, Pm Stresses

Component Stresses (ksl)
Load Casea) Service

Level
42a-#aPnb-I I- -

{tWl -1

Sx SY: -Sz Sxy , Syz -Sxz
Sint Saiioi.7 FS

Accident D 2 5.50 -16.40 -4.61 0.74 -0.01 -0.89 22.03 47.58 2.16
Pressure______

Normal Pressure D 4 -0.04 7.80 -4.20 -0.31 0.00 0.00 12.01 43.40 3.61
+ 24-Inch Drop_ _ __ _ _ _

N a Pressre D 1 -20.34 -9.69 5.01 1.88 0.14 -0.45 5.69 47.58 1.85
+ Tip-Over

-Table 3.7-2 TSC Accident Events, Pm + Pb Stresses

a aComponent Stresses (ksi)
Load Casea) eve I Sectionb - - Sint Sallow

SX Sy Sz, SXy S> S . . FS

Accident Pressure D 11 45.86 45.84 9.17 0.14 6.83 1.18 39.26 68.60 1.75

Normal Pressure + D 11 20.22 20.21 2.50 0.06 3.00 0.52 18.76 68.60 3.66
24-Inch Drop _ _ _ _ _ _ _ _ _ _ _

Normal Pressure +
Tip-Over D 1I -19.28 -12.82 13.90 1.72 0;25 -0.9i 33.66 69.80 .2.07

Table 3.7-3 PWR Fuel Tube Nodal Stresses - Concrete Cask Tip-over Accident
I i . .

Tube')

'Basket
(deq)

-Pm(ksi) ; - " Pm + Pb (ksi)
I *Sint Saniow - FS Sint Sanow -FS

'' 10 | 45 36.6 '47.88 1 1.31 | 41.6 | 61.56 1.48
7 j 45 J. 36.6 - 47.88'. j- 1.31 [ 41.5 61.56 , 1.48
3 - 45 37.5 - - 47.88 , 1.28 ' 40.7 ' 61.56 - '1.51'

- 12- 0 36.7 -- -47.88 ---1.30- 39.4 - '' 61.56 -1.56'
10 0 O I- 36.6 -47.88- .. 1.31 38.7 --- -61.56 -I 1.59

a) The x,y,z component of stress are to be interpreted radial, circumferential, and axial directions,
respectively:.

b) See Figure 3.C-2 for section cut locations.

NAC International 3.7-81



MAGNASTOR System
Docket No. 72-1031

August 2004
Revision 0

Table 3.7-4 PWR Corner Mounting Plate Pm Stresses - Concrete Cask Tip-over Accident

Basket I Sectiona) I Sint (ksi) I Saiiow (ksi) I FS
00 24 .. 12.8. . 47.88 3.74

450 19 12.1 47.88 3.96
00 13 11.0 47.88 4.35
00 23 10.9 47.88 4.39

450 18 10.3 47.88 4.65

Table 3.7-5 PWR Corner Mounting Plate Pm + Pb Stresses - Concrete Cask Tip-over
Accident

Basket I Sectiona) I Sint (ksi) I Sallow (ksi) I FS
_ _ 20 39.9 68.40 1.71

450 13 38.8 68.40. 1.76
45° 15 36.2 68.40 1.89
450°_ 25_ _ 34.4 68.40 1.99
O00 13 26.7 68.40 2.56

Table 3.7-6 PWR Side Weldment Pm Stresses - Concrete Cask Tip-over Accident

Basket I Sectionb) I Sint (ksi) I Saaw (ksi) I FS
001 .13 14.0 47.88 | 3.42

450 10 - 9.3 47.88 5.15
450 12 7.3 - 47.88 6.56
00 14 4.8 47.88 9.98
O00 15 4.0 47.88 Large

Table 3.7-7 PWR Side Weldment Pm + Pb Stresses - Concrete Cask Tip-over Accident

Basket I Sectionb) I Sint(ksi) I Sanow (ksi) I . . FS
00 15 47.8 68.40 1.43

450 12 - 43.9 68.40 1.56
450 9 39.3 68.40 1.74
00 12 37.4 68.40 1.83

450 10 21.6 68.40 3.17

a) The locations of the sections for the 00 and 450 basket orientation are shown in Figure 3.7-5 and
Figure 3.7-6, respectively.

b) The locations of the sections for the 00 and 450 basket orientation are shown in Figure 3.7-7
and Figure 3.7-8, respectively.
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Table 3.7-8 BWR Fuel Tube Stresses - Concrete Cask Tip-over Accident

Tubea) Basket
(deg) -

Pm (ksi) Pm + Pb (ksi)
.Sint Sallow FS Sint -- Sallow .- FS

* 23 45 : 36.8 , 47.88 1.30. ---| - 43.9 61.56 - -1.40
8 45 37.5 47.88 ' -1.28 40.9 - 61.56 - 1.51
5 ' 45 j 37.0 47.88 -1.29 39.1 - 61.56 1.57
4 45_ _ 36.8 47.88' 1.30 38.5 61.56 1.60
18 45 36.8 47.88 1.30 38.3 61.56 1.61

Table 3.7-9 BWR Corner Mounting Plate Pm Stresses - Concrete Cask Tip-over Accident

'Basket ' I Sectionb) I Sint(ksj) | Sauow (ksi) | -FS
00 21 - 6.3 . 47.88 | 7.62
00 31 5.8 47.88 8.27

450 30 5.7 47.88 8.39
00 36 4.7 47.88 Large

450 25 4.6 47.88 Large

Table 3.7-10 B'R Corner Mounting Plate Pm + Pb Stresses - Concrete Cask Tip-over
,. Accident

-Sint (ksi) IBasket Sectionb) Saliow (ksi) ; FS
'450 '45 28 56.0 68.40 . 1.22

00 - 36 46.7 68.40 : 1.46
450 27 41.0 . 68.40 1.67
00 32 40.2 68.40 , 1.70

450 23 38.7 68.40 1.77

Table 3.7-11 BWR Side Weldment Pm Stresses - Concrete Cask Tip-over Accident

Basket Sectionc) | Snt (ksi) I 'Sainow (ksi) iFS
'00° ' | . - 11 5.6 | 47.88 8.58
450 7 5.2 47.88 : 9.24
450 6 | 4.0 . 47.88 ; Large
00 I 10 1 .3.7 ' I 47.88 ' I Large

450 9 3.5 47.88 Large

a) See Figure 3.7-12 for tube locations.
b) The locations of the sections for the O0 and 450 basket orientation are shown in Figure 3.7-14

and Figure 3.7-15, respectively.
C) The locations' of the sections for the O0 and 45 ba'sket'orientation are shown in'Figure' 3.7-16

and Figure 3.7-17, respectively.
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Table 3.7-12 BWR Side Weldment Pm + Pb Stresses - Concrete Cask Tip-over
Accident

Basket I Sectiona) | Sint (ksi) | Sallow (ksi) I FS

450 - 6 37.6. 68.40 1.82
0O 3 12.9 68.40 5.31
00 7 9.5 68.40 7.17
0__I____ 1 9.5 68.40 7.17

450 1 8.7 68.40 7.84

Table 3.7-13 Concrete Cask Vertical Stress Summary - Outer Surface, psi

Condition Dead Live Wind Thermal Seismic Flood Tornado Total
4 -23 l -25 ll 0 0 0 0- l 0 -48
5 -23 -25 0 0 -138 0 0 -186
7 -23 -25 0 0 0 -17 0 -65
8 -23 -25 0 0 0 0 -19 -67

Table 3.7-14 Concrete Cask Vertical Stress Summary - Inner Surface, psi

Condition Dead Live | Wind Thermal Seismic Flood Tornado | Total
4 -23 -25 0 -1048 0 0 0 -1096
5 -23 -25 0 -989 -105 0 0 -1201
7 -23 -25 0 -989 0 -11 0 -1107
8 -23 -25 0 -989 0 0 -12 -1108

Table 3.7-15 Concrete Cask Circumferential Stress Summary - Inner Surface, psi

Condition Dead Live Wind Thermal Seismic Flood Tornado Total
4 0 0 0 -217 0 0 0 -217
5 0 0 0 -211 0 0 0 -211
7 0 0 0 -211 0 0 0 -211
8 0 0 0 -211 0 0 0 -211

a) The locations of the sections for the QO and 450 basket orientation are shown in Figure 3.7-16
and Figure 3.7-17, respectively.
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Table 3.7-16 Basket Modal Frequency for Concrete Cask Tip-over

Fuel Type and
Basket Angle Frequency (F), Hz

PWR-0 | 269
PWR-45 33
BWR-0 140

BWR-45 39

Table 3.7-17 DLF and Amplified Accelerations for Concrete Cask Tip-over

Top of TSC Lid Top of Fuel Basket
r r 4 V F

Fuel Type and
Basket Angle

Base
Acceleration,

g
DLF

Amplified
Acceleration,

9

Base
Acceleration,

9
DLF

Amplified
Acceleration,

9
PWR-0 29.6 1.0 29.6 26.6 1.01 26.9

PWR-45 29.6 1.0 29.6 26.6 | 1.21 32.2
BWR-0 29.6 1.0 29.6 26.6 l 1.02_ 27.1

BWR-45 29.6 1.0 29.6 26.6 1.07 28.5
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3.8 Fuel Rods

MAGNASTOR limits normal storage condition fuel cladding temperatures to be < 400'C (7520F)
inch accordance with ISG-1 1, Rev 3. Zirconium alloy or stainless steel cladding degradation is
not expected to occur below this temperature.

The fuel cladding temperature limit for short-term off-normal and accident events is 5700C
(1,0580F). Refer to Chapter 4, which demonstrates that the maximum fuel cladding temperatures

are well below the temperature limits for all design conditions of storage.
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3.A PWR Fuel Basket Finite Element Models

3.A.1 Load Path Description

This section describes the load paths and interactions between basket components during storage'
conditions. The MAGNASTOR PWR fuel basket is designed to accommodate thirty-seven
PWR-fuel assemblies. For the normal conditions of storage, the weight of the fuel assemblies is
directly supported by the bottom plate of the TSC. The basket is subjected to its self-weight

only., For the off-normal and accident events associated with loadings in the transverse direction
of the basket (e.g. off-normal handling load, concrete cask tip-over accident), the weight of the
'fuel assemblies is supported by the twenty-one fuel tubes, side support weldments, and corner
support'weldments.- Referring to Figure 3.A-1, load transfer between the fuel tubes, '1', is
through contact at the tube corners. This contact consists of two types: the connector pins and
the region between pins where the tube sections are in contact. The connector pin socket

connections at 20-inch center-to-center distance prevent the fuel tubes from sliding past each
other. The shear load transmitted across the pins is reacted out in bearing in the fuel tube pin
sockets. The tube region between pins transmits bearing directly between fuel tubes. Shear
loads between the tube corners can be transmitted by friction. The detailed interaction between
fuel tube corners as well as a freebody diagram of a tube section are shown in Figure 3.A-3. As
the figure shows, the pin welded to one tube fits into the slots cut into the adjoining tube.

Connector pin assemblies are installed as redundant supports at the top and bottom of the fuel
basket. The connector pin assemblies join adjacent fuel tubes to ensure each tube is properly
aligned during the assembly process. The connector pin assembly provides an end weldment
effect that allows for handling of the assembled basket outside of the TSC without special
fixtures. The bottom connector pins also provide a standoff between the TSC bottom plate and
basket tubes, and transmit bearing loads from the basket to the TSC bottom plate.

The comer and side support weldments provide rigidity to the basket. The weldments are ;
attached to the fuel tube array by means of bolted boss connections. Bosses welded to the fuel
tubes are slotted into the weldments. Connection is made with the use of a washer and bolt
combination. Figure.3.A71 and Figure 3.A-2 show the boss connection details, '2'. To ensure
the connection is in tension, the bosses are designed not to penetrate completely through the
weldment wall. Therefore, once installed and preloaded, the bolts are always in tension. Shear
loads are reacted out by the interaction of the bosses, boss welds, and the support weldments.
When the support weldments are in compression, bearing loads are transferred through the.

NAC International 3.A-1



MAGNASTOR System
Docket No. 72-1031

August 2004
Revision 0

support weldment to the fuel tube array, '3' (Figure 3.A-I and Figure 3.A-2). Figure 3.A-4
shows a freebody diagram of the fuel tube interaction with the support structure.

3.A.2 Finite Element Model Descriptions

This section describes the finite element models used in the PWR basket structural evaluation.
The following describes the finite element models and the applicable ASME Code section.

Finite Element Model Analysis Usage
Loading

Condition
ASME Code

Section
Penodic Model Thermal Stress evaluation of PWR basket for Level A III-NG

radial temperature distnbution
Off-normal TSC handling Level C ll1-NG

Concrete cask tip-over accident - support LevelD III-NG, App. F
weldment evaluation

Concrete cask tip-over accident - basket Level D NUREG/
buckling evaluation CR-6322

Plane Strain Plastic
Model

Concrete cask tip-over accident evaluation -
fuel tube evaluation

Level D III-NG, App. F

3.A.2.1 PWR Basket Periodic Models

For normal conditions and off-normal or accident events; two three-dimensional periodic half
symmetry models of the PWR basket are used to evaluate the structural integrity of the basket as
shown in Figure 3.A-5 and Figur'e 3.A-6. These models correspond to the critical basket
orientations, 00 and 450, for the loadings in transverse direction of the basket. The fuel tube

support pins and slot joints are'spaced on 20.0-inch centers. Therefore, the periodic model
extends from the axial center of a fuel tube support pin to the mid-point of the fuel tube between
the pins (10.0-inch segment). The end effect of the basket on pinned connections is ignored.

The basket finite element models are constructed using ANSYS SOLID45, SHELL63, and
BEAM4 elements. Fuel tube assemblies, pins, and side support weldments are modeled using
SOLID45 elements. Comer weldment plates are modeled using SHELL63 elements. BEAM4
elements are used to model the support bars on the comer assemblies. BEAM4 elements are also
used to model the welds between the fuel tubes and pins. The interaction between fuel tubes,
comer support assemblies, and side support assemblies are modeled with CONTAC52 gap
elements. These gap elements allow the transfer of loads between the basket structural
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components. CONTAC52 gap elements are used to simulate the total gap between the PWR

basket and concrete cask (tip-over accident evaluation) or transfer cask'(handling and thermal
stress evaluation). The effect of the TSC shell is'conservatively not included in the model.

The corner support and side support weldment assemblies are bolted to the fuel tube array at 16

locations around the circumference of the basket. The bolt/boss joints are modeled by coupling,

nodal degrees of freedom, which permit the transmission of shear and axial loads at the joints.

Loads and boundary conditions are discussed in Section 3.A.3. The weight of the neutron
absorbers and the retainers, which are not included in the finite element model, are considered by
adjusting the density of the carbon steel for the fuel tube sides.

This model is also used to evaluate the thermal stresses in the basket due to the thermal

expansion of the basket in the radial and circumferential direction.. A thermal conduction :

analysis is performed by converting the structural elements to corresponding thermal elements,,

applying the temperature boundary conditions as discussed in Section 3.A.3.1. The nodal
temperatures are then read into the structural model to calculate thermal stresses. Each of the

basket components is free to expand in the axial direction; therefore, thermal stresses due to the
thermal expansion in the axial direction will be negligible.

3.A.2.2 PWR Basket Plane Strain'Plastic Model

A two-dimensional plane strain plastic finite element model is used in the structural evaluation of
the PWR basket tubes during a concrete cask tip-over accident. This model allows for nonlinear,
inelastic, behavior of the basket components, which eliminates the conservatism of the linear
elastic models. A nonlinear model allows higher strain rates than a linear model. The use of a
plastic model is permitted in accordance with ASME Code Section III Appendix F. The

structural components are modeled using PLANE42 elements. BEAM3 elements are used to
model the support bars in the corner support 's'e mrblies. The support bars geometric properties
are modified to represent a plane' strain configuration (2-D, unit length model). A quarter
symmetry of the model is shown in' Figure 3.A-7. Similar to the three-dimensional periodic
model, the full model is used to generate two models for the criticai basket orieniations, 0' and

450 -

To obtain an accurate solution, a fine mesh is required in the model to allow the development of
elastic and inelastic strain regions. Figure 3.A-8 shows the mesh density used in the plastic finite
element model. Reviewing the finite element results of the elastic models indicate that the fuel
tubes have higher stresses than the side and corner supports. Therefore, the element meshing of
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the fuel tubes is finer than the meshing for the side and corner supports. The bending stresses are
the highest in the corners of both the fuel tubes and support assemblies. The meshing in the
corners of the structural components is finer than the flat regions of the basket.

The interaction between adjacent fuel tubes, between the corner support assemblies and fuel
tubes, and between side support assemblies and fuel tubes are modeled with CONTAC52 gap
elements. These gap elements allow the transfer of loads between the basket structural
components. For the basket structural evaluation, the TSC is not modeled. CONTAC52 gap
elements are used to model the total gap between the PWR basket and concrete cask standoffs
similar to the periodic model described in Section 3.A.2. 1.

The corner support and side support assemblies are bolted to the fuel tube array at 16 locations
around the circumference of the basket. The bolt/boss joints are modeled by coupling nodal
degrees of freedom, which permit the transmission of shear and axial loads at the joints. The
tube array pin joints represented by coupling the degrees of freedom, which will transmit shear
(parallel to chamfered tube corner) across the joint but will allow the tubes to separate during
basket deflection.

Loads and boundary conditions are discussed in Section 3.A.3. The weight of the neutron
absorbers and the retainers, which are not included in the finite element model, are considered by
adjusting the density of the carbon steel for the fuel tube sides.

3.A.3 Finite Element Model Boundary Conditions

3.A.3.1 Thermal Stress Analysis Boundarv Conditions

The three-dimensional periodic model for 0° basket orientation described in Section 3.A.2.1 is
used to calculate the thermal stress due to the thermal expansion in the radial direction. For the
thermal conduction solution, a maximum temperature of 700'F is applied to the nodes at the

center slot of the basket model, and a minimum temperature of 550'F is applied to the nodes at
the exterior surfaces of the basket, thus providing a bounding temperature delta of 1500F in the
radial direction of the basket. Note that the applied temperatures are conservatively selected to
envelop the maximum temperature, as well as the maximum radial temperature gradient (AT) of
the basket for all normal conditions and off-normal events of storage and for transfer conditions,
determined by the thermal analysis in Chapter 4. For the thermal stress structural analysis, the

temperature profile calculated by the thermal conduction solution is used.

Symmetry boundary conditions are applied at the plane of symmetry. In the basket axial
direction, the model is restrained at one end.
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3.A.3.2 Off-Normal Handlinq Boundary Events

For off-normal handling events, the three-dimensional periodic models described in Section

3.A.2.1 are used to calculate the stresses due to loading in the transverse direction of the basket.

The gap between the basket and the transfer cask is 0.62 inch (0.12 inch basket-TSC and 0.50

inch TSC-cask). To represent the loads from the fuel assemblies, a pressure load is applied to the

fuel tubes. The applied pressure is conservatively based on the heaviest fuel assembly being

loaded into the shortest basket. The pressure (P) applied to the tubes for a lg loading is shown

below.

P = -= 1.24 psi
wL

where:

W = 1,680 lb------------------------------------Maximum PWR fuel assembly weight
w = 8.20 inch-----------------------------------Width of fuel tube flat
L= 165.5 inch -------------------- L-------------Length of fuel pressure load

The boundary conditions for 00 and 450 basket orientations are shown in Figure 3.A-9 and Figure

3.A-10, respectively. For off-normal events, an inertia load of 0.707g (resultant of 0.5g loading

in the two transverse directions) is applied in the transverse direction of the basket. Applied

pressure loads for fuel assemblies are also multiplied by 0.707g.

The 00 and 450 basket orientations are critical for the'PWR basket for loading in the transverse

direction. The 00 basket orientation maximizes the stresses in the fuel tube sidewalls and the 450

basket orientation maiimizes the bending stresses in the tube corners. Intermediate basket

orientations are bounded by the 00 and 450 orientations. Therefore, the' basket evaluation is

performed using iwo half-symmetry "models for the 00 and 450 basket orientations, respectively.

Symmetry boundary conditions are applied at the plane of symmetry. Symmetry boundary

conditions are also applied to both ends of the finite element model to represent a periodic

section of the basket. Fixed nodes are used to represent the transfer cask. For off-normal events,

material properties at 100'F are conservatively used (using the modulus of elasticity for carbon

steel at lower temperature results in slightly higher stress results.)

3.A.3.3 Concrete Cask Tip-over Accident Boundary Events

The concrete cask tip-over is evaluated as adside impact for the basket. During the concrete cask

tip-over event, acceleration varies from Ig at the bottom of the concrete cask to a maximum

acceleration at the top of the TSC. The two-dimensional plane strain plastic model is used for :
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the evaluation of the basket fuel tubes (Section 3.A.2.2), and the three-dimensional periodic
models (Section 3.A.2. 1) are used for the evaluation of the basket side and corner support
weldments. The three-dimensional models are also used for the buckling evaluation of the
basket. A bounding acceleration of 40g is applied to the basket models in the transverse
direction. The 40g acceleration bounds the maximum acceleration in the basket, including the
dynamic load factor for the concrete cask tip-over accident.

The gap between the basket and the concrete cask is 0.87 inch (0.12 inch basket-TSC and 0.75
inch TSC-cask). Pressure loads are applied to the PWR basket models to represent the fuel
assembly weight with a 40g acceleration.

For the tip-over accident (loading in the transverse direction), the O° and 450 basket orientations
are critical for the PWR basket as discussed in Section 3.A.3.2. Therefore, the basket is
evaluated using models corresponding to the 00 and 450 basket orientations. Symmetry boundary
conditions are applied at the plane of symmetry. Symmetry boundary conditions are also applied
to both ends of the three-dimensional periodic finite element model. Fixed nodes are used to
represent the concrete cask stand-offs. The boundary conditions for these models are shown in
Figure 3A-9 and Figure 3.A-10. For accident conditions, material properties at 1000F are
conservatively used.

3.A.4 Post-processing Finite Element Analysis Results

3.A.4.1 Maximum Thermal Stresses

The post-processing of the finite element analysis results for the thermal stress evaluation is
performed by extracting the maximum nodal stress intensities from the model. The maximum

nodal stress is obtained for two separate regions: (I) fuel tubes and (2) corner and side support
weldments.

3.A.4.2 Maximum Stresses for Off-normal Handling Conditions

The post-processing of the finite element analysis results from the periodic model for the off-
normal event is performed by taking section cuts at various locations in the model.

The fuel tube section cuts are divided into two regions. Region 1 is the region between the pin
supports. For the periodic model, this region is defined from the base of the model (mid distance
between pins) to the base of the pin. Region 2 is the pin region. This region starts at the base of
the pin and extends to the top of the finite element model (mid-plane of pin). For both regions,
the region just above and below the pin cutout (±0.25 inch) is omitted from the section cuts to
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eliminate stress'concentrations in the model. The membrane stresses are calculated by taking a
section-c'ut at the center of the tube thickness. The membrane plus bending stress is calculated by
taking the maximum of the stresses' calculated at the inner or outer surface of the fuel tube. Refer
to Figure'3.7-2 and Figure 3.74 for the'locationis of the section cuts.

The section cuts for the corner support weldments are calculated by taking section cuts along the
length of the weldment (ten inches for the periodic model). Since the corner weldment is
modeled using SHELL63 elements, the membrane stresses are calculated at the mid plane of the
element and the membrane plus bending stresses are calculated using the maximum stresses of
either the inner or outer surface of the element. Refer to Figure 3.7-5 and Figure 3.7-6 for the
locations of the section cuts.

The section cuts for the side weldments are calculated taking section cuts along the length of the
weldment (ten inches for the periodic model). The membrane stresses are calculated by taking a

section cut at the mid-thickness of the weldment. The membrane plus bending stress is
calculated by taking the maximum of the stresses calculated at the inner or outer surface of the

weldment. Refer to Figure 3.7-7 and Figure 3.7-8 for the locations of the section cuts.

3.A.4.3 Maximum Stresses for Concrete Cask Tip-over Accident

The post-processing of finite element analysis results for the basket tip-over accident using the

three-dimensional periodic model and plane strain plastic model, is performed by calculating

stresses at various locations of the basket structure.

The fuel tube stresses are calculated using the plane strain plastic model. The membrane stresses
are calculated by extracting the nodal stress intensity at the mid-thickness of the tube thickness.
The membrane plus bending stress is calculated by extracting the maximum nodal stress intensity
at the inner or outer surface of the fuel tube. Refer to Figure 3.7-2 and Figure 3.74 for the
locations of the stress sections.

The stresses for the corner and side support weldments are calculated using the 3-D periodic
model. The section cuts for the corner support weldments are located along the length of the
weldment (ten inches for the periodic model). Since the corner weldment is modeled using
SHELL63 elements; the membrane stresses are calculated at the mid plane of the element, and
the membrane plus bending stresses are calculated using the maximum stresses of either the inner
or outer surface of the element. Refer to Figure 3.7-5 and Figure 3.7-6 for the locations of the
section cuts. The section cuts for the side weldments are located along the length of the
weldment (ten inches for the periodic model). The membrane stresses are calculated by taking a
section cut at the mid-thickness of the weldment. The membrane plus bending stress is
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calculated by taking the maximum of the stresses calculated at the inner and outer surface of the
weldment. Refer to Figure 3.7-7 and Figure 3.7-8 for the locations of the section cuts. The
stresses in the corner support weldment support bars are calculated using the forces and moments
extracted from the BEAM4 elements. Classical hand calculations are used to calculate the
critical stresses in the support bars.
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Figure 3.A-1 Expanded View of PWR Basket
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Figure 3.A-2 Bolted Attachment Details
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Figure 3.A-3 Freebody Diagram of PWR Basket Fuel Tube Detail
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Figure 3.A-4 Freebody Diagram of Basket Support Structure
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Figure 3.A:-5 PWN'R Basket Periodic Model - 0° Basket Orientation
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Figure 3.A-6 PWR Basket Periodic Model - 450 Basket Orientation
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Figure 3.A-7 PWR Basket Plane Strain Plastic Model
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Figure 3.A-8 Meshing Detail of Fuel Tube in the PWR Basket Plastic Model
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Figure 3.A-9 PWR Basket Model Boundary Conditions For a Transverse Loading - 0°
Basket Orientation
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Figure 3.A-10 PWR Basket Model Boundary Conditions for a Transverse Loading - 450
Basket Orientation
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3.B BWR Fuel Basket Finite Element Models

3.B.1 Load Path Description

This section explains the load paths in the basket that ensure the structural integrity of the BWR

MAGNASTOR during all conditions of storage. -The MAGNASTOR BWR fuel basket is '

designed to accommodate 87 BWR fuel assemblies. For normal conditions of storage, the
weight of the fuel assemblies is directly supported by the bottom plate of the TSC. The basket is

subjected to its self-weight only. For the off-normal and accident conditions associated with

loadings in the transverse direction of the basket (e.g. off-normal handling load, concrete cask

tip-over accident), the weight of the fuel assemblies is supported by the 45 fuel tubes, side
support weldnients, and the comer support weldments. Referring to Figure 3.B-I, load transfer
between the fuel tubes, 'I', is through bearing contact at the comers. The bearing contact
consists of two load paths; the connector pins. ransmit load directly between each fuel tube; and

where the tubes are in contact, bearing loads are transmitted. The shear load transmitted across

the pins is reacted out in bearing in the pin sockets. The detailed interaction between fuel tube

comers is shown in Figure 3.B-1 and Figure 3.B-3. As the figures show, the pins welded to one
tube mate to the slots cut into the adjoining tube. Figure 3.B-3 shows a freebody diagram of the

fuel tube pin joint.

At the top and bottom of the fuel basket, connector pin assemblies are used to add additional
support to the basket. The end basket configurations do not affect the periodic model. analysis of

the basket because the connector pin assemblies do not transmit loads in the lateral direction..:

The connector pin assemblies are installed as a redundant support for the basket system to
maintain the structural configuration of the basket. The bottom connector pin assemblies also
provide a standoff between the TSC bottom plate and basket tubes, and transmit bearing loads

from the basket to the TSC bottom plate.

The comer and side support weldments provide rigidity to the basket. The weldments are
attached to the fuel tube arra b meansofboltedboss connections. Bosses welded to the fuel
tubes are slotted in to the weldments. Connection is made with the use of a washer and bolt
combination. Referring to Figure 3.B-1 and Figure 3.B-2, the bolted joints, are designed to
transmit tensile loads. Therefore, once installed and preloaded the bolts are always in tension.
Shear loads are reacted out by interaction of the bosses, boss welds, and the support weldments.

If the support weldments are bearing on the fuel tube array the load is transferred through the

bearing contact, '3', of the support weldments and fuel tube array (Figure 3.B-1 and Figure
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3.B-2). Figure 3.B-4 shows a freebody diagram of the fuel tube interaction with the support
structure.

3.B.2 Finite Element Model DescriDtions

This section describes the finite element models used in the BWR basket structural evaluation.
The following table describes the finite element models and the applicable ASME Code section.

ILoading ASME Code
Finite Element Model Analysis Usage Condin SeCon

. -.- Condition Section
Periodic Model Thermal Stress evaluation of BWR basket for Level A I11-NG

radial temperature distribution
Off-normal TSC handling Level C 111-NG
concrete cask tip-over accident - support - Level D III-NG, App. F
weldment evaluation
concrete cask tip-over accident - basket Level D NUREG/
buckling evaluation . CR-6322

Plane Strain Plastic concrete cask tip-over accident evaluation - Level D III-NG, App. F
Model fuel tube evaluation .

3.B.2.1 BWR Basket Periodic Models

The two three-dimensional periodic models of the BWR basket are used to evaluate the structural
integrity of the basket during normal, off-normal, and accident tip-over conditions as shown in
Figure 3.B-5 and Figure 3.B-6. These models correspond to the critical basket orientations, 00
and 450, for the loadings in the transverse direction of the basket. The fuel tube support pins are

spaced on 20.0-inch centers; therefore, the periodic model extends from the axial center of a tube

pin to the mid-point of the spacing between the pins, a 10.0-inch segment.

The basket finite element models are constructed using SOLID45, SHELL63, and BEAM4
elements. The fuel tube assemblies, pins, and side support weldments are modeled using
SOLID45 elements. The weight of the poison plates is included in the finite element model by
adjusting the density of the carbon steel for the fuel tube sides. The corner support weldment is
modeled using SHELL63 and BEAM4 elements. The corner support vertical wall is modeled
using SHELL63 elements. BEAM4 elements are used to model the support plates on the corner
assemblies. BEAM4 elements are also used to model the welds between the fuel tubes and pins.
The interaction between fuel tubes, corner support assemblies, and side'support assemblies are
modeled with CONTAC52 gap elements. These gap elements allow the transfer of loads between
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the basket structural components. For the basket structural evaluation, the TSC is not modeled.

CONTAC52 gap elements are used to model the total gap between the BWR basket and concrete

cask (tip-over accident evaluation) or transfer cask (handling and thermal stress evaluation).

The corner support and side support assemblies are bolted to the fuel tube array at sixteen

locations around the circumference of the basket. The bolt/boss joints'are modeled by coupling

nodal degrees of freedom, which permit the transmission of shear and axial loads at the joints.

Loads and boundary conditions are discussed in Section 3.B.3. The weight of the neutron

absorbers and the retainers, which are not included in the finite element model, are considered by
adjusting the density of the carbon steel for the fuel tube sides. !.

This model is also used to evaluate the thermal stresses in the basket due to the thermal

expansion of the basket in the radial and axial directions. A thermal conduction analysis is

performed by converting the structural elements to corresponding thermal elements, 'applying the

temperature boundary conditions'as discussed in Section 3.B.3. 1. The nodal temperatures are

then read into the structural model to calculate thermal stresses. Each of the basket components
is free to expand in the axial direction; therefore, thermal stresses due to thermal expansion in the

axial direction are negligible.

3.B.2.2 BWR Basket Plane Strain Plastic Model

A two-dimensional plane strain plastic finite element model is used in the structural evaluation of

the BWR basket tubes during a concrete cask tip-over accident. This model allows for non-.
linear, inelastic, behavior of the basket components, which eliminates the conservatism of the
linear elastic models. A non-linear model allows higher strain rates than a linear model. The use

of a plastic model is permitted in accordance with ASME Code Section m Appendix F. The '':'

structural'components are modeled using PLANE42 elements. BEAM3'elements are used to
model the support plates in the corner support assemblies'' The support plate geometric
properties are modified to represent a plane strain configuration (2-D,' unit length model).
Figure 3.B-7 shows a quarter of the finite element model. Figure 3.B-8 shows the meshing
density of the plane strain model. Similar to the three-dimensional periodic model, the full
model is used to generate'two models for the critical basket orientation,'00 and 45°..

To obtain an accurate solution, a fine'mesh is required in the model to allow the development of

elastic and inelastic strain regions. Reviewingithe finite element results of the elastic models
indicate that the fuel tubes have higher stresses than the side and corner supports. Therefore, the

element meshing of the fuel tubes is finer than the meshing for the side and corner supports. The

NAC International 3.B-3



MAGNASTOR System August 2004
Docket No. 72-1031 Revision 0

bending stresses are the highest in the corners of both the fuel tubes and support assemblies. The
meshing in the corners of the structural components is finer that the flat regions of the basket.

The interaction between adjacent fuel tubes, between the corner support assemblies and fuel
tubes, and between the side support assemblies and fuel tubes are modeled with CONTAC52 gap
elements. These gap elements allow the transfer of loads between the basket structural
components. For the basket structural evaluation, the TSC is not modeled. CONTAC52 gap
elements are used to model the total gap between the BWR basket and concrete cask standoffs
similar to the periodic model described in Section 3.B.2. l.

The comer support and side support assemblies are bolted to the fuel tube array at sixteen
locations around the circumference of the basket. The bolt/boss joints are modeled by coupling
nodal degrees of freedom, which permit the transmission of shear and axial loads at the joints.
The tube array pin joints are modeled with COMBIN40 gap elements that will transmit shear
(parallel to chamfered tube corner) across the joint; the tubes can separate during basket
deflection.

Loads and boundary conditions are discussed in Section 3.B.3. The weight of the neutron
absorbers and the retainers, which are not included in the finite element model, are considered by
adjusting the density of the carbon steel for the fuel tube sides.

3.B.3 Finite Element Model Boundary Conditions

3.B.3.1 Thermal Stress Analysis Boundary Conditions

The three-dimensional periodic model for 0° basket orientation described in Section 3.B.2.l is
used to calculate the thermal stress due to the thermal expansion in the radial direction. For the
thermal conduction solution, a maximum temperature of 7000F is applied to the nodes at the
center slot of the basket model, and a minimum temperature of 5500F is applied to the nodes at
the exterior surfaces of the basket, thus providing a bounding temperature delta of 150"F in the
radial direction of the basket. Note that the applied temperatures are conservatively selected to
envelop the maximum temperature, as well as the maximum radial temperature gradient (AT) of
the basket for all normal conditions and off-normal events of storage and for transfer conditions,
determined by the thermal analysis in Chapter 4. For the thermal stress structural analysis, the
temperature profile calculated by the thermal conduction solution is used. In the basket axial
direction, the model is restrained at one end.
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3.B.3.2 Off-Normal Handling Boundary Conditions"

The three-dimensional periodic models as described in Section 3.B.2.1 are used to calculate the

stresses due to loading in the transverse direction of the basket for off-normal handling :

conditions. The gap between the basket and the transfer cask is 0.62 inch (0.12-inch basket-TSC

and 0.50-inch TSC-cask). To represent the loads from the fuel assemblies, a pressure load is
applied to the fuel'tubes. The applied pressure is conservatively based on the heaviest fuel

assembly being loaded into the shortest basket. The pressure (P) applied to the tubes for a I g
loading is shown below.

W
P ;-=0.83 psi.

wL

where:

W = 704 lb ---------------------------- ------ Maximum weight of BWR fuel assembly,
w = 5.34 inch-----------------------------------Width of fuel tube flat
L = 159A1 inch-Length of fuel pressure load

The boundary conditions are the models, for 00 and 450 basket orientations, are shown in Figure

3.B-9 and Figure 3.B-10, respectively. For-off-normal events, an inertia load of 0.707g (resultant

of 0.5g acceleration applied in the two transverse directions) is applied in the transverse direction

of the basket. Applied pressure loads for fuel assemblies are also multiplied by 0.707g.

The O° and 450 basket orientations are critical for the BWR basket for loading in the transverse

direction. The O° basket orientation maximizes the stresses in the fuel tube sidewalls and the 450
basket orientation maximizes the bendingtstresses in the tube corners. Intermediate basket
orientations are bounded by'the 00 and 450 orientations.' Therefore,' the basket evaluation is
performed using two half-symmetry models for the 0° and 450 basket orientations, respectively.
Symmetry boundary conditions are applied at the plane of symmetry. Symmetry boundary
conditions are also applied to both ends of the finite element model to represent a periodic
section of the basket. Fixed nodes are used to represent the transfer cask.' For off-normal events,

material'properties at l 00F are conservatively used (using the modulus of elasticity for carbon
steel at lower temperature results in slightly higher stress results.),

3.B.3.3 'Concrete Cask Tip-over Accident Boundarv Conditions

The concrete cask tip-over is evaluated as a side impact for the basket. During the concrete cask
tip-over event, the acceleration varies from g' at the bottom of the concrete cask to a maximum
acceleration at the top of the TSC. The two dimensional plane strain plastic model is used for the
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evaluation of basket fuel tubes (Section 3.B.2.2), and the three-dimensional periodic models
(Section 3.B.2. 1) are used for the evaluation of the basket side and corner support weldments and
the buckling evaluation of the fuel basket. A bounding acceleration of 40g is applied to the
BWR models. The 40g acceleration bounds the maximum acceleration in the basket, including
dynamic load factor, for the concrete cask tip-over accident.

The gap between the basket and the concrete cask is 0.87 inch (0.12-inch basket-TSC and 0.75-
inch TSC-cask). Pressure loads are applied to the BWR basket models to represent the fuel
assembly weight with an applied 40g acceleration.

For the tip-over accident (loading in the transverse direction) the 00 and 450 basket orientations

are critical for the BWR basket as discussed in Section 3.B.3.2. Therefore, the basket is
evaluated using models corresponding to the 0° and 450 basket orientations. Symmetry boundary
conditions are applied at the plane of symmetry. Symmetry boundary conditions are also applied
to both ends of the three-dimensional periodic finite element model. Fixed nodes are used to
represent the concrete cask stand-offs. The boundary conditions are shown in Figure 3.B-9 and
Figure 3.B-10 for the tip-over basket evaluation. For accident conditions, material properties at
1000F are conservatively used.

3.B.4 Post-processing Finite Element Analysis Results

3.B.4.1 Maximum Thermal Stresses

The post-processing of the finite element analysis results for thermal stress evaluation is
performed by extracting the maximum nodal stress intensities from the model. The maximum
stress is obtained for two separate regions: (I) fuel tubes and (2) corner and side support
weldments.

3.B.4.2 Maximum Stresses for Off-normal Handling Condition

The post-processing of the finite element analysis results from the periodic model for the off-
normal handling event is performed by taking section cuts at various locations in the model.

The fuel tube section cuts are divided into two regions. Region I is the region between the pin
supports. For the periodic model this region is defined from the base of the model (mid distance
between pins) to the base of the pin. Region 2 is the pin region. This region starts at the base of
the pin and extends to the top of the finite element model (mid-plane of pin). For both regions
the region just above and below the pin cutout (±0.25 inch) is omitted from the section cuts to
eliminate local stress concentrations in the model. The membrane stresses are calculated by
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taking a section cut at the center of the tube thickness. The membrane plus bending stress is,
calculated by taking the maximum of the stresses calculated at the inner or outer surface of the
fuel tube. Refer to Figure 3.7-11 and Figure 3.7-13 for the locations of the section cuts.

The section cuts for the corner support weldments are calculated by taking section cuts along the
length of the weldment (ten inches for the periodic model). Since the corner weldment is
modeled using SHELL63 elements; the membrane stresses are calculated at the mid plane of the
element, and the membrane plus bending stresses are calculated using the maximum stresses of
either the inner or outer surface of the element. Refer to Figure 3.7-14 and Figure 3.7-15 for the
locations of the section cuts.

The section cuts for the side weldments are calculated taking section cuts along the length of the
weldment (ten inches for the periodic model). The membrane stresses are calculated by taking a
section cut at the mid-thickness of the weldment. The membrane plus bending stress is
calculated by taking the maximum of the stresses calculated at the inner or outer surface of the
weldment. Refer to Figure 3.7-16 and Figure 3.7-17 for the locations of the section cuts.

3.B.4.3 Maximum Stresses for Concrete Cask Tip-over Accident

The post-processing of finite element analysis results for the basket tip-over accident using the

three-dimensional periodic model and plane strain plastic model is performed by calculating

stresses at various locations of the basket structure.

The fuel tube stresses are calculated using the plane strain plastic model. The membrane stresses
are calculated by extracting the nodal stress intensity at the mid-thickness of the tube thickness.
The membrane plus bending stress is calculated by extracting the maximum nodal stress intensity
at the inner or outer surface of the fuel tube. Refer to Figure 3.7-11 and Figure 3.7-13 for the
locations of the stress sections.

The stresses for the corner and side support weldments are calculated using the 3-D periodic
model. The section cuts for the corner support weldments are located along the length of the
weldment (ten inches for the periodic model). Since the corner weldment is modeled using
SHELL63 elements; the membrane stresses are calculated at the mid plane of the element, and
the membrane plus bending stresses are calculated using the maximum stresses of either the inner
or outer surface of the element. Refer to Figure 3.7-14 and Figure 3.7-15 for the locations of the
section cuts. The section cuts for the side weldments are located along the length of the
weldment (ten inches for the periodic model). The membrane stresses are calculated by taking a

section cut at the mid-thickness of the weldment. The membrane plus bending stress is
calculated by taking the maximum of the stresses calculated at the inner and outer surface of the
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weldment. Refer to Figure 3.7-16 and Figure 3.7-17 for the locations of the section cuts. The
stresses in the comer support weldment support plates are calculated using the forces and
moments extracted from the BEAM4 elements. Classical hand calculations are used to calculate
the critical stresses in the support bars.
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Figure 3.B-1 Expanded View of BWR Basket
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Figure 3.B-2 Bolted Attachment Details
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Figure 3.B-3 FreebodyDiagram of BWR Basket Fuel Tube Detail
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Figure 3.B-4 Freebody Diagram of Basket Support Structure
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Figure 3.B-5 BWR Basket Periodic Mlodel - 0° Basket Orientation
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Figure 3.B-6 BWR Basket Periodic Model - 450 Basket Orientation
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Figure 3.B-7 BWR Basket Plane Strain Plastic Model
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Figure 3.B-8. Meshing Detail of Fuel Tube in the BWR Basket Plastic Model
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FigureI3B-9 BU!R Basket Model Boundar} Condilions for aTransverse Loading- 0°
Basket Orientation
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Figure 3.B-10 BWR Basket Model Boundary Conditions for a Transverse Loading -
450 Basket Orientation
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3.C TSC Finite Element Model

This appendix presents details on the TSC finite element model used in the structural evaluation
of the TSC for lift, normal conditions and off-normal or accident events of storage.

TSC Finite Element Model Description

The three-dimensional finite element model of the TSC is constructed using ANSYS SOLID45

elements. By taking advantage'of the symmetry of the TSC, the model represents one-half (1800

section) of the TSC including the TSC shell, bottom plate, and closure lid.' The finite element

model of the TSC is shown in Figure 3.C-1. ANSYS CONTAC52 elements are used to model

the interaction between the closure lid and the TSC shell.: Gap elements are also used to simulate

the interaction with the concrete cask inner liner during a side impact and pedestal during an end

impact. The size of the'CONTAC52 gaps is determined from nominal dimensions of contacting

components. -Due to the relatively large gaps resulting from the nominal geometry, these gaps

remain open during all loadings considered. All gap elements are assigned a stiffness of 1 x 108

lb/in.

This model represents a "bounding" combination of geometry and loading that envelope the.

MAGNASTOR PWR and BWR TSCs. Specifically, the longest TSC is modeled in conjunction

with a conservative fuel and basket combination. 'By using the longest TSC with the

conservative content weight, bending stresses are maximized at the junction of the shell and lid.

Thus, the analysis yields conservative results relative to the expected performance of the actual

TSC configurations.

BoundarV'Conditio ns for TSC Lift

The lifting configuration for the TSC consists of six hoist rings bolted to the closure lid at

equally spaced angular intervals. To simulate the lifting of the TSC, nodes representing the hoist

rings on the closure lid are constrained in the Y-direction. For heavy lift evaluation, only three of

the hoist rings are considered. Due to the symmetry of the model, only the nodes at 60° and 1800

are constrained (see Figure 3.C-1). Symmetry boundary conditions are applied at the plane of

symmetry of the model. Pressure representing the-i~'eighfof the' fuel and basket is applied to the

TSC bottom. A 1.Ig inertia load is applied in the axial direction.

, ... '1w .* :
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Boundary Conditions for Normal Conditions and Off-normal or Accident Events

Model Constraints:

The model is constrained in the global Z-direction for all nodes in the plane of symmetry. Other

constraints for different loading conditions are summarized below. The directions of the

coordinate system are shown in Figure 3.C-I

Model Constraint Summary

Condition Constraint

Dead Weight Y-direction at TSC bottom

Normal Handling Y-direction - lift points in TSC lid

Off-normal Handling - axial Y-direction - lift points in TSC lid

Off-normal Handling - lateral Gap elements at TSC shell in radial direction

24-inch drop Y-direction at TSC bottom

Tip-over Gap elements at TSC shell in radial direction

Inertial Load:

Inertial loads resulting from the weight of the TSC and contents are considered by applying an

appropriate deceleration factor (g-load). Inertial loads are summarized below.

Inertial Load Summary

Condition Inertial Load

Dead Weight 1g - axial

Normal Handling 1.1 g - axial

Off-normal Handling 1.5g - axial, 0.707g - lateral

24-inch drop 60g- axial

Tip-over 40g - lateral

Pressure Load - Internal Pressure:

A uniform pressure is applied to all internal surfaces of the TSC. The TSC pressures used for the

normal (110 psig), off-normal (130 psig), and accident (250 psig) bound all pressure conditions.

Pressure Load - Dead load, Handling. and 24-inch Drop

For the dead load, handling, and 24-inch drop analyses, the inertial load produced by the contents

weight is considered to be uniformly distributed on the inner surface of TSC bottom plate. Based

on the contents weight of 100,000 lb and the TSC inside radius of 35.5 inch, the pressure

corresponding to the contents weight is shown below.
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100,000
p = =25.26 psi

(X)(35.5)2

The pressure load is multiplied by appropriate inertia loading (1g, L.lg and 60g for dead load,

handling, and 24-inch drop, respectively).

Pressure Load-Tip-over:

The inertial load produced by the 100,000 lb (50,000 lb for the half-symmetry model) content '

weight is represented 'as an equivalent static pressure applied on the interior surface' of the TSC

shell.' The pressure is uniformly distributed along'the cavity length over a section equal to the

length of a basket,'and is applied in the circumntefential dir6ction as a cosine digtribution. The

maximum pressure occurs at the impact centerline; the pressure decreases to zero at locations

that are 360 either side of the impact centerline, as illustrated in Figure 3.C-1. The following

formula is used to determine the applied pressures on the elements within the 36° arc.' Pressure

load is multiplied by appropriate inertia loading.. This method uses a summation schem'e to

approximate the integration of the cosine-shaped pressure distribution:

6 . . . :.

Ftotai = EP A cos(0j)cos(6')
i=1

where:

Pmax
Oi

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

io1i

Ai

AG,

R

g,

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

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

7-7-77 ------- ----------------

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

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

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

------------conservative basket and fuel weight
------------maximum pressure (at impact centerline)
------------average angle of subtended arc.of ih element

measured from centerlinie at poin't of impact,
* -X to obtain vertical component of pressure

------------ ith circumferential sector
------------normalized angle to peak at 00 and to be

zero at 36° ..

;; * (36) =2.5(0)
- ' -th * - -- i circumferential -area over which the

-' "' pressure is 'applied
, .;R'(A0)Xn1l80) L ,.-

-------- increment of the, angle corresponding to arc
length of ij element

------ inner radius of cask
---------- basket length
----------deceleration
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Temperatures for Thermal Stress Analysis:

The finite element thermal stress analysis is performed with TSC temperatures that envelope the
TSC temperature gradients for normal (1000F ambient temperature), off-normal storage (106'F
and 40'F ambient temperatures), and transfer conditions for all TSC configurations. Prior to
performing the thermal stress analysis, the steady-state temperature distribution is determined

using bounding temperature data from the storage and transfer thermal analyses. This is
accomplished by converting the SOL1D45 structural elements of the TSC model to SOLID70
thermal elements to perform a thermal conduction analysis. Nodal temperatures are applied at
key locations for the thermal analysis: top-center of the closure lid, top-outer diameter of the
closure lid, bottom-center of the closure lid assembly, bottom-center of the bottom plate, bottom-
outer diameter of the bottom plate, and the TSC shell where the maximum temperature occurs.

The temperature distribution used in the structural analyses envelops the temperature gradients
experienced by all PWR and BWR TSC configurations under storage and transfer conditions.
The temperatures at the key locations are listed below. Temperatures locations (A through F) are

defined in Figure 3.C-2. The temperatures for all nodes in the TSC model are obtained by the
solution of the steady state thermal conduction analysis.

Top center of the closure lid (C) 5100F

Top outer diameter of the closure lid (F) = 4300F

Bottom center of the closure lid (B) 570 F

Bottom center of the bottom plate (A) 3500F

Bottom outer diameter of the bottom plate (D) = 2400F

Canister shell at 168 inch from TSC bottom (E) = 5200F

Post-processinq

The stress evaluation for the TSC is performed in accordance with the ASME Code, Section HI,
Subsection NB, by comparing the linearized sectional stresses against allowable stresses. The

sectional stresses at 12 locations of the TSC model are obtained for each 90 angular division of
the model. The locations for the stress sections are shown in Figure 3.C-2. The allowable

stresses for normal conditions and off-normal or accident events are taken from Subsection NB.

Bounding temperatures that envelop the maximum temperatures experienced by TSC
components during storage and transfer conditions are used to determine allowable stress values.
Temperatures used at each stress section are given in Figure 3.C-2. Allowable stress values at
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temperature are determined based on mechanical properties for SA-240 Type 304 stainless steel.

All stress components are reported in the global cylindrical coordinate system (X = Radial, Y =
. . .

Circumferential, Z = Axial). Additionally, in accordance with ISG 15, Revision 0, a 0.8 weld

reduction factor is applied to the allowable stresses for the closure lid weld (Section 10 of Figure

3.C-2). - .
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Figure 3.C-1 MAGNASTOR TSC Finite Element Model and Boundary Conditions

TSC Lift Boundary Condtions

TSC Model

Y

YAx
Lz

NAC International 3.C-6



MAGNASTOR System
Docket No. 72-1031

August 2004
Revision 0

Figure 3.C-2 Identification of Sections for Evaluating Linearized Stresses in TSC
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AxI Allowable Node 1 Node 2Axala Temperature
Section (IF) x .y

1 225 35.50 0.00 35.50 2.75
2 225 35.50 2.75 36.00 2.75
3 250 35.50 5.751 36.00 5.75
4 450 35.50 41.42 36.00 41.42
5 460 35.50 77.09 36.00 77.09
6 470 35.50 112.75 36.00 112.75
7 500 35.50 148.42 36.00 148.42
8 500 35.50 182.75 36.00 182.75
9 450 35.50 190.50 36.00 190.50
10 450 35.50 190.25 35.50 190.75
11 250 0.00 0.00 0.00 2.75
12 550 0.001 182.751 0.001 191.75

Note: Dimensions in inches.
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3.D Concrete Cask Finite Element Models

3.D.1 Pedestal Finite Element Model for Lift Evalaution

An ANSYS finite element model of the concrete cask pedestal (Figure 3.D-1) is used to perform

the structural evaluation for the lift condition. The model is constructed using SHELL63,
LINK8, and CONTAC52 elements. LINK8 elements are used to model the Nelson studs. The

model is a quarter symmetry model. Symmetry boundary conditions are used on the XZ and YZ

planes. The pedestal is a welded structure. CONTAC52 gap elements are used to model regions
where components are not welded together (stand to pedestal plate, and support rails to stand).

The gap elements do not close during the analysis, which maximizes the bending stresses in the

support rails and inlet tops; therefore, the analysis is bounding. During a concrete cask top-end'

lift the TSC loads the pedestal plate. A pressure load (Pcan) is used to apply the TSC weight to

the pedestal plate.

Pan =1.xWcan l.lXl = 32.4 psi
A , d 4,071

The load in the pedestal is reacted out by the Nelson studs, which carry the load into the concrete.

The tops of the Nelson studs are restrained in all degrees of freedom. An inertia load of 1.lg (Z-

direction) is applied to the finite element model for dynamic load factor (DLF). The l.lg DLF is

applied per ANSI/ASME N45.2.15.

3.D.2 Concrete Cask Finite Element Model for Thermal Stress Evaluation

A thermal stress evaluation of the concrete cask was performed for normal conditions and off-
normal or accident events. A three-dimensional finite element model was created using the

ANSYS program. The concrete cask contains 56 periodic radial sections with the 56 vertical.,

rebars. Therefore, the model represents 6.4° (1/56'h) of the concrete cask. The model contains

only the portion of the concrete cask shell and liner between' the top 'of the lower vents and the lid

assembly because the circumferential 'and vertical rebar are located in this region.

The thermal conduction model is constructed using ANSYS SOLID70 elements for the concrete

shell and steel liner. The nodes at the liner/shell interface are coincident and are connected using

temperature couples. The model is divided into four sections vertically with 0.1-inch gaps.

LINK33 elements are used to connect the four sections to allow for thermal conduction across

the gaps. The temperatures vary in the vertical and radial directions. Conservatively, the

temperature profile corresponding to the 106°F (off-normal) ambient condition is used for the
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normal conditions. The temperature profile for the 1 330F ambient condition is used for the
accident event. Temperatures are applied to nodes on the inner and outer surfaces of the concrete
cask.

The thermal conduction model is modified for the structural evaluation. The SOLID70 elements
are replaced with SOLID45 elements. COMBIN14 elements are used between the four vertical
sections of the model for the steel liner. CONTAC52 gap elements are used between the liner
and concrete shell to permit only compressive loads to be transmitted across the gap. Rebar was
modeled into the model using LINK8 elements. LINK8 elements where also modeled across the
vertical gaps to represent the vertical rebar; therefore, tensile loads are taken by the rebar. There
are 24 vertical rebar on the inner radius and 56 on the outer radius. The properties of the inner
vertical rebar are determined by a ratio to represent the 1/56 'h model (24/56 ratio). The finite
element model is shown in Figure 3.D-2 and Figure 3.D-3. Boundary conditions are shown in
Figure 3.D-4.

3.D.3 Pedestal Finite Element Model for 24-inch Drop Evaluation

Subjecting the concrete cask to a bottom end impact, the TSC produces a force on the base
weldment located at the bottom of the cask. The ring above the air inlets is expected to yield. To
determine the resulting acceleration of the TSC and deformation of the pedestal, a LS-DYNA
analysis is used.

A quarter-symmetry model of the base weldment is shown in Figure 3.D-5. The model is
constructed using 4-node shell elements. Symmetry boundary conditions are applied along the
planes of symmetry (X-Z and Y-Z plane); Rigid mass 8-node solid elements located in the TSC

bottom plate represent the loaded TSC. Rigid mass 8-node solid elements located above the air
inlet duct top represent the weight of the inner liner shell. The impact plane is represented as a
rigid plane. To determine the maximum acceleration and deformations, impact analyses are

solved using LS-DYNA program.

The weldment support rails, weldment pedestal plate, air inlet ducts, and the cylindrical stand
materials are modeled using the piece wise linear plasticity model in LS-DYNA. The stress-
strain curve used for this analysis was obtained from the Atlas of Stress-Strain Curves and is
presented in Figure 3.D-6. To ensure that maximum deformations and accelerations are
determined, two analyses are performed. One analysis, which uses the upper bound weight of
105 kips, envelops the maximum deformation of the pedestal. The second analysis employs the

lower-bound weight of 60 kips to account for maximum acceleration. The details of the model

are described as follows.
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* All structural components are modeled using shell elements. A layer of solid elements

represents the TSC weight.

* The ground base plate of the pedestal is 'notinodeled since the plate is in contact with the
impact plane during impact and has no effect on the deformation of the pedestal.

* The gravitational force is aligned with the Z-axis and is acting in the negative Z direction.

* All components of the pedestal are made of ASTM A36 carbon steel.

* The cylindrical shell under the pedestal plate is separated (not welded) from the support rail
to allow buckling to occur at a relative lower g-level.

* The loaded TSC is modeled as a rigid body. The density of the TSC is calculated so that the
total weight of the TSC model is equal to 105 kips or 60 kips, bounding values for the
maximum and minimum TSC loaded weights.

* The concrete cask liner is modeled as a rigid body. The density of the liner is calculated so
that the total weight is equal to 16,900 lb, which envelops the weight of the liner shell and the

S-shape steel beams attached to the concrete cask.liner.

* The column weight of the concrete portion of the concrete' cask projected onto the top of an
air inlet plate is represented by a uniformly distributed normal pressure acting on the top of

- the air inlet plate.' The weight is only statically applied to the top of the air inlet. Upon
impact, since the air inlet is more flexible than the base plate, all of the impact 'force of the
concrete is transmitted to the base plate. The static pressure is always present during the -

impact.

* The rigid wall is an infinitive rigid plane. The rigid wall featured in LS-DYNA is used to
simulate the rigid ground surface on which the concrete cask is supported or dropped.,

- 'd* -'re'f'ming natra

* The filter frequency used in the LS-DYNA evaluation is determined by performing natural
frequency calculations of the various components in the load path of the base weldment. The
component with the lowest natural frequency is' the cylindrical stand. -This calculation results
in a natural frequency of 182 Hz. Ther'efore, a filter frequency of 200 Hz is selected.

Material Propertv

The pedestal material is A-36 carbon steel. The LS-DYNA material type 24
(PiecewiseLinear_Plasticity) is used. The true stress-strain curve of A-36 is shown in Figure

3.D-6.
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Initial Condition

The body force applied to the TSC and the pedestal assembly is the 1-g acceleration representing

the ever-present gravitational force. Body force is a vectored input depending on the angle of
drop. The 1-g body force is applied in the -Z direction. Since the 24-inch drop represents the
dynamic force input, the initial velocity, V0 is computed as shown below.

V0 = Vi2g-= E2(386.4)(24) = 136.1 inch/sec

where:

g = 386.4 inch/sec2

H = 24.0 inch-----------------------------------Drop height

Post-Processinq

To obtain output, a node on the TSC tracks the movements of the TSC as it impacts on the top
base plate of the pedestal. Since the TSC is modeled as a rigid body, any node on the TSC is

sufficient to track the global movements and deceleration of the TSC. The output database
contains a time-series of nodal displacement, velocity, and acceleration. The nodal output file is
a text file that the postprocessor of LS-DYNA can convert into time-history plots and apply to
the plotted graphs signal-conditioning operations such as filtering and rescaling. The
acceleration of the TSC is obtained directly from the output file and then filtered to eliminate the
ripples. The filtered acceleration (in-inch/sec 2) is rescaled to units of g (386.4 inch-inch/sec2)
value.

3.D.4 Concrete Cask Finite Element Model for Tip-over Evaluation

The concrete cask is designed to hold a TSC during long-term storage conditions and is
constructed of a steel liner surrounded by reinforced concrete. The critical locations for
measuring accelerations are at the top of the fuel basket and top of the TSC closure lid.

Two half-symmetry finite element models of the concrete cask, concrete pad, and soil sub grade
are constructed of solid brick elements using the LS-DYNA program for the cask tip-over
evaluation. One model uses a standard sized pad, and the other model uses an oversized pad.
The difference between the two models reflects the segments in the concrete pad. The finite
element models are shown in Figure 3.D-7.

NAC International 3.D-4
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Material Properties

The mechanical properties used in the analyses are described in the following sections. The

densities of each part are calculated to account for the total weight'of nonstructural components

that are not modeled as part of the finite element model.

Concrete:

The concrete is represented as a homogeneous isotropic material. The effect of the reinforcing

steel is ignored. The concrete for the cask and the pad are modeled as LS-DYNA material 16

(Mat-Pseudo_Tensor), which represents a concrete constitutive model in LS-DYNA. This

material ,model requires an equation-of-state represented in LS-DYNIA as

EOS_TabulatedCompaction. The LS-DYNA input for the cask concrete is shown below.

= 4,000 psi-----------------------------------Compressive Strength

p,. = 148 pcf = 0.0002217 lb-sec2/in4 -------Density
v, = 0.22-----------------------------------------Poisson's Ratio

E, = 33p'-/ij7 = 3.758 x IO6 psi ---------- Modulus of Elasticity

Gc = 1.540x IO6psi ------------Shear Modulus
2(1+v,)

K, = E = 2.237 x 106 psi ----------- Bulk Modulus
3(1- 2vr )

E= L- =0.001788 -------------------------- Volurmetric Strain'

Using the same formulae presented above, the required input data for the pad concrete is shown

below.

f, (psi) p, (lbs/ft3) E| (psi) G| (psi) K| (psi) | "
5,000 160 4.723 x 10 6  1.936 x 10 6  2.811 x 106 I 0.001779

Soil:

An elastic model with the following properties is used to represent the subgrade soil material of

the site.

p= 00 pcf--- ----------------- '---'---' --------Density-
v, = 0.45-----------------------------------------Poisson's Ratio
.E = 30,000 psi --------------------------------- Modulus of Elasticity

Steel Inner Liner:

The steel liner is represented by a rigid material model with the following properties.

v = 0.31-----------------------------------------Poisson's ratio
E = 29 x 106 psi ------------------------------- Modulus of elasticity

NAC International 3.D-5
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Boundary Conditions

Automatic_Surface_To_Surface contact conditions are employed between the concrete cask and
the pad, between the pad and soil, and between the cask steel liner and concrete. Symmetry
boundary conditions are applied to all parts at the plane of symmetry (see Figure 3.D-7). The
vertical displacements at the bottom of the soil sub grade and horizontal displacements for the
three vertical boundaries of the soil are restrained.

Tip-over is simulated by applying an initial angular velocity, o, to the entire concrete cask. The
angular velocity value is determined by the conservation of energy about the center of gravity as
the concrete cask rotates from end to corner to side orientations as shown in the figure below.

To ensure accuracy, the LS-DYNA output kinetic energies are compared to actual calculated
potential energy. Equating the potential to the kinetic energy during tip-over

mgh = 2

where:

M =
1.527 rad/sec------------------------------Angular velocity for concrete cask
785.6 Ibm ---------------------------------- Total mass of the concrete cask
386.4 inch/sec2 --------------------------- Acceleration due to gravity

R2 +LCG -R--------------------------Height change of the concrete cask mass

I
center

--Total mass moment of inertia (lb-inch 2) of
the concrete cask about the pivot point
(automatically calculated by LS-DYNA)

--Outside radius of concrete caskR = 68 inch

NAC International 3.D-6
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The potential energy due to the height changeof the concrete cask's mass center during tip-over
is bounded by the kinetic energy of 2.0 x 107 inch-lb.

Load Cases

Bounding load cases are used to evaluate the loaded concrete cask during tip-over conditions.
Two concrete pad and subsoil combinations are considered to bound all possible storage
configurations: the'standard pad configuration and oversize pad configuration. The standard pad
represents typical storage pad properties and boundary conditions. The oversized pad is used as a
sensitivity study to determine the effect of increased foundation size on accelerations. 'The

dimensions of the standard concrete pad are 30 ft (Length) x-30 ft (Width) with subsoil

measuring 35 ft (Length) x 35 ft (Width). The dimension's of the oversized concrete pad are 60 ft

(Length) x 30,ft (Width) with subsoil measuring 70 ft (Length) 'x 35 ft (Width).

With the exception of pad size, the standard and oversized pads use identical parameters and
boundary conditions. The mesh density and element aspect ration of the'oversized pad is
maintained from the standard model.

NAC International 3.D-7 ~
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Figure 3.D-2 Concrete Cask Finite Element Model for Thermal Stress Evaluation

Radial elements for hoop stress

bZ'0
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Figure 3.D-3 Concrete Cask Model - Elements for Rebar

Vertical Rebar

Hoop Rebar
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Figure 3.D-4 Concrete Cask Model Boundary Conditions

Gap elements allow translation in the
radial direction but do not transmit
tensile loading.

i

r

Translation restrained in the 0
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radial direction
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Figure 3.D-5 Concrete Cask Pedestal Finite Element Model for 24-inch Drop Evaluation

Air Inlet Top

Location A (Node 7894)
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Figure 3.D-6 Stress-Strain Curve for'A36 Carbon Steel
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Figure 3.D-7 Finite Element Models for Tip-over Evaluation
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3.E Transfer Cask Finite Element Model

The top section of the transfer cask is a solid ring made of carbon steel. A pair of trunnions, 9-

inch in diameter, are mounted 1800 apart on'this ring. The middle section of the transfer cask is
comprised of a steel inner shell,-a lead layer, a neutron 'shield layer, and a steel outer shell. The
bottom section is a solid ring made of carbon steel. A pair of rails is welded to the bottom of the
solid forging. A pair of steel doors is inserted in the rails. The overall height of the transfer cask
is 198.0 inches. The'overall diarnetfer of the cask is 88.0 inches. The maximum loaded weight of
the transfer cask is 230,000 pounds.

A three-dimensional finite element model is used to evaluate the lifting of a fully loaded
MAGNASTOR transfer cask. Because of symmetry, only one-quarter of the transfer cask is
modeled, as shown in Figure 3.E-1. The model includes the trunnions, the top ring at the
trunnion region, the inner and outer shells, the bottom, and the lead and the neutron shield
between the inner and outer shells. ANSYS SOLID45 elements (8-node brick element) are used
to model the transfer cask. The trunnions are partial penetration welded to the top ring.
CONTAC52 elements are used to model the interface between the trunnion and the top ring. The
groove welds attaching the trunnion to the top ring are represented by coupled nodes between the
two components.

The total weight of the heaviest loaded transfer cask is less than 115 tons. A conservative load of
120 tons, plus a 10% dynamic load factor, is used in the model. The load used in the quarter-
symmetry model is (240,000 x 1.1)/4 = 66,000 pounds. The load is applied upward at the
trunnion as a "surface pressure load" whose location is determined by the lifting yoke
dimensions. The magnitude of the surface pressure load is calculated so that the total upward
force equals to the load of 66,000 pounds. The model is restrained along two planes of symmetry
with symmetry boundary conditions. Vertical restraints are applied to the bottom of the model to
resist the force applied to the trunnion.
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Figure 3.E-1 Finite Element Model for the Transfer Cask
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Chapter. 4

Thermal Evaluation
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4 THERMAL EVALUATION

This section presents the thermal design and analyses of MAGNASTOR for normal conditions
and off-normal and accident events of storage. Results of the analyses demonstrate that with the
design basis contents, MAGNASTOR meets the thermal performance requirements of
10 CFR 72 [1] and NUREG-1536 [20].
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4.1 Discussion

MAGNASTOR consists of a TSC, concrete cask, a'nd a transfer cask. In long-term itorage, the
fuel is loaded in a basket structure' positioned within the TSC. The TSC is placed in the concrete
cask, which provides'passive radiation shieldinig'aind'natural convection cooling. The transfer
cask is used to handle the TSC. The thermal performance of the concrete cask containing a'
loaded TSC with design basis fuel, and the performance of the transfer cask containing a loaded
TSC with design basis fuel are evaluated in thisLThapter.

The' thermnal evaluation'considers normal conditions and off-normial 'ind 'accident events of
storage. Each of these'conditions can be described in terms of the environmental temperature,
use of solar insolation, and the condition of the air inlets as shown in Table 4.1-1. For the
transfer operation evaluation, a separate model including the continuous annulus cooling sy'stem
is used. The evaluation of the different phases of the transfer operation is accomplished by
altering the properties of the medium in the canister to correspond to water, helium or vacuum.

In order for the heat from the stored spent fueli ssemblies to be'rejected to the ambient viathe
concrete cask'or the transfer cask, the decay heat'from the spent fuel assemblies must be
transferred to the TSC surface. The MAGNASTOR baskets for the PWR 'and the BWR fuel"
assemblies rely on all three heat trahsfer'riode's- 'radiation, conduction and convection-to'
transfer the heat to the TSC surface. The basket 'design enhances convection heat' transfer.
Helium is used as the backfill gas in the TSC because its thermal conductivity is better than other
backfill gases. Since the basket is comprised of full-length carbon steel tubes, it provides a
significant path for conduction heat transfer. Radiation is a significant mode of heat transfer in
the fuel region and between the outer surface of the basket and the TSC shell.

The significant thermal design feature of the concrete cask is the passive convective airflow
around the outside of the TSC. Cool (ambient) air enters at the'bottom of the concrete cask

--through four air inlets. Heated air exits through the four air outlets in the upper concrete cask
body. Radiant heat transfer occurs from the TSC shell to the-concrete cask liner, which then
transmits heat to the annular airflow. Conduction through the concrete cask, although not

I I :. . . I .I .......................................................... . ... ... .. .. .. . .. . .. ... . :

significant, is included in the analytical model. Natural circulation of air through the concrete -

cask annulus, in conjunction with radiation from the TSC surface, maintains the fuel cladding
temperature and all component temperatures below their design limits.

The MAGNASTOR design basis heat load is 40 kW for 37 PWR fuel assemblies. The loading
pattern for the PWR can accommodate a uniform heat load of 1.08 kW per assembly, or a
preferential loading pattern as shown in Figure 4.1-1. The preferential loading pattern identified
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in Figure 4.1-1 defines three values of heat generation that place the fuel assemblies with the
maximum heat generation rate in an intermediate region of fuel storage locations. This
configuration enhances convection, while not incurring the penalty from the maximum heat-
generating assemblies being in the center of the basket region. The BWR design can
accommodate 87 fuel assemblies with a uniform design basis heat load of 38 kW or 437 W per
assembly.

The thermal evaluation applied different component temperature limits and allowable stress
limits for long-term conditions versus short-termconditions. Normal storage operation is
considered to be a long-term condition. Off-normal and accident events are considered to be
short-term conditions. Thermal evaluations are performed for the design basis PWR and BWR
fuels for all design conditions. The maximum allowable material temperatures for long-term and
short-term conditions are provided in Table 4.1-2.

During normal conditions of storage and off-normal and accident events, the concrete cask must
reject the decay heat from the TSC to the environment without exceeding the system components
temperature limit. In addition, to ensure fuel rod integrity for normal conditions of storage, the
spent fuel must be maintained at a sufficiently low temperature in an inert atmosphere to
preclude thermally induced fuel rod cladding deterioration. To preclude fuel degradation, the
maximum cladding temperature under normal conditions of storage and canister transfer

operations is limited to 7520F (400'C) per ISG-1 1[2]. For either fuel type, the maximum

cladding temperature for off-normal and accident events is limited to 1,0580F (570'C). For the
structural components of the storage system, the thermally induced stresses, in combination with
pressure and mechanical load stresses, are limited to the material allowable stress levels.

Thermal evaluations for normal conditions of storage and canister transfer operations are
presented in Section 4.4. The finite element method is used to compute the effective properties
for the basket and fuel region. The thermal solutions for the concrete cask and transfer cask are
obtained using finite volume methodology. Thermal models used in the evaluation of normal and
transfer conditions are described in Section 4.4.1

A summary of the thermal evaluation results for normal conditions of storage is provided in
Table 4.4-3 for the PWR and the BWR cases. Table 4.4-4 contains the maximum fuel cladding
temperatures for the different phases of the transfer operations. Thermal evaluation results for
off-normal and accident events are presented in Section 4.5 and 4.6, respectively. The results
demonstrate that the calculated temperatures are less than the allowable fuel cladding and
component temperatures for all normal (long-term) storage conditions and for short-term events.
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As shown in Chapter 3, the thermally induced stresses, combined with pressure and mechanical
load stresses, are also within allowable limits.
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Figure 4.1-1 Definition of the Preferential Loading Pattern for PWR Fuel
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Table 4.1-1 Summary of Thermal Design Conditions for Storage for the MAGNASTOR

. '. I ..'. .Condition
Environmental

Temperature (fF)
-Solar -

Insolation a)

Condition of
- Concrete Cask

Inlets
-Normal - - - --- - 100-- -- - Yes All inlets open
Off-Normal . . 100 Yes Half inlets blocked
- Half Air'Inlets Blocked . - - - . . . -1

---Off-Nor mal .
- - - Severe Heat - 106 Yes -All inlets open

-Off-Normal All inlets open
-'Severe Cold
Accident 133 Yes A inlets open,
-' Extreme Heat -

Accident - - - All inlets blocked
- All Air Inlets Blocked

! Accident
- -Fire -

I During Fire 1475 Yes All inlets open
I Before and After Fire 100 Yes All inlets open

a) Solar Insolation per 10 CFR 71[3]:
Curved Surface: 400 g cal/cm2 (1475 Btulft2) for a 12-hour period.

Flat Horizontal Surface: 800 g cal/cm2 (2950 Btu/ft2) for a 12-hour period.
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Table 4.1-2 Maximum Allowable Material Temperatures

Temperature Limits (0F)
Material Long Term Short Term Reference

Concrete 200(B)/300(L)a) 350 ACI-349 [4]
NUREG-1 536 [20]

Fuel Clad
PWR Fuel 752 752/1,058b) ISG-1 1 [2] and
BWR Fuel 752 752/1,058b) PNL-4835 [51]

NS-4-FR 300 300 JAPC [6]
Chemical Copper Lead 600 600 Baumeister [7]
ASME SA693 17-4PH Type 630 Stainless 650 800 ASME Code [8]
Steel -_-_-_-_ARMCO [91]
ASME SA240 Type 304 Stainless Steel 800 800 ASME Code [81
ASTE SA537 Class 1 Carbon Steel 700 700/1,000c) ASME Code [8]
ASTM A588 Carbon Steel 700 700 ASME Code Case

N-71-17 [iO]
_ASTM Standard [19]

ASTM A350 LF2 Carbon Steel 700 700 ASTM Standard [19]
ASTM A36 Carbon Steel 700 700 ASME Code Case

N-71-17 [10]
ASTM Standard [19]

a) B and L refer to bulk temperatures and local temperatures, respectively.

b 752TF TSC transfer operations; 1,0580F off-normal and accident events.

c) 700'F TSC transfer operations; 1,0000 F off-normal and accident events.
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4.2 Thermal Properties of Materials

Material properties used in the analytical model are separated into two categories. One category
represents materials specified in the design that are explicitly represented in the model and are
tabulated in Chapter. 8. The second category represents effective properties of the basket and
fuel region, which are calculated using the thermal models presented in Section 4.4.1.

4
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4.3 Technical Specifications for Components

The three major components of MAGNASTOR must be maintained within their safe operating
temperature ranges: the concrete cask, the transfer cask, and the TSC with fuel basket. The safe
operating ranges for these components are from a minimum temperature of -40'F to the
maximum temperatures defined in Table 4.1-2.

The criterion for the safe operating range of the lead in the transfer cask is maintaining the lead
temperature below its melting point of 620'F [73. The maximum operating temperature limit of
the NS-4-FR neutron shield material in the transfer cask has been determined by the
manufacturer and ensures the stability of the material. The temperature limits for the steel
components of the fuel basket and the TSC are defined by ASME Code Section II, Part D [8].
The temperature limits for the steel components of the transfer cask and the concrete cask are
defined by ASTM Standards [19]. The temperature limits for concrete are defined by ACI-349
[4] and NUREG-1536 [20].
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4.4 -Normal Storaqe Conditions . ',

The finite element and finite volume methods are used to evaluate the thermal performance of
MAGNASTOR for normal conditions of storage. The general-purpose finite element analysis
program ANSYS [11] is used to perform analyses requiring radiation and conduction. The
Compuitational Fluid Dynamic (CFD) program FLUENT [12], which is based on finite volume
methods, is used to perform analysis that includes conduction, radiation and convection. In
FLUENT, convection of heat is simulated through motion of fluid, as well as by the specification
of a film coefficient for a surface boundary condition. :

'4.4.1 -Thermal Analysis Models

Analysis models used for the thermal evaluation of both the PWR and BWR design
configurations are described in the following sections. The methodology inherent in the models
conservatively reflects the heat transfer performance provided by the MAGNASTOR design.

The designs for both the PWR and the BWR fuel systems utilize the same method of passive
heat rejection to transfer the decay heat from the fuel assemblies to the ambient environment.
The TSC is a closed system, whereas the concrete cask and the transfer cask are open to the.
environment. Internal to the TSC, the decay heat is transferred from the fuel assemblies in each
of the fuel tubes to the TSC shell by three modes of heat transfer: 'convection, conduction and
radiation. The fuel baskets designed for PWR and BWR fuel assemblies permit the helium
backfill gas to flow up the fuel tubes containing the fuel assemblies and carry the heat away from
the fuel assemblies. The region in the TSC just above the fuel basket allows the helium flow
upward from the fuel tubes to combine and flow through the downcomer regions formed
between the TSC shell and the basket side weldments. The gas exiting the downcomer regions at
the bottom of the fuel basket enters a region below the basket tubes. -The flow of the helium
upward in the' fuel basket and downward in the 'downcornier regions is 'driven by the' buoyancy
forces created by the'effect of the heated heiium rising up through the fuel tubes. To'increase the
buoyancy force; the density of the helium'is increased by raising the helium backfill pressure.
Since the fuel tubes are full-length carbon'ste'el tubes, they'provide a path for conduction of heat.
While the 'tubes are'not welded together, the effect"of the gap between the tubes is mitigated by
the use of the helium' backfill. ' The side and corner weldments of the fuel basket, which support
the fuel basket during a side impact, also provide a path of heat conduction; While a gap is -
considered between the side and corner weldments and the TSC shell for analysis purposes, the
heat transfer across the gap is provided by the radiation from the weldments and conduction
through the helium gap to the TSC shell.. Radiation is also a mode of heat transfer, which allows
heat from the interior of the fuel assembly to be transferred to the outer pins of the fuel assembly.
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Additionally, since the fuel assemblies are assumed to be in the center of each fuel tube,
radiation also contributes to the heat transfer from each fuel assembly to the fuel tube wall.
Radiation is also taken into account for all gaps, such as those between the tubes. Additionally,
radiation contributes to the heat being transferred from the outer basket surface to the TSC shell.

As the heat is being transferred to the TSC shell, the airflow up the annulus region between the
TSC and the concrete cask carbon steel liner is removing heat from the TSC outer surface and
rejecting it to the ambient environment. This annulus airflow is also driven by the buoyancy of
the heated air. The air entering the air inlets at th'e base of the concrete cask provides a supply of
cooler air into the annulus region. The heated air rises and exits the air outlets. Since the TSC
shell faces the concrete cask liner, it radiates heat to the liner, which allows heat from the liner to
be transferred to the annulus airflow. The liner also serves to distribute the heat along the length
of the liner. Heat not rejected'into the airflow is conducted through the concrete cask wall to the
outer surface. At the surface, both convection and radiation modes of heat transfer reject the heat
to the ambient.

Due to the convection of the fuel decay heat into the downcomer, the temperature distribution
along the length of the TSC shell inner surface is not uniform, but increases monotonically from
the base of the TSC to an elevation near to the top of the basket. This indicates that the heat flux
due to the heated helium alon "the TSC wall is not uniform, 'and 'that this heat flux actually can
be considered to be a bounda'ry condition to the airflow in the annulus region of the concrete
cask. For this reason, it is more efficient to consider a model in which both the TSC fuel basket
and fuel region are considered in conjunction with the airflow in the annulus region of the
concrete cask. The model used to represent the TSC and the concrete cask is a two-dimensional
axisymmetric model, which is described in Section 4.4.1.1.

The fuel basket and fuel regions inside the TSC are modeled as homogeneous regions
incorporating all modes of heat transfer. Effective thermal conductivities are used to represent
the conduction and radiation in the fuel region and fuel basket, which require a two-step
modeling process. A series of two-dimensional planar models is generated to determine the
effective conductivities for the fuel assembly (Section 4.4.1.3) and the neutron absorber (Section
4.4.1.4). Using the effective conductivity for the fuel region and the neutron absorber, the
effective conductivity for the fuel basket is determined using the two-dimensional fuel basket
model as presented in Section 4.4.1.2.

The flow of helium in the fuel region is affected by the wetted perimeter associated with the fuel
pins. To represent the flow of helium in the fuel region, which is represented as a homogenized
entity, porous media is used in the modeling. The porous media model allows the effect of the
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reduced flow area to be considered in representing the momentum of the helium flow by
including a pressure drop based on the geometry of the fuel assembly, i.e., the pitch of the fuel
rods and the fuel rod diameter. Computations'of the constants inherit in the porous media use
standard methodology for flow between cylindrical-shaped fuel rods. The determination of
porous media'constants is presented in Appendix 4.B. The flow of helium in the downcomer-
regions in the TSC does not require special consideration of effective flow conditions. To
confirm that the use of a two-dimensional model for the TSC is an acceptable and conservative
methodology, a benchmark is provided in Appeildix 4.A.. ' -.

The thermal evaluation for the transfer conditions is performed using the tWo-dimensional
axisymmetric models of the transfer cask and TSC, as presented in Section 44.1.5. Similar to
the model of the concrete cask and TSC, the fuel basket and fuel assemblies inside the TSC in
the transfer cask are modeled as homogeneous regions using effective thermal properties.

4.4.1.1 -Two-Dimensional Axisymmetric Concrete Cask and TSC Models

This section describes the finite volume models used to evaluate'the thermal performance of the
concrete cask and TSC for the PWR and BWR fuel configurations. As shown in Figure 4.4-1,'
the two-dimensional axisymmetric concrete cask and TSC model includes the following:

* Concrete cask, including lid, liner, pedestal and stand
* Air in the air inlets, the annulus and the air outlet
* TSC shell, lid and bottom plate
* Basket with fuel and neutron absorber
* Helium internal to the TSC

The fuel basket, fuel and neutron absorber are modeled as homogeneous regions with effective
properties. The effective thermal conductivities for the TSC internals in the radial and axial
directions are determined using the two-dimensional models as detailed in Section 4.41.2.

The two-dimensional axisymriietric concrete cask and TSC model is used to perform
computational fluid dynamic' analyses to determine the mass flow rate, velocity and tem'perature
of the airflow in the annulus region, as well as for the helium flow internal to the TSC.-Since the
concrete cask and its components are contained in the model, the temperature distributions in the
concrete and the concrete cask steel liner are also determined. Two models are generated for the
evaluations-the PWR system and the BWR system, respectively. These models are identical,
except for differences in dimensions of the active fuel region and the effective properties of the,
TSC internals. Figure 4.4-2 shows an overall view of the cells employed in the model
representing both the concrete cask and the TSC containing a design basis fuel heat-load.
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Modelinc of the Concrete Cask

The concrete cask body has four air inlets at the bottom and four air outlets at the top. Since the
configuration is symmetrical, it can be simplified into a two-dimensional axisymmetric model by
using equivalent dimensions for the air inlets and outlets, which are assumed to extend around
the concrete cask periphery. The vertical air gap is an annulus, with a radial width of 3.5 inches.
This radial dimension of the air annulus between the TSC shell and the concrete cask liner is
modified to a smaller effective value to account for the reduction of the airflow cross-sectional
area due to the standoffs welded to the liner. The bottom ends of the standoffs are more than 63
inches from the bottom of the TSC, which means that for over 30% of the length of the annulus,
the standoffs do not exist. The model conservatively represents them as being the full length of
the TSC. The additional axial conductance from the standoffs is conservatively neglected.
Thermal radiation across the annulus gap is considered in the model, and the emissivities of the
TSC surface and the concrete cask liner are reported in Chapter 8. Heat being radiated to the
concrete cask liner is transferred into the annulus by convection, as well as being conducted
through the concrete cask wall.

The most significant mechanism for rejecting heat into the environment is through the movement
of air up through the annulus. The airflow in the vertical annulus is modeled as turbulent flow.

To determine if such conditions exist in the annulus flow, the Reynold's number (Re), a common
metric to determine if the flow is considered to be turbulent, is calculated. It is computed as
follows.

Re= PDV [14]

where:

p ---------------------------------------------- density of the air (lb/in3)
----- ----------------------------- viscosity (lb-sec/in2)

V ---------------------------------------- velocity (in/s)
D ---------------------------------------------hydraulic diameter of the annulus region (m)

The Reynold's number was computed for the normal condition in the annulus region. A plot of
the Reynold's number along a vertical line at the midpoint of the annulus is shown in
Figure 4.4-3. The value for the Reynold's number is shown to be significantly above the
threshold value 2,300, SMITS [17] considered for turbulent flow, which validates the use of the
turbulent model for the annulus region.
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The mesh corresponding to the ahnulus for the'analysis is shown in Figure 4.4-2. Increased cell
density is used in the annulus region. In modeling turbulent conditions, FLUENT can employ a
"law of the wall" in the row of the cells adjacent to the wall. The purpose of the "law of the
wall" is to simulate the fluid behavior for the boundary layer, which is considered to be
comprised of three layers: the viscous sublayer,' the buffer layer and the log layer (FLUENT,

[12]). This is taken into account in the k-a model, which incorporates a standard wall function.

In these analyses, the k-e model with the standard wall function is used with a y+ of
approximately 30.

Cell thicknesses are varied in the radial direction through the annulus to allow the y+ to be
between 20 and 30, ensuring proper turbulent modeling. -

The TSC model is included with the concrete cask model as shown in Figure 4.4-1. Boundary
conditions at the edges of the model to the ambient are applied to the concrete cask surfaces.
The heat flux being transferred from the helium internal to the TSC through the TSC shell and
into the air annulus region is not considered to be a boundary condition for the concrete cask
since all of these components are included in the same model. The boundary conditions applied
to the outer surface of the concrete cask include the following.

* Solar insolation to the outer surfaces of the concrete cask.
* Natural convection heat transfer at the outer surfaces of the concrete cask.
* Radiation heat transfer atithe concrete cask outer surfaces.

Solar Insolation

The solar insolation on the concrete cask outer surfaces is considered in the model.' The incident
solar energy is applied based on 24-hour averages as shown:-

Side surface: 1475Btuhftr 61.46Btu/hr ft2

24hrs :A

Top surface: 2950Btu/ft - 122.92Btufhr -ft2
24hrs -

Natural Convection

Natural convection heat transfer at the outer surfaces of the concrete cask is evaluated by using
the heat transfer correlation for vertical and horizontal plates. This method assumes a surface
temperature and then estimates Grashof (Gr) or Rayleigh (Ra) numbers to determine'whether a
heat transfer correlation for a laminar flow model or for a turbulent flow model should be used.
Since Grashof or Rayleigh numbers are much higher than the values defining the transition from
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laminar to turbulent flow, correlation for the turbulent flow model is used as shown in the
following.

Side surface (Kreith) [13]:

Nu =0.13(Gr*Pr)" 3

- for Gr > 109
hc=Nu *kfIHvcc

Top surface (Incropera)[14]:

Nu =0.15Ra13

for Ra > 107
hc=Nu *kf/L

where:

Gr ---------------------------------------------- Grashof number
h, ---------------------------------------------- Average natural convection heat transfer

coefficient
H vcc ---------------------------------------------- Height of the concrete cask
kf ---------------------------------------------- Conductivity
L ---------------------------------------------- surface characteristic length,

---------------------------------------------- L = area / perimeter
Nu ---------------------------------------------- Average Nusselt number
Pr ---------------------------------------------- Prandtl number
Ra ---------------------------------------------- Rayleigh number

All material properties required in these equations are evaluated based on the film temperature
defined as the average value of the surface temperature and the ambient temperature.

Radiation Heat Transfer

The radiation heat transfer between the outer surfaces of the concrete cask and the ambient
environment is evaluated in the model by calculating an equivalent radiation heat transfer
coefficient.

d=X(T +T')(T + [14

where:

hrd ---------------------------------------------- Equivalent radiation heat transfer coefficient
F12 ---------------------------------------------- View factor
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-Urfc (Tand ambien T2) temperatures
T, & T2 --------- '-- ------------- ------- ----- ' --- ' - --Surface (TV) nd ambient(' emeaue

£1 & £2 ---------------------------------------------- Surface (£I) and ambient (£2=1) e missivities
a ---------------------------------------------- Stefan-Boltzmann Constant

At the concrete cask side, an emissivity for a concrete surface of e, = 0.9 is used and a calculated
view factor (F12) = 0.182 [14] is applied. The view factor is determined by conservatively

assuming that the cask is surrounded by eight casks., At the cask top, an emissivity, el, of 0.8 is
conservatively used (emissivity for concrete is 0.9), and a view factor, F12, of l is applied.'

Modeling of the TSC

The TSC is a closed system designed so that pressurized helium can circulate inside the TSC and
transfer heat from the fuel in the basket to the TSC shell. Additionally, the basket permits heat to
be conducted from the interior regions of the basket to the periphery of the basket, then radiated
and convected to the TSC shell surface. The stiffeners at the periphery of the basket do provide
a path of conduction to the TSC shell, even though-a small gap exists between the stiffeners and
the TSC shell. The heat conduction through the's6 stiffeners is neglected in the evaluation, which
is considered to be conservative. Radiation is modeled in the fuel assemblies, as well as in gaps
in the basket. Heat transfer to' the TSC lid and bottom plate is con'sidered in the analysis, but ii is
not a major contributor to the heat-rejection process. Two separate 'models are generated-one
for the PWR fuel configuration and one for the BWR fuel configuration. The differences
between the two models are in the dimensions of the basket region and the effective properties
derived for each basket and fuel region.

The TSC region consists of the following: 'the TSC shell, the TSC bottom plate, the TSC lid, the
fuel basket region, and the helium-filled volume outside the fuel basket region'. The fuel basket
region is subdivided into three sections to'reflect the location of the active fuel region with the
associated heat generation and the fuel regions above and below the active fuel regions. These
three separate regions are shown in Figure 4.1-1. '

The cross-'section 6f the flow path for the' helium in the fuel basket and TSC significantly
changes between the flow up through the basket region and the flow down 'in the'downcomer
region next to the TSC shell. For the flow up through the'basket,'the 'outline of the
cross-sectional area is comprised of the area between the square basket tubes and circular fuel
pins. Additionally, as the helium flows up through the basket tube, the fuel assembly grids will
provide resistance to the flow. In the downcomer region, the exterior boundary is circular, while
the interior boundary is the edge of the square fuel tubes. This is also an irregular shaped area.
In a two-dimensional representation of these areas, the concept of the hydraulic diameter is
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employed, which is commonly used to determine an equivalent cross-sectional area for a cross-
section with complex shapes.

To account for the resistance to flow in the fuel region in the basket due to the wetted perimeter
of the fuel region in the basket, the porous media option for fluids is used. The resistance to flow
due to the fuel pins and the fuel assembly grids is represented in terms of a pressure drop
included in the momentum equations for each cell in the model associated with porous media.
The expression for the pressure drop is given by:

AP :=llLV+
=L +C(!pV2)L a 2

where:
AP/L ---------------------------------------------- pressure drop per unit length (Pa/m)

V ---------------------------------------------- superficial fluid velocity (m/s)
p. -------------------------------------------- fluid viscosity (kg/m-s)
p ------------------------- fluid density (kg/M3)
a ---------------------------------------------- permeability parameter (m2)
C ---------------------------------------------- inertial resistance factor (m-)

In this expression, the viscosity is input as a temperature dependent material property for the
helium and the density is computed during the solution based on the ideal gas law. The
permeability is based on the geometry of the fuel rods and the inertial resistance factor. Details
of the calculation of the permeability and the inertial resistance factor are contained in Appendix
4.B. The values used for the evaluation are based on the bounding fuel parameters.

The downcomer region of the TSC does not use a porous media model. The areas of the
downcomer regions are calculated to be 600 inches2 and 550 inches2 for the PWR and the BWR
fuel baskets, respectively. Area is used to calculate the effective outer diameter of the fuel
basket region, which serves as the radial boundary for the porous media region for the fuel.

Due to the large cross-section for the flow up through the fuel basket, the helium velocity is
expected to be sufficiently low to correspond to laminar flow. In the downcomer region, the gas
velocities would result in the flow being in a transitional regime. Conservatively, all helium
flow in the TSC is taken to be laminar.
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The porous media representation of the fuel basket region incorporates orthotropic effective
'4 t. - , . . ,. ,, ,, , , ,; , , A ,

thermal conductivities. The axial conductance in the fuel basket region is-due to the significant
cross-sectional area of the fuel tubes and the fuel assemblies. The in-plane conductance is
associated with the conductance'of the fuel tubes,'as w'ell'as the'effective conductivities of the'
fuel assembly and neutron absorber. ''The'effective conductivity of the fuel basket region is
determined in two 'steps. Separate effective thermal conductivities for ithe'two"dimen'sional fuel
assembly and the neutron absorber are computed'for the axial and the in-plane directions using
two finite element models. Details 'for these'mddels are described in Section 4.4.1.3 for- the fuel
assemblies and Section 4.4.1.4 for the neutron'absorber. 'In'these sections, both the PWR and the
BWR effective properties calculations' are'performed. '

The resulting conductivities for the fuel assemblies and neutron absorber'are then used in a
single two-dimensional planar model of the cross-section of the basket, which is used to;
determine the axial and in-plane conductivities for the fuel basket region associatedwith the
porous media. This model is described in Section 4.4.1.2. The effective conductivity for the
porous media model uses two conductivities (kf k,),' as identified in the following equation.

Kcff= Exkf + (I -s)xk,

where:

----------------------------------- --- porosity factor
- X kf ---------------------------------------------- thermal conductivity of the helium
ks --------------------------------------------- thermal conductivity associated with the

solid portion of the porous media model

Heat Generation *; ' '''-- ' .

The heat generation for the fuel is applied to the active'fuel region of the TSC mddel (see Figure
4.4-1) for the PWR'and the BWR fuel assemblies.' The maximum design basis heat loads to be'
considered for the PWR'and the BWR fuel basket configurations are 40 kW and 38 kW, -

respectively. - '

For the PWR fuel basket, two patterns of heat generation are considered. A uniform loading of
40 kW or 1.08 kW 'in each fuel location is considered. The axial power distribution for PWR
fuel, as shown in Figure 4.4-4, is included in applying the heat generation. An optional heat
generation pattern, as shown in Figure 4.1-1 is also considered and has the same total heat load
of 40 kW. The application of the heat generation for this condition incorporates an axial
distribution and a radial distribution. The area over which each fuel assembly heat load is
distributed in Figure 4.1-1 is determined on the basis of tlhe cross-section of the fuel tubes
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containing the specific heat loads identified as A, B and C in Figure 4.1-1. The heat generation
values specified in Figure 4.1-1 are considered to be the maximum permissible heat generation in
each fuel location.

For the BWR fuel basket, only a uniform thermal loading pattern is considered. The design basis
heat load for BWR fuel is 38 kW, which corresponds to a maximum heat load of 437 Watts for
each of the 87 fuel assemblies. The axial power distribution for the BWR fuel is shown in
Figure 4.4-5. For some BWR fuel assembly enrichments, the five fuel locations in the center of
the BWR basket will not be loaded. In this configuration, the fuel assembly decay heat is limited
to 437 Watts. Fuel storage locations not containing a fuel assembly will have an effective fuel
cell insert installed to prevent the helium flow from bypassing the fuel locations containing fuel
assemblies. The configuration with a partially loaded fuel basket containing BWR fuel
assemblies with a maximum' heat load of 437 Watts per assembly is considered to be bounded by
the fully loaded BWR fuel basket configuration. Temperatures obtained from analyses
performed using the maximum heat load in conjunction with a fully loaded BWR basket are
considered to bound the results for a partially loaded basket.

Pressure of the Helium Backfill

To drive the convection internal to the TSC it is necessary to increase the density of the helium.
Since the free volume in the TSC remains constant, the density of the backfill gas can be
increased by backfilling the TSC to a range of pressures and temperatures which would result in
an increase in the density. In the MAGNASTOR design, the TSC is pressurized to 7 atm (gauge)
for the helium backfill for normal conditions. Since the gas in the model is characterized as an
ideal gas, the increased density in the analysis can be indirectly obtained by specifying a pressure
in the TSC region. For the PWR normal condition, the density of helium in the TSC associated
with a pressure of 7 atm (g) is 0.047 lbm/in3. It is important to assess the effect of the helium
density on the performance of the system. The evaluation of the sensitivity of the peak fuel
temperature to the pressure is performed using the PWR model described in this section. The
condition requiring a change is the pressure which is applied to the TSC region of the model.
The results of the model solutions for pressures of I atm (g), 3 atm (g), 5 atm (g) and 7 atm (g)
are shown as a graph in Figure 4.4-6. As shown in Figure 4.4-6, the variation of the peak
cladding temperature with the pressure specified inside the TSC is a nonlinear function. The
peak cladding temperature decreases sharply when the pressure increases from I atm to 3 atm.
Subsequent increases in the pressure to 5 atm and 7 atm do not result in the same rate of decrease
of the clad temperature as for the I atm and 3 atm cases. The model of the TSC in the concrete
cask has two regions of convection separated by a TSC shell. Heat can only be transferred
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through-the shell from the TSC internal region to the annulus region outside the TSC. 'The flow
characteristics in the annulus region are primarily'affected by the total heat generation being
transferred through the TSC shell, as well 'as the geometry of the annulus"A'As the pressure (and

'the associated mass) of the gas in the TSC is increased, the' buoyancy force inside the TSC is:
increased. This increases the maiss flow rate of the TSC gas so that the'ability to reject heat from
the fuel'is also increased. This would tend'to reduce the maximum clad temperature.- However,
the flow in the annulus is not expected to be significanitly affected by the velocity of the 'gas
internal to the TSC. Therefore, regardless of the buoyancy force'inside the TSC,'the maximum'
clad temperature is limited by the shell temperature, which is controlled by'the annulus flow. At
some pressure level, an increase in the TSC pressure (and mass) of the gas would not'
significantly decrease the fuel clad temperature, which would imply a reduced derivative of the
clad temperature with respect to the pressure. This is the characteristic of the curve in Figure
4.4-6, which implies that further increase in the pressure does not result in a significant reduction
of the clad temperature. There is an adcvantage'in op'erating in this regime of the curve in that the
sensitivity of the clad temperature due to a reduction in the helium density is reduced. 'This'
evaluation demonstrates that even with a 10% loss of density,' the fuel and basket temperatures

remain under 700'F.

Mesh Sensitivity Evaluation

With'respect to the sensitivity of the calculated fuel cladding,'concrete cask and TSC
temperatures to the number of divisions of the finite volume cells, this need only be addressed
for the regions containing fluid flow. For the solid regions, such as the concrete or the steel
components, the sensitivity evaluation of cell refinement is not required.-

'There are two fluid regions in the miodel: the airflow annulus region outside the TSC, and the
helium region inside the TSC. Each of these fluid regions uses a different fluid flow model."The
TSC internal flow is modeled utilizing a laminar flow model; the airflow in the annulus region is
modeled using a turbulent flow model. ' - '

In the concrete cask annulus region, the modeling accuracy of the turbulent flow depends not on
the usual refined mesh near the wall, as for a laminar flow condition, but on the value of y+, as
previously discussed. Over-refining the model to reduce thei y+ does not improve the accuracy of
the model. The cell divisions in the annulus region have been set to permit the y+ to be between
20 and 30, which is acceptable according to FLUENT documentation. Therefore, further
refinement of the annulus region would not provide a more accurate temperature result.

For the helium flow in the TSC (laminar flow), the largest velocities are in the downcomer
regions and, essentially, the entire heat load must be transferred to the TSC shell. The focus of
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the sensitivity evaluation is the number of cell divisions in the downcomer region. The largest
velocity gradients in the downcomer regions occur in the radial direction, not in the axial
direction. To determine the sensitivity of the radial divisions in the downcomer region, the
number of radial divisions modeled was increased by a factor of two. The axial divisions in the
downcomer region remain the same. The mesh refinement in the air annulus and in the concrete
cask remain unchanged. The condition used in the evaluation corresponded to the normal
condition using a uniform heat loading of 40 kW. The results of this evaluation showed that the
maximum fuel temperature changed by less than.10F for the increased refinement mesh. The

temperature of the TSC shell showed a decrease of 20F for the mesh with the increased
refinement. This indicates that the maximum fuel temperature is relatively insensitive to the
mesh refinement in the downcomer region.

Heat Transfer by Radiation

Thermal radiation in all fluid (air and helium) regions has been considered in the model,
specifically the following.

* Thermal radiation across the air annulus between the TSC shell and the concrete cask
liner.

* Thermal radiation across the air gap above the TSC lid and in the isolated air region
below the pedestal of the concrete cask.

* Thermal radiation across the helium downcomer region between the fuel basket and the
TSC shell.

The discrete ordinates (DO) radiation model in FLUENT is used to solve the radiative heat
transfer equation with emissivity values applied on the solid material surfaces.

Radiation in the porous media fuel region is modeled by using equivalent thermal conductivities
that include the effects of heat transfer by radiation.

4.4.1.2 Two-Dimensional Fuel Basket Models

The purpose of the two-dimensional fuel basket model is to determine the effective thermal
conductivity of the basket region in the axial and radial directions. The effective conductivities
are used in the two-dimensional axisymmetric concrete cask and TSC models and the two-
dimensional axisymmetric transfer cask and TSC models. Three types of media are considered
in the TSC: helium, water and vacuum. The fuel assemblies and neutron absorbers in the fuel
basket model are shown as homogeneous regions with effective thermal properties, which are
determined by the two-dimensional fuel assembly models and the two-dimensional fuel tube
models described in Sections 4.4.1.3 and 4.4.1.4, respectively. The analyses performed in
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Section 4.4.1.3 identify that the PWR fuel assembly with the minimum conductivity is the
14x14. The properties of the PWR 14x14 fuel assembly are used in the evaluation of the
effective properties for the PWR basket in this section. For the BWR assembly, the bounding
fuel assembly type is the lOx 1o, which is used to determine the effective properties for the BWR
basket.

Since the effective properties for the fuel basket correspond to the basket region, which is
comprised of full-length fuel tubes, it is only necessary to consider a cross-section'of the basket
with a two-dimensional planar model. Due to symmetry' of the basket designs, only a 1/8'
section mc'del'is required for the PWR and the BWR fuel baskets. 'ANSYS is used to perform
the conduction' analysis using the models shown in Figure 4.4-7 for the PWR fuel basket and
Figure 4.4-8 for the BWR fuel basket. The models include only radiation and conduction heat
transfer. Radiation heat transfer is incorporated into the effective properties for the fuel
assemblies and the neutron absorbers. Each fuel basket model takes into account the size of the
cells in the basket - i.e., those cells formed directly by the fuel tube, and those cells formed by
adjacent fuel tubes. The neutron poison is contained only in the inner surface of the basket'
tubes. The exterior tubes, which form the boundary of'the down'comer region,'may not have'
neutron absorbers on the inner surface of those fuel tubes. In the condition where the neutron'
absorbers are not present, aluminum plates may be substituted, but 'are not required. 'The PWR
and BWR fuel basket models evaluated in this section use'the conductivity of the neutron poison
defined in Chapter 8.' The 'absence of neutron absorber on the exterior fuel tubes has an
insignificant effect on the radial transfer of heat. The removal of the neutron absorber actually
increases the' flow area in the tubes.

Additionally, it is conservatively assumed for both the PWR and BWR fuel baskets that a gap
between the fuel tubes exists for the full length of the tube without any contact, as shown in
Figure 4.4-7 and 4.4-8. The gap between the fuel tubes is modeled as being 0.01 inch, and the
conduction 'through the gap is based on the presence of either helium or water, depending on the
condition.

The effective thermal conductivity -(Keff) of the fuel basket region in the radial direction is
determined by considering the basket region as a solid cylinder with heat generation.

Considering the temperature at the center of the TSC to be TaX, the effective thermal
conductivity (Kff) as shown:

Keff =4tH(T' -T.) = 4nHAT
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where:

Q --------------------------------------------- total heat generated by the fuel (Btulhr)
H --------------------------------------- length of the active fuel region (in)
To ---------------------------------------------- boundary temperature of the basket
AT -------------- ------------------------------- Tmax - To ( F)

The value of AT is obtained from thermal analysis using the two-dimensional models shown in
Figure 4.4-7 and Figure 4.4-8 with the boundarytemperature constrained to be To. The effective
conductivity (Keff) is then determined by using the stated expression. The analysis is repeated by
applying different boundary temperatures so that temperature-dependent conductivities can be
determined.

4.4.1.3 Two-Dimensional Fuel AssemblV Models

The two-dimensional fuel assembly models include the fuel pellets, cladding, and the media
occupying the space between fuel rods. The media is considered to be helium for storage
conditions, and water, vacuum or helium for transfer conditions. The two-dimensional finite
element models of the fuel assemblies are used to determine the effective conductivities for the
PWR and BWR fuel assemblies. The effective conductivities are used in the two-dimensional
fuel basket models described in Section 4.4.1.2. For the PWR fuel assemblies, four separate
types are considered: 14x14, 15x15, 16x16 and 17x17. For the BWR fuel assemblies, four
separate types are considered: 7x7, 8x8, 9x9 and lOx 10. For the BWR fuel assembly, a fuel
channel is considered since it may be present and it will result in bounding fuel cladding
temperatures. Therefore, it is only necessary to address a single fuel configuration for each of
the fuel assembly types.

The two-dimensional fuel assembly models include the fuel pellets, cladding, media between
fuel rods, media between the fuel rods and the inner surface of the fuel tube (PWR) or between
the fuel rods and the inner surface of the fuel channel (BWR), and helium in the gap between the
fuel pellets and cladding. The media are considered to be helium for storage, and water, vacuum
or helium for transfer conditions. Modes of heat transfer modeled include conduction and
radiation between individual fuel rods for the steady-state condition. ANSYS PLANE55
conduction elements and MATRIX50 radiation elements are used to model conduction and
radiation. (Radiation is not considered for the water condition.) Radiation elements are defined
between fuel rods and between the fuel rods and the fuel tube (PWR) or the fuel channel (BWR).
A typical PWR fuel assembly finite element model is shown in Figure 4.4-9, which corresponds
to the 14xl4 fuel assembly. The BWR fuel assembly model only considers the region up to the
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inner surface of the channel,'and a typical BWR1f6l assembly is shown in Figure 4.4-10, which
corresponds to the -lOxlO fuel assembly.

The effective conductivity for the fuel is determined by using an equation defined in a Sandia
National Laboratory Report [151. The equation is used to determine the maximum temperature
of a square cross-section of an isotropic homogeneous fuel with a uniform volumetric heat
generation. At the boundary of the square cross-section,' the temperature is constrained to be
uniform.' The expression for the temperature at the center of the fuel is'given by:

9 .

Tc= Te + 0.29468 (Qa2 / Keff)

where:

-TC' ----------'---'------------------------------the temperature at the center of the fuel (OF)
Te ---------------------------------------------- the temperature applied to the exterior of the

fuel (0F)
: Q ---------------------------------------------- volurmetric heat'generation rate (Btu/hr-in3)

-a - --------------------------- half length of the square cross-section of the
* -- fuel (inch) -

K ff ---------------------------------------------effective thermal conductivity for the
'isotropic homogeneous fuel (Btu/hr-ini-F)

Volumetric heat generation (Btu/hr-in3) based on the design heat load is applied to the pellets.
The effective conductivity is determined based on the heat generated and the temperature
difference from the center of the model to the edge of the model. Temperature-dependent
effective properties are established by performing multiple analyses using different boundary
temperatures. The effective conductivity in'the axial direction and'the'effective density of the'
fuel assembly is calculated on the basis of the material area ratio. The effective specific heat is
computed on the basis of a weighted mass average.

For the PWR fuel assemblies, the 14x14 fuel assembly is shown to have the effective properties
that correspond to the minimum values, as shown in Table 4.4-1 for both fuel tube
configurations.

For the BWR fuel assemblies, the lOxlO fuel assembly is shown to have the effective properties
that correspond to the minimum values, as shown in Table 4.4-2.

4.4.1.4 Two-Dimensional Neutron Absorber Models -

The two-dimensional neutron absorber mo'del is used to 'calculate the effective conductivities of
the neutron absorber, the neutron absorber retainer, and the fuel channel (for BWR only). These
effective conductivities are'used in the two-dimensional fuel basket models (Section 4.4.1.2). A
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total of three neutron absorber models is required: one PWR model (for the PWR 14x 14) and
two BWR models-one with the neutron absorber plate and channel and one with the channel
but without the neutron absorber plate, corresponding to the enveloping configurations of the
lOx 1o BWR fuel assembly.

The configurations shown in the neutron absorber models in Figure 4.4-11 and Figure 4.4-12 for
PWR and BWR fuel, respectively, incorporate the neutron absorber (and the channel for the
BWR). The configuration shown in Figure 4.4-13 is for the BWR fuel tube with the channel, but
without the neutron absorber. 9

As shown in Figure 4.4-11, the PWR fuel tube model includes the neutron absorber, the stainless
steel retainer, and the gaps between the neutron absorber and the stainless steel retainer and the
surface of the fuel tube. Three conditions of media are considered in the gaps: helium vacuum
and water.

ANSYS PLANE55 conduction elements and LINK3 I radiation elements are used to construct
the model. The model consists of four layers of conduction elements and two sets of radiation
elements (radiation elements are not used for the water condition) that are defined at the gaps
(two for each gap). The thickness of the model (x-direction) is the distance measured from the
outside surface of the stainless steel retainer to the inside surface of the fuel tube (assuming the
neutron absorber is centered between the retainer and the fuel tube, and there is no contact for the
length of the basket). The gap size between the neutron absorber and the adjacent surfaces is
0.002 inch.

The BWR fuel assemblies may include a fuel channel, as compared to the PWR assemblies,
which have no fuel channel. Therefore, two effective conductivity models are necessary for the
BWR: one model with the neutron absorber plate (a total of six layers of materials) and a fuel
channel; and the other model with a fuel channel, but with a gap replacing the neutron absorber
plate (a total of two layers of materials).

As shown in Figure 4.4-12, the first BWR neutron absorber model includes the fuel channel, the
retainer, the neutron absorber and associated gaps. As shown in Figure 4.4-13, the second BWR
neutron absorber model includes the fuel channel and the gap between the fuel channel and the
fuel tube surface.

Heat flux is applied at the left side of the model' (retainer for PWR model and fuel channel for'
BWR model), and the temperature at the right boundary of the model is specified. The heat flux
is determined based on the design heat load. The maximum temperature of the model (at the left

boundary) and the temperature difference (AT) across the model are calculated by the ANSYS
model. The effective conductivity (Kxx) is determined using the following formula.
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q = K (A/L) AT

or

Kx=q L/(AAT) ;

where:

Kxx -------------------------------------------- effective conductivity (Btu/hr-in-0 F) in X
direction in Figure 4.4-11 through Figure
4.4-13 ;

q ---------------- heat rate (Btu/hr)
A ------------------------------- 7----------area (in2)
L ---------------------------------------------- length (thickness) of model (in)

-AT --------------------------------------- emperature difference across the model (ff)

The temperature-dependent conductivity'is determined by varying the temperature constraints'at
one boundary of the'model and solving for the'temperature difference. The effective
conductivity for the parallel path (the Y directioni in' Figudi 4.4-'11) is calulated by the
following. ' :

K* L

where:

K; ---------------- - ----------------------------- thermal conductivity of each layer
(Btu/hr-in-0 F)

ti ---------------------------------------------- thickness of each layer (in)
L --------------------------------------------- total length (thickness) of the model (in)

4.4.1.5 -Two-Dimensional Transfer Cask and TSC Model

During the transfer condition,'the TSC in the transfer cask is subjected to four separate

conditions. -

* The water phase when the lid is being welded to the TSC.

The' dying phase in' which pressurized 'helium drying or 'vacuum'mdrying can be used to
remove moisture from the TSC.

* The helium backfilled phase when the TSC closure is'completed and the'transfer cask
-annulus flow system is operating. ''

* The operation of loading the helium-backfilled TSC into the concrete cask without the
transfer cask annulus flow system operating.

Except for the final operation of placing the TSC into the concrete cask, the first three steps are

considered to be steady-state conditions, if pressurized helium drying is used to remove the
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moisture. Since vacuum drying is an optional method to lower heat load fuel, the time in
vacuum drying is administratively controlled to maintain the maximum fuel cladding
temperatures less than the allowable temperature. For all operations, except for the final step to
load the TSC into the concrete cask, the transfer cask annulus cooling system continuously
supplies water at a specified temperature, with a minimum flow rate to the annulus between the
TSC and the transfer cask. The annulus cooling system is designed to remove the design basis
heat load from the TSC without any dependence on the transfer of heat to the ambient
environment from the transfer cask. .

The two-dimensional axisymmetric transfer cask and TSC model is used to evaluate the transfer
operation for PWR fuel with the design basis heat load of 40 kW. Since the PWR fuel heat load
and calculated temperatures in the steady-state condition bound those for the BWR fuel, the
bounding configuration is considered to be the TSC containing a design basis PWR fuel heat
load. The components comprising the transfer cask and TSC model are shown in Figure 4.4-14.
The TSC portion of the model is identical to the model employed in Section 4.4.1. 1, with the
exception that one of the conditions in the transfer operations uses water in the TSC instead of
helium. The transfer cask and the water annulus between the transfer cask and the TSC are also
included in the model. The transfer cask inner shell is represented by effective properties. The
model also contains the shield doors of the transfer cask. While the inlets to the transfer cask are
tubes in the side walls of the transfer cask, they are included in the model as straight sections
parallel to the annulus.

Evaluation of the Water Phase

The model that includes water in the TSC treats the entire cavity as though it is filled with water,
whereas, it is necessary to remove water from the TSC during the closure lid welding operation.
Since the water level in the TSC may be below the top of the fuel basket, the fuel tubes are
designed with holes in the sides to permit the water to flow from the center of the TSC to the
downcomer region of the TSC. The model for the TSC, described in Section 4.4.1.1, uses
effective properties for the fuel basket region. For the water condition, the methodology
described in Sections 4.4.1.2, 4.4.1.3, and 4.4.1.4 is used to determine the effective properties for
the fuel basket region. For the condition of water in the TSC, no contribution due to radiation
was considered; only conduction was taken into account for the effective properties. The porous
media constants for the fuel basket region need not be recomputed since they are dependent on
the fuel assembly and fuel basket geometry only. However, during the analytical evaluation of
the water phase, the pressure drop in the fuel basket region due to the water requires the use of
the viscosity, which is input as a material property. Since the maximum water temperature in the
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TSC is significantly below 212'F, the water is expected to remain' in the liquid state, and the use
of properties for the liquid state is acceptable. The following conditions are applied to the model
for the steady-state evaluation of the water condition.

* The outer surfaces of the transfer cask are considered to be adiabatic and without the
application of solar insolance.

* The inlet water temperature for the annulus between the TSC and the transfer cask is
specified to be 1250F.

* The driving force for the water flow in tlte annulus between the TSC and the transfer cask
is natural convection. E.;

* The heat generation internal to the TSC is 40 kW using the'preferential loading pattern -
. shown in Figure 4.1-1 and as described in Section 4.4.1.1.-

*. The flow in the TSC and in the annulus region is treated as being laminar for both the
water and helium conditions of the TSC.

* Radiation heat transfer is removed from the solution.

Evaluation of the Drying Phase

During the drying phase, pressurized helium' is forced to circulate between the pressurized
helium' drying (PHD) system and the TSC, entering through the drain tube to the b6ttom of the
TSC and exiting from the vent port. The circulation of the helium in the TSC during this time
will result in helium flowing up through the fuel assemblies. The pressure employed in the
system for the drying and recirculation of the helium will result in the helium mass flowing up
through the fuel region in the same manner as it does 'during the normal conditions of storage.
For this reason, the properties developed for the storage condition' are applied for the'condition of
the drying phase using pressurized helium. Since the water in the annulus will maintain the TSC
shell temperatures to be less than l 80'F, the temperatures for the fuel region will be significantly
less than'those'determined for normal conditions of storage. The following conditions are
applied to the model for the steady-'state evaluation of the drying condition.-

*. fThe outer surfaces of the transfer cask are considered to be adiabatic and without the
application of solar insolance.

* The inlet water temperature for the annulus between the TSC and the transfer cask is
specified to be 1250F.

* The driving force for the water flow in the annulus between the TSC and the transfer cask
is natural convection. i -

* The heat generation internal to the'TSC is 40 kW using the preferential loading pattern
shown in Figure 4.1-1 and as described in Section 4.4.1.1.

* The flow in the TSC and in the annulus region is treated as being laminar for both the
water and helium conditions of the TSC.
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* Radiation heat transfer is included in the solution.

For the alternative method of drying the TSC cavity using vacuum drying, the transfer cask
model using the effective properties corresponding to the vacuum condition is applied. This
determines the allowable time in vacuum, depending on the heat load, to ensure that the fuel
cladding temperature limit of 7520F (400'C) is not exceeded.

Evaluation of the Helium Phase

Upon completing the drying operation, the TSC is backfilled and pressurized with helium for the
normal condition of storage. The transfer cask and TSC remain in this helium phase condition
until the TSC is placed into the concrete cask. During the helium phase, the transfer cask
annulus cooling system will be in continuous operation. Since the water in the annulus will

maintain the TSC shell temperatures to be less than 1 80'F, the temperatures for the fuel region
will be significantly less than those determined for normal conditions of storage. The evaluation
of this condition is required to determine the initial conditions for the operation in which the TSC
is placed into the concrete cask with the transfer cask annulus flow system not in operation.
Since the conditions are identical to those for the drying phase, an additional evaluation is not
required. The results obtained for the evaluation of the drying phase are applicable for the
helium phase.

Evaluation of Movinq the TSC Into the Concrete Cask

The transfer cask is used to load the TSC into the concrete cask. During this phase, the transfer
cask annulus cooling system is disconnected from the transfer cask, and the annulus is drained.
This results in the annulus being filled with air instead of water; therefore, this operation is time-
limited, since the annulus between the TSC and the transfer cask is not designed for natural
convection cooling. The thermal performance of the transfer cask in this condition is similar to
the concrete cask accident event in which all of the air inlets are blocked. The TSC for this
operational condition is identical, with one exception, to the condition of the TSC in the concrete
cask for the condition of all air inlets blocked. The exception is that the initial fuel and TSC
component temperatures for this operational condition are significantly lower than the design
basis temperatures for the normal conditions of storage. While the concrete cask has
significantly more mass than the transfer cask to absorb heat; the conductivity of the concrete is
only approximately 4% of the conductivity of lead or carbon steel. Thus, the transfer cask has
the ability to effectively absorb more heat than the concrete cask for a limited period of time.
The transient solution for the concrete cask for the all air inlets blocked condition provides
bounding fuel temperatures for this TSC transfer condition. The transient solution performed for
the all inlets blocked condition can be used to identify a "temperature rate change," which
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establishes the time limit for moving the TSC into the concrete cask once the transfer cask
annulus water cooling system has been shut off. During this TSC transfer condition, the duration
of time to complete the movement and lid installation on the concrete cask will be limited to
assure that the fuel temperatures remain less than 7520F (4000C).

4.4.2 Test Model -

-MAGNASTOR is' conservatively designed by analysis.' Therefore,'no physical model is
employed for thermal analysis. The benchmark'provided in Appendix 4.A provide's confirmation
that the analysis methodology employed for the MAGNASTOR design is conservative.

4.4.3 Maximum Temperatures for PWR and BWR Fuel Configurations-

Normal Conditions of Storage

The temperature distribution and maximum component temperatures for MAGNASTOR for
normal conditions of storage are provided in this section. System components containing PWR
and BWR fuels are addressed separately. The temperature distributions for the BWR design
basis fuel are similar to those of the PWR design basis fuel and are, therefore, not presented.

The temperature distribution for the concrete cask and the TSC containing the PWR design basis
fuel for normal conditions of storage, with a uniform heat load, is showni in Figure 4.4-15. The
air velocity distribution in'the annulus' between the'TSC and the concrete cask liner for the
no'rmnal conditions of storage for PWR fuel 'is shown in Figure 4.4-16. 'The maximum component
temperatures for the normal conditions of itorage'for the PWR and BWR designibasis fuel are
shown in Table 4.4-3.

As shown in Figure 4.4-15, the peak fuel temperature for the normal storage condition occurs
near the top of the fuel basket and, based on the uniform spacing of the isotherms at the
centerline of the TSC, the temperature varies monotonically from the TSC bottom to the peak
near the top of the fuel basket. This is indicative that the dominant mode of heat rejection from
the fuel is by convection due to the helium flow circulating within the TSC.

The calculated temperatures at the TSC surface for the normal storage condition are higher than
the concrete liner or surface, indicating that radiation heat transfer occurs across the concrete
TSC cask annulus. As shown in Table 4.4-3, the local temperature in the concrete is directly

affected by the radiation heat transfer across the concrete cask annulus and can reach 2660F for
PWR design basis fuel, which is less than the 300'F allowable temperature.
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Transfer Condition

The maximum component temperatures for MAGNASTOR during the transfer operation are
reported in this section. Since the PWR fuel configuration is considered to be bounding, it is
conservative to identify these temperature results for the PWR fuel design basis heat load as the
maximum temperatures for the BWR fuel design basis heat load. The transfer operation is
comprised of four separate phases: the water phase, the drying phase, the helium phase, and the
TSC loading phase. The only phases considered to be limited by time are vacuum drying of the
TSC and the final phase of loading the TSC into-the concrete cask. The reason that indefinite
time limits are permitted for the water phase, the helium drying phase, and the helium phase is
the use of the transfer cask annulus cooling water system. The annulus cooling water system
maintains the canister shell at a temperature significantly lower than the temperature
corresponding to the normal conditions of storage. The maximum temperature for the PWR fuel
cladding is reported for each of the separate transfer phases in Table 4.44. It is observed that the
PWR fuel cladding'temperatures shown in TableW 4.4-4 are bounded by the PWR fuel cladding
temperatures' for the normal storage steady-state conditions in Table 4.4-3. This indicates that
the normal condition PWR fuel cladding and component temperatures, such as for the fuel basket
and the TSC, bound the maximum temperatures for any phase of the transfer condition for the
fuel basket and TSC components. The times for the vacuum drying are administratively
controlled to maintain the fuel cladding temperature below the 7520F limit. The TSC loading
phase is administratively limited to 48 hours to ensure that the maximum fuel cladding
temperature is bounded by the normal condition storage temperature. The 48 hours is determined
using the fuel cladding temperature rise for the "all air inlets blocked" accident event and the
peak fuel cladding temperature limit of 7520F.

During the vacuum drying operations, the vacuum drying times will be administratively
controlled to ensure that the fuel temperatures are below the temperature limit of 7520F.
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. 4.4.4 Maximum Internal Pressures for PWR and BWR TSCs

The maximum TSC internal operating'pressures' for normal co6nditions of storage are calcula'ted
in the following sections for the TSCs' containing PWR and BWR design basis fuel assemblies.

Maximum Internal Pressure for the TSC Containing PWR Fuel
The internal pressure of a TSC containing PWR fuel assemblies is a function of fuel type,--
burnup, initial enrichment, cool time, fuel condition (failure fraction), presence or absence of
nonfuel hardware, TSC length, and the backfill gases in the TSC. :Gases included in the pressure
evaluation of a TSC containing PWR fuel include fuel rod fission, decay and backfill gases, gas
generated by the nonfuel hardware components (assembly control components contain boron as
the absorber material), and TSC backfill gases. Each of the PWR fuel types is separately
evaluated to determine a bounding pressure for a TSC containing PWR fuel assemblies.

Fission gases include all fuel material generated gases including helium generated by long-term
actinide decay. Based on detailed SAS2H calculations, the quantity of fission and decay gases
rises as burnup and cool time are increased and enrichment is decreased. The maximum gas -

available for release is conservatively calculated based on 70,000 MWd/MTU burnup cases at an
enrichment of 1.9 wt% 2 35 U and a cool time of 40 years for maximum fissile material assemblies
in each major PWR fuel class. For other PWR fuel assembly types, fission and decay gases are
determined by ratioing the fissile material mass to the maximum fissile material mass

assemblies.

Fuel rod backfill pressure varies significantly among the PWR fuel types. Based on a literature
review, a 500 psig backfill is assigned to Westinghouse and CE core fuel types. A maximum :
backfill pressure of 435 psig is assigned to B&W core assemblies. Backfill gas quantities are

,based on the fresh fuel free volume between the fuel pellet stack and the fuel rod cladding,i
including the plenum volume, and a backfill temperature of 680F.

Burnable poison rod assemblies (BPRAs) placed within the'TSC may contribute additional gas:
quantities due to n-alpha reaction of '0B during in-core operation. A portion of the neutron
poison population is formed by 19B. Other neutron poisons, such'asgadoliniurm'aid erbium, do
not produce a significant amount of helium nuclidss (alpha particles).' The principal BPRAs in
use include the Westinghouse Pyrex (bdrosilicate glass) and WABA (wet annular burnable
absorber) configurations, as well'as B&W BPRAs and shim rods used in CE c6res. The CE shim
rods replace standard'fuel rods to form' a complete-assembly array.' The quantity of helium
available for release from the BPRAs is directly related to the initial boron'content of the fuel
rods and the release fraction of gas from the matrix material.; The gas released from either of the
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low-temperature, solid matrix BPRA materials is likely to be limited, but no release fractions
were available in open literature. Consequently, a 100% release fraction is applied. Initial boron
content in the Westinghouse and B&W BPRAs is based on a uniform absorber concentration of
0.0063 g/cm 'iB. The maximum number of poison rods is 16 for Westinghouse 14x14 fuel
assemblies, 20 for Westinghouse and B&W 15x15 fuel assemblies, and 24 for Westinghouse and
B&W 17x17 fuel assemblies: The length of the absorber rods is conservatively taken as the
active fuel length. CE core shim rods are modeled at 0.0126 g/cm '0B for 16, 12, and 12 rods
applied to CE-manufactured 14x14, 15x15, and 16x16 fuel assemblies, respectively.

Under normal operating conditions, the helium backfill for a TSC containing PWR fuel

assemblies is at a maximum average gas temperature of 4770F and a maximum pressure of 103
psig. Free volumes inside the two classes of TSCs containing PWR fuel are 10,000 and 10,400
liters. The free volumes do not include PWR fuel assembly and nonfuel hardware components,
since these vary for each' assembly type. The free volume of the TSC is obtained by subtracting
the assembly volume (with BPRA, TP or CEA insert). For the Westinghouse BPRAs, the Pyrex
volume is employed since it displaces more volume than the WABA rods.

The TSC internal pressure is determined by summing the partial pressures of the TSC helium'
backfill gas and the released'gases from the fuel and the poison' rods. The partial pressure due to
the fuel and neutron poison rod gases is determined by the ideal gas correlation (PV=nRT) and
the applicable rod release fractions and failure rates. For normal conditions, a 1% rod failure
fraction is applied. For failed fuel rods, the releasable molar quantity of the fission and actinide
decay gas is 30%, with 100% of the rod backfill gas being released. The normal condition
average temperature of the gases released from the fuel rods and neutron poison inserts is
conservatively set to 4850F (525 K) in the partial pressure calculation.

The TSC is evaluated for normal condition pressure for each of the PWR fuel types, with insert.
The maximum normal condition pressure for a TSC containing PWR fuel assemblies is 104 psig.
At a 1% rod failure fraction, the quantity of gas released from the fuel and neutron poison rods is
minimal, resulting in no significant effect on system pressure.

Maximum Internal Pressure for the TSC Containing BWR Fuel

Maximum internal pressures are determined for the BWR fuel in the same manner as those
documented for the TSC containing PWR fuel. Primary differences for the BWR evaluations,
versus those for the PWR, include a rod backfill gas pressure of 132 psig, a maximum burnup of
60,000 MWd/MTU used to generate fission gases, and the absence of neutron poison gases (no
nonfuel hardware in the BWR system). The 132 psig rod backfill pressure used in this analysis
is significantly higher than the 6 atmosphere (g) maximum pressure reported in open literature.
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Free volumes, without fuel assemblies, in the TSC containing BWR fuel types are 9,900 and
10,300 liters.

A bounding normal condition average temperature of 525 K is used for the partial pressure
analysis of the fuel rod gases. The maximum normal condition pressure for a TSC containing
BWR fuel is 104 psig.

', I
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Figure 4.4-1 Two-Dimensional Model of Concrete Cask Loaded with PWR TSC"
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Figure 4.4-2 Computational Mesh for the Two-Dimensional Axisymmetric CFD
Model of the Concrete Cask
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Figure 4.4-3 Reynold's Number at the Radial Mid-Point of the Concrete Cask Annulus
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Figure 4.4-4. Axial Power Distribution for the PWR Fuel Assembly

L

o .96[ 1

0

. __________.2 _ 1  111
-o 5 .

.2040 D , .0

.toC- 0 00.0

Fr.ti n f*ct ve fu l -en -

NAC International : 4.4-29



a

MAGNASTOR System
Docket No. 72-1031

August 2004
'Revision 0

Figure 4.4-5 Axial Power Distribution for the BWR Fuel Assembly
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Figure 4.4-6 PWR Peak Fuel Cladding Temperature versus TSC Internal Pressure

Pressure vs. Tmiax

1200 -

CD 11000-

100
E
I*- 900

Cu700

600
0 2 4 6 8

Pressure (atm,gauge)

NAC International 4A4-31



MAGNASTOR System
Docket No. 72-1031

August 2004
Revision 0

Figure 4.4-7 Two-Dimensional Finite Element Model of the PWR Fuel Basket
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Figure 4.4-8 'Two-Dimensional Finite Element Model of the BWR Fuel Basket
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Figure 4.4-9 14 x14 PWR Fuel Assembly Two-Dimensional Model

y

Temperature boundary condition applied along the edge of the model

Note: X and Y correspond to the in-plane directions of the fuel assembly, while Z is out of the plane and
corresponds to the axial direction of the fuel assembly.
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Figure 4.4-10 ; 10 x1O BWR Fuel Assembiy Two-Dimensional Model
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Figure 4.4-11 Neutron Absorber Model for PWR Fuel Tube

Heat Flux

Temperature Boundary
Conditions

Element Number Description
I Stainless Steel Retainer Strip
2 Media - Helium, water or vacuum
3 Neutron Absorber
4 . Media-Helium

5,7 Radiation Links (between stainless steel and neutron absorber)
6,8 Radiation Links (between aluminum and nickel plated carbon steel)
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Figure 4.4-12 BWR Fuel Tube Configuration with Channel and Neutron Absorber
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Element Number' Description
I Zirconium-based alloy (BWR fuel channel)

2,4, 6 Media - Helium, water or vacuum-
3 Stainless Steel Retainer Strip
5 Neutron Absorber

7, 10 Radiation Links (between zirconium-based alloy and stainless
steel)

8, 11 Radiation Links (between stainless steel and aluminum)
9, 12 Radiation Links (between aluminum and nickel-plated carbon steel)
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Figure 4.4-13

Heat Flux

BWR Fuel Tube Configuration with Channel, but without the Neutron
Absorber

4

12 1 ..Temiperte

Element Number Description
I Zirconium-based alloy (BWR fuel channel)
2 .Media ---- Helium, water or vacuum

3, 4 Radiation Links (between zirconium-based alloy and nickel-plated
I ___I_ carbon steel)
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-Figuire 4.4-14 Two-Dimensional Model of Transfer Cask Loaded with a PWR TSC
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Figure 4.4-15 Temperature (0F) Distribution for the Concrete Cask and TSC Containing
a Design Basis PWR Heat Load
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Figure 4.4-16 Air Velocity (mi/s) in the Concrete Cask Annulus for the Design Basis PWTR
Heat Load (V.' = 1.98 mWs)
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Table 4.4-1 Effective Thermal Conductivities for 14x14 PWR Fuel Assemblies for
Helium Backfill

For fuel assemblies in fuel tubes with the neutron absorber:
Conductivity a)
(Btu/hr-in- F)

Temperature (OF)
228 | 421' 1 619 1 819

Kxx 0.019 0.025 0.035 0.045
Kyy 0.019 , 0.025 0.035 0.045
Kzz 0.172 0.155 0.146 0.143

For fuel assemblies in positions without the neutron absorber:
Conductivity a) I _Temperature (OF)
(Btulhr-in0 F) 227 419 1 615 1 815

Kxx
Kyy
Kzz

0.020
0.020
0.169

0.027
0.027
0.152

0.037
0.037
0.143

0.049
0.049
0.140

Table 4.4-2 Effective Thermal Conductivities for 10x10 BWR Fuel Assemblies for
Helium Backfill

Conductivity a)

(Btu/hr-in-OF)
Temperature (OF)

192 394 597 801
.

.

Kxx
Kyy
Kzz

0.021
0.021
0.176

0.028
0.028
0.161

0.039
0.039
0.152

l

0.053
0.053
0.151

a Kxx and Kyy correspond to the in-plane conductance, and Kzz correspond to the axial
conductance (see Figure 4.4-9).
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Table 4.4-3 Maximum Component Temperatures for Normal Condition Storage of
Design Basis PWR and BWR Heat Loads

Principal Component Temperatures (IF)

Allowable
Temperature ( F)Component PWR BWR

Fuel Cladding 672 657 752

Fuel Basketa) 672 657 700

TSC Shell 455 438 800

266 (local) 248 (local) 300 (local)Concrete 1� I

181 (bulk) 176 (bulk) 200 (bulk)

Table 4.4-4 Maximum Fuel Temperatures for the Transfer Operations for
Design Basis Heat Load

Transfer Phase Maximum Fuel Cladding
Temperature (OF)

Water 157

Pressurized Drying 467

Helium 467

TSC Loading into
Concrete Cask 650

a) The maximum fuel cladding temperature is conservatively used.
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4.5 Off-Normal Storage Events

This section evaluates postulated off-normal storage events that might occur once during any
calendar year of operations. The actual occurrence of any of these events is, therefore,
infrequent.

The concrete cask and TSC model described in Section 4.4.1.1 is used for the evaluation of the
concrete cask and TSC for the off-normal events: 'severe ambient temperature conditions (106'F

and 40 0F) and 'the half-blocked air inlets condit;o'n& The evaluation of the off-normal events for
-variations in the ambient temperature only requires a change to the boundary condition
temperature. For-the half-blocked air inlets condition, the air inlet condition is modified to permit
only half of the air flow into the inlet. The' design basis heat loads of 40 kW and 38 kW are used
in the evaluations of the concrete cask and TSC containing PWR and BWR fuels, respectively.

The principal component temperatures for each of the off-normal events, discussed previously,
are summarized in the following tables, along with the allowable temperatures. Note that the
maximum fuel cladding temperatures are conservatively used as the maximum fuel basket
temperatures. As the tables show, the component'te'mperaiures for the concrete cask and TSC
containing PWR and BWR fuels are within the allowable values for the off-normal storage
events.

Principal Component Temperatures - Off-Normal Storage of PWR Fuel

. . ~1000F--
Ambient/Half

1060F Ambient, -40°F Ambient, Blocked Air
Maximum Maximum Inlets Allowable

Temperatures Temperatures Temperatures Temperature
Component (0F) (0F) (OF) (0F)

Fuel Cladding 670 524 676 1,058

Fuel Basket 670 524 676 1,000
TSC Shell 460 304 458 800

Concrete 1 273 1 67 1 271 1 350
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Principal Component Temperatures - Off-Normal Storage of BWR Fuel

106OF Ambient,
Maximum

Temperatures
( 0F)

40o F Ambient,
Maximum

Temperatures
(0F)

100 0F.
Ambient/Half
Blocked Air

Inlets
Temperatures
I'I (OF)

Allowable
Temperature

(0F)Component

Fuel Cladding 657 509 662 1,058

Fuel Basket 657 509 662 1,000

TSC Shell 446 292 444 800

Concrete 256 47 252 350

There are no adverse consequences due to these off-normal events. The maximum component
temperatures are less than the allowable temperature limits.

Off- Normal Event TSC Internal Pressures

Off-normal event TSC internal pressures are evaluated using the method and inputs documented
in the normal condition pressure evaluations (Section 4.4.4). The off-normal event TSC internal
pressure analysis considers a 10% rod failure fraction and a TSC backfill temperature and
pressure to 485 0F and 104 psig. The higher backfill temperature, and associated pressure, is the
result of the "severe heat" off-normal thermal evaluation. The maximum TSC internal pressures
calculated for off-normal events are 114 psig for the PWR system and 110 psig for the BWR
system.
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4.6 Accident Events

This section presents the evaluations of the thermal accident design events, which address very'
low probability events that might occur once during the lifetime of the ISFSI or hypothetical

events that are postulated because their consequences may result in the maximum potential
impact on the surrounding environment. Three thermal accident events are evaluated in this'
section: maximum anticipated heat load, fire accident and full blockage of the air inlets. The
maximum'TSC internal pressure for the bounding accident conditions is evaluated in Section

4.6.4.

:'The concrete cask and TSC model described in Section 4.4.1.1 is used for the evaluation of the'
concrete cask and TSC for these thermal accident events.

4.6.1 Analysis of Maximum Anticipated Heat Load

This section evaluates the concrete cask and the TSC for the postulated accident event of an

ambient temperature of ] 330F. A steady state condition is considered in the thermal evaluation
of the system for this accident event.

Using the same methods and thermal models described in Section 4.4.1.1 for the normal
conditions of storage, thermal evaluations are performed for the concrete cask and the TSC with
its contents for this accident'condition. All boundary conditions in the model are the same as
those used for the normal condition evaluation, except that an ambient temperature of 1330F is
used. The maximum calculated temperatures of the principal PWR and BWR cask component,'
with the corresponding allowable temperatures, are as follows.

PWR . BWR
Maximum Maximum Allowable

Component Temp (IF) Temp (IF) Temp. (IF)
Fuel Cladding 716 ' " 1 701 - 1058
Fuel Basket 716 i ,l a 701 - 1000

*TSC Shell - . .,%493 ' ;l+ e -474 - ~ :: 800 ',
Concrete 313 o 293 Re .350l

Note that the maximum fuel cladding temperatures are conservatively considered to be the
maximum basket temperatures. This evaluation shows that the component temperatures are
within the allowable temperatures for the extreme ambient temperature conditions.,

4.6.2 Fire Accident
A fire may be caused by flammnable material or by a transport vehicle. While it is possible that a

transport vehicle could cause a fire while transferring a loaded storage cask at the ISFSIL this fire
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will be confined to the vehicle and will be rapidly extinguished by the persons performing the
transfer operations or by the site fire crew. Fuel in the fuel tanks of the concrete cask transport
vehicle and/or prime mover (maximum 50 gallons) is the only flammable liquid that could be
near a concrete cask, and potentially at, or above, the elevation of the surface on which the cask
is supported. The fuel carried by other onsite vehicles or by other equipment used for ISFSI
operations and maintenance, such as air compressors or electrical generators, is considered not to
be within the proximity of a loaded cask on the ISFSI pad. Site-specific analysis of fire hazards
will evaluate the specific equipment used at the ISFSI and determine any additional controls
required. 11

The analyzed area is a 15xI5-foot square, less the 128-in-diameter footprint of the concrete cask,
corresponding to the center-to-center distance of the concrete casks on the ISFSI pad. The
potential depth (D) of the 50-gallon pool of flammable liquid is calculated as follows.

50 x231D= =0.6 in.
15 x 15x 144 -3.14x 1282 /4-

With a burning rate of 5 in/hr, the fire would continue for 7.2 minutes. The fire accident
evaluation in this section conservatively considers an 8-minute fire. The temperature of the fire

is taken to be 1,4750F, which is specified for the fire accident event in 10 CFR 71.73c [31.

The fire condition is an accident event and is initiated with the concrete cask in a normal
operating steady-state condition. To determine the maximum temperatures of the concrete cask
components, the two-dimensional axisymmetric model of the concrete cask and TSC for the
PWR configuration described in Section 4.4.1.1 is used to perform a transient analysis.

The initial condition of the fire accident transient analysis is based on the steady-state analysis
results for the normal condition of storage, which corresponds to an ambient temperature of

1000F in conjunction with solar insolation (as specified in Section 4.4.1.1). The fire condition is

implemented by applying a boundary temperature condition of 1,4750F at the air inlet and the
lower surface of the steel plate forming the top of the air inlet for eight minutes. This boundary
condition temperature is applied as a stepped boundary condition. During the eight-minute fire,
solar insolation is also applied to the outer surface of the concrete cask. At the end of the eight

minutes, the temperature at the inlet is reset to the ambient temperature of 1000F. The cooldown
phase is continued for an additional 10.7 hours to observe the maximum TSC shell temperature
and the average temperature of the TSC contents.

The maximum fuel temperature increased by less than 30F, thus remaining well below the

accident event temperature limit of 1,0580F. The maximum temperature of the TSC shell

increases to 512'F due to the fire condition. The limited duration of the fire, the large thermal
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capacitance of the concrete cask, and the minimal thermal conductivity limit the local region

where the concrete temperatures exceed 300'F to less than 10 inches above the top surface of the
air inlets. These results confirm that the operation of the concrete cask is not adversely affected
during and after the fire accident condition.

4.6.3 Full Blockage of Concrete Cask Air Inlets

This section evaluates the concrete cask for the transient condition of full blockage of the air

inlets at the normal storage condition temperature (100l ).

The accident temperature conditions are evaluated using the concrete cask and TSC thermal
models described in Section 4.4.1.1. The transient analysis assumes initial normal storage
conditions, with the sudden loss of convective cooling of the TSC. This is simulated by
removing the inlet and outlet conditions from the model. Heat is then rejected from the TSC to
the concrete cask liner only by radiation and convection. The loss of convective cooling to the
ambient environment results in a sustained heat-up of the TSC and its contents and the concrete
cask. The maximum fuel cladding temperature, maximum basket temperature, and the
maximum concrete bulk temperature remain less than the allowable accident temperatures for
approximately 72 hours after the initiation of the event. However, the internal pressure in the
TSC cavity will reach the analyzed maximum pressure condition of 250 psig in approximately 58
hours after the initiation of a complete blockage event.

The evaluation demonstrates that there are no adverse consequences due to this accident,
provided that debris is cleared from at least two air inlets within 58 hours based on the steady-
tate evaluation of the half-blocked air inlet condition in Section 4.5.

4.6.4 Maximum TSC Internal Pressure for Accident Events

Accident event pressures are evaluated with the method and inputs documented in the normal
condition pressure evaluation (Section 4.4.4). Differences incorporated in the accident condition
analysis are use of a 100% rod failure fraction and an increase in the TSC backfill temperature

and pressure to 6770F and 128 psig. The higher backfill temperature, and associated pressure
increase, is the result of the full air inlets blocked thermal evaluation. Maximum calculated TSC
internal pressures under these conditions are 246 psig for the PWR system and 195 psig for the

BWR system.
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4.A Benchmark of the Two-Dimensional Axisymmetric Methodology for
TSC Thermal Analyses For MAGNASTOR

In this Appendix, a benchmark evaluation is performed. A thermal evaluation using two-
dimensional modeling methodology is performed for a system for which a thermal test has been
conducted. Convection, conduction and radiation within the confinement boundary are
considered in this evaluation. The thermal test is described in EPRI NP-5128 [16]. The results
of the thermal evaluation using the two-dimensional methodology performed in this Appendix
shows that the two-dimensional methodology is conservative and, therefore, acceptable for use in
the thermal evaluation of MAGNASTOR.

4.A.1 Introduction

The thermal design of MAGNASTOR involves all three modes of heat transfer to reject heat;
from the fuel into the ambient. The most dominant mode of heat transfer is by convection,
which involves helium removing heat from the fuel assembly as it flows up through the fuel.
tubes and transferring the heat to the TSC shell as it flows down through the basket weldment
(downcomer) region. The heat transferred to the TSC shell is then rejected into the concrete cask
annulus airflow and transported to the ambient environment. The design of the concrete cask -

annulus to permit airflow between the TSC and the concrete cask to transfer heat to the ambient
is in numerous licensed spent fuel storage system designs. The most significant difference with
the MAGNASTOR design is the inclusion of convection in the TSC as a means of removing heatth .ANSO deig is the in . . . .mvn hea
from the fuel assemblies.

The geometry of the MAGNASTOR fuel basket is an array of square tubes in a cylindrical outer
boundary,- the TSC shell. This implies that the flow of the helium upward in the basket is
through a complex cross-section of squares, less the circular cross-sections of the fuel rods: The
downward flow of the helium on the outside 'of the fuel basket next to the TSC shell'is also
through an area with a complex cross-section, since 'the outer boundary is circular and the' inner
boundary of the downcomer is the outer perimeter of the square array of fuel tubes. While this
has the characteristics of a three-dimensional system, it is evaluated as'a two-dimensional -
axisymmetric system. Even as a three-'dimensional 'system, the complex flowv area for the fuel
region is impractical to be incorporated into a fluid flow analysis with detailed modeling for each
fuel rod. Additionally, due to the design of the fuel basket and the range of fuel temperatures
expected, conduction and radiation heat transfer throughout the 'fuel basket cannot be neglected.
The methodology adopted for this analysis includes the determination of effective properties for
thermal conduction and radiation, as well as for fluid flow resistances, which are to be
implemented in a two-dimensional axisymm'etric model. 'The end result of the two-dimensional
evaluation is to determine the maximum temperatures for the fuel rod cladding.
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For this reason, a benchmark is performed to demonstrate that two-dimensional methodology is
acceptable to determine the maximum fuel cladding temperatures for MAGNASTOR.

4.A.2 Purpose

The purpose of this appendix is to provide a benchmark, which demonstrates that the two-
dimensional methodology employed in the MAGNASTOR thermal evaluation is conservative.

4.A.3 Description of the-Thermal Test

In EPRI NP-5128 [16], thermal testing was performed for a vertical metal cask containing 24
PWR (15xl5) assemblies with a total heat load of 20.6 kW. The variation of the heat loads
between the assemblies was less than 6%, which can be approximated as a uniform heat load.
The basket contained in the cask during testing was comprised of an array of 24 square slots in
which the basket walls were constructed of aluminum. While there were a series of tests
performed, the test of interest for this evaluation was the test corresponding to vertical
orientation of the cask in which the cask was backfilled with nitrogen to one atmosphere. Axial
profiles of the temperature data were obtained in the tests for the inner surface of the cask, as
well as for various radial locations in the basket. Temperature data was not obtained for the
center of any fuel assembly, but rather on the basket.

4.A.4 FLUENT Model Description

The two-dimensional axisymmetric model for this evaluation only needs to consider the cavity of
the metal cask. Modeling of the cask wall and surface is not considered necessary since the
temperatures at the cask inner surface from the test are being applied as the boundary conditions
for the model. The various regions of the model are shown in Figure 4.A-1. Regions 2 through
5 comprise the full length of the basket of the cask. Regions 2 through 4 represent the fuel in the
basket, and Region 3 corresponds to the 144-inch active fuel region. Region 5 is considered to
be within the length of the basket, but outside the length of the fuel assembly. Regions 1,6 and 7
correspond to the backfill gas, nitrogen. For Regions 1, 6 and 7, it is only necessary to input the
material properties for nitrogen to simulate the flow of nitrogen in the cask cavity. The gas is
modeled as an ideal gas in FLUENT and all regions in the model utilized laminar flow
conditions.

4.A.4.1 Effective Properties for the Basket and Fuel Regions

For the regions corresponding to the basket, effective properties are employed in the analysis. To
account for the flow resistance of the wetted perimeter of the fuel and the fuel assembly grids,
the porous media option in FLUENT is used. The determination of the porous media constants
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depends on the radius assigned to the basket region, which also must be associated with the
effective cross-section area'of the downcomer region. The cross-section for the'downcomer
region is used to compute the outer radius of the basket region in the two-dimensional
axisymmetric model (Regions 2 through 5). Calculation of these constants for the porous media
is described in Appendix 4.B. The methodology applied for this benchmark follows the same
methodology described for the MAGNASTOR TSC model in Section 4.4.1.1.

The effective thermal properties for the basket region are computed using an ANSYS model
shown in Figure 4.A-2. This model contains the'aluminum basket and the fuel regions, which
are modeled with homogeneous orthotropic thermal conductivities. To determine the
temperature-dependent effective thermal conductivity of the basket region, a series of
temperatures is applied to the boundary of the model. Solutions for each boundary condition
determine the maximum temperature of the basket and the associated change in temperature
from the boundary to the maximum temperature location. The effective thermal conductivities
are determined using the same expression employed for MAGNASTOR in Section 4.4.1.2.

4.A.4.2 Boundary Conditions

The outer edges of the model correspond to the inner surface of the cask cavity. The following
boundary conditions were applied to the model.

Temperature Specification

To remove any uncertainties in the model due to the cask wall conductance, the convection
condition at the cask surface, or the variations in the ambient conditions,the temperatures from
the test corresponding to the inner surface of the cavity were applied to the outer surface of the
model. The temperature profile is shown in Figu're 4.A-3.

Heat Generation

The total heat load applied to Region 3 of the model in Figure 4.A-1 was 20.6 kW. The heat
generation was assumed to be uniformly distributed over the radial direction from the basket
centerline to the outer radius of the porous media region (Region 3). In the axial direction, the
power distribution as shown in Figure 4.A-4 was applied, which shows a peaking factor of 1.2.

Buoyancy

Since the backfill gas was-specified as an ideal gas, the only condition required to enact
buoyancy as a driving force for the nitrogen is to set the gravity acceleration as -9.8 misec2.
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Cavity Pressure

To be consistent with the boundary conditions used in the analyses for MAGNASTOR, a
pressure was applied to the cavity region. For the benchmark, the pressure in the cavity was set
to zero (gauge).

4.A.5 Analysis Results

The temperature contour corresponding to the applied conditions is shown in Figure 4.A-5. The
distribution of the contours along the centerline shows the maximum temperature is close to the
top of the basket, which is characteristic of baskets in which the dominant heat transfer is by

convection. The maximum basket temperature reported in the thermal test was 2320C, as

compared to a maximum basket temperature of 2330C obtained from the analysis. This indicates

that the analysis temperature is 1 0C conservative with respect to the test data.

4.A.6 Application of the Benchmark to the MAGNASTOR Evaluation

The benchmark thermal test cask contained PWR assemblies and was backfilled with nitrogen.
The force driving the movement of the backfill gas is buoyancy. A common metric employed to
compare buoyancy driven systems is the Rayleigh Number (Ra), which can be computed for
both systems. The Ra is expressed as follows.

Ra = (p2 PgATL 3/42)xPr [15]

where:

p ---------------------- density (kg/M3)
P ---------------------------------------- coefficient of expansion (I/K)
g ---------------------------------------------- gravitational constant = 9.8 m/sec2

AT -------------------------------------------- temperature difference = max. centerline
temperature-basket bottom temperature (K)

L ---------------------------------------------- height of basket (m)
g ---------------------------------------------- viscosity (N-sec/M2)
Pr -------------------------------------------- Prandlt number

Using the data from the benchmark thermal test and the analysis of the normal condition for
MAGNASTOR, the Ra of the backfill gas can be computed for each analysis.

IGas T.. I P AT -I
Deslqn (K) (kq/m3) (1/K) (K) (N-seclm2) Pr L (m) Ra --_ _ _ _ _ _ _ _ _ . . _ _ _. _ .. _ . . . . -

I 1(520 222_ 2.63x105 0.668 4.2 ______

MAGNASTOR 520 0.7501 1 /201222 1 2.63x10-5` 0.668 4.420 1 1.97>-61 011

Benchmark j 426 1.213 1/426 142 2.30x10-5  0.703 4.076 4.33x10 1

Note: Ta,'e is the average gas temperature (helium for MAGNASTOR and nitrogen for the
benchmark) used to evaluate the properties in this table.
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As indicated by the preceding table, the Ra for MAGNASTOR is the same order of magnitude as
that for the benchmark. This indicates that the buoyancy forces driving the flow in the
benchmark are essentially identical to the buoyancy force in the MAGNASTOR'design.
Additionally, both models employ a laminar flow model inside the cavity. While the benchmark
cask thermal test design stores 24 PWR fuel assemblies and the MAGNASTOR PWR design can

-store 37 PWR fuel assemblies, the arrays of both designs are comprised of square slots of nearly
;the same dimensions. The geometry of the flow area in the basket region is similarfor both,
since PWR fuel assemblies occupy a square slot in a square design. This is indicated in the-
following table, which contains the slot dimensions.,.These values indicate that the porous media
parameters would also be similar, and in both analyses, the porous media parameters are
computed using the same methodology.

Fuel Assembly
Design Width (inch) Slot Size (inch)

MAGNASTORJ 8.426 J 8.86/8.76

Benchmark 8.304 8.99

This indicates the high degree of similarity of both configurations. Additionally, in both designs,
the downcomer region is comprised of a circular outer boundary and an inner boundary
consisting of a series of edges of squares.

In both designs, the basket is formed of plates (or tubes for MAGNASTOR), which also serve as
conductors to the periphery of the basket. In the benchmark evaluation and in the
MAGNASTOR evaluation, the porous media material is modeled to represent the conduction in
the basket as well, since the basket plates were not modeled explicitly. The conductivity for the
porous media region represents the radial conductance, as well as the axial conductance of the
baskets. The method used to compute the effective thermal conductivities for both baskets was
identical.

The reported results of the thermal test indicate that the two-dimensional modeling using
FLUENT is conservative since the FLUENT simulation of the benchmark predicted a higher
temperature than the reported test data. It is important to note that the thermal boundary
conditions for the FLUENT analysis of the benchmark thermal test employed the temperatures
from the benchmark test directly, which eliminates any uncertainties in the analysis due to the
conduction through the benchmark cask body, convection from the cask surface, or variations in
the ambient conditions over the cask. The analysis associated with the thermal test focused only
on the convection internal to the cask cavity. This confirms that the axisymmetric modeling, in
conjunction with the use of porous media material characterization, is an acceptable
methodology for the computation of maximum fuel cladding temperatures.

NAC International -'4.A-5
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4.A.7 Conclusions

In this appendix a thermal evaluation has been performed for the thermal test described in EPRI
N-5128 [17]. The analysis results indicate that the two-dimensional axisymmetric modeling
methodology incorporating effective thermal properties and the flow resistance in the fuel region
is acceptable to determine a bounding maximum fuel temperature. The benchmark also confirms
the use of the hydraulic diameter for the representation of the non-axisymmetric downcomer
region, as well as the use of orthrotropic properties for the basket conductance.
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Figure 4.A-1 Two-Dimensional Model of the 24 PWR Assembly Thermal Test
Configuration
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Region
Number Description Dimension (mm)

1 Bottom nitrogen region 45

2 Region below active fuel region in the basket 152

3 Active fuel region 3658

4 Region above active fuel region in the basket 248

5 Basket region without fuel 18

6 Top nitrogen region 29

7 Equivalent radial gap (downcomer region) 64
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Figure 4.A-2 ANSYS Model for Determination of the Benchmark Basket Thermal
Properties
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Figure 4.A-3 Temperature Profile from the Benchmark Cask Cavity Inner Surface
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Figure 4.A-4 Axial Power Distribution Curve for the 15 x15 PWR Fuel Assembly
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Figure 4.A-5 Temperature Contours for the Benchmark Cask Thermal Test
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4.B Methodologv to ComDute the Porous Media Constants

This appendix presents the methodology used to determine the porous media constants, which
will simulate the flow resistance due to the fuel assembly and fuel assembly grids to be taken
into account for the basket tube/fuel region of the two-dimensional axisymmetric TSC model.

To simulate the flow resistance in the porous media models, the following FLUENT porous
media pressure drop [12] is employed.

AP _j

UP = R V + Cf I WV),.
L - Vcc .P 2 )

where:

AP/L------------------------------------------- 7pressure drop per unit length (Palm)
V --------------------------------------------- superficial fluid velocity (m/s)
A ---------------------------------------------- the fluid viscosity (kg/m-s)
p -------------------------- fluid density (kg/M3 )
a --------------------------------------------- permeability parameter (in2)
C --------------------------------------------- inertial resistance factor (in')

In this representation, the pressure drop for the porous media consists of two terms: one being
proportional to the velocity and the other proportional to the velocity squared. 'For the first term,
the viscosity (a) is obtained from the material properties defined for the g'as, while the factor (a),
referred to as the permeability, is computed on the basis of laminar pipe flow for a constant .
cross-sectional area. For the second term, the density (p) is obtained from'the'material properties
defined for the gas, while the factor (C), referred to as the inertial resistance, is due to the
pressure loss associated with the fuel assembly grids.

The porous cells in FLUENT are 100% open in the porous media model [12]. Therefore, the
values specified for I/a and C are adjusted based on the porosity of the porous media 412].'

Perrneability (a)
To determine the' permeability, neglect the loss'due'to the inertial resistance and consider the
steady-state flow of fluid in a pipe.

The pressure drop of the porous media model then reduces to Darcy's Law:

AP = JU V (a)
L a
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The average velocity for a laminar pipe flow [18] is:

V = 3 2 (L) (b)
32,u L

where, D is hydraulic diameter.

From equation (b), we can get

AP 321uV (c)
L D'

Comparing equation (a) with equation (c), we can get

1 32

a7D

Considering the porosity of the porous media (E), the 1/ax becomes

1 32
a = _D

da eD2

Inertial Resistance (C)

The fuel assembly grids occur at discrete locations over the fuel assembly, but they are not
modeled explicitly in the model. The pressure loss is to be taken into account over the length of
the assembly, and the inertial resistance factor is proportional to the velocity square (V2). Since
the porous media is being considered, the physical velocity must be employed. This implies that
the velocity must be divided by the porosity (e) and, since the pressure drop due to the inertial
resistance occurs over a length L, the expression for C is as follows.

C=_ I = K7
Le 2 e2 L

The quantity K is the inertial resistance factor, which is dependent on the geometry. The
pressure loss due to the flow through the grid is represented in terms of the loss due to
contraction of the flow as the flow enters the grid (Kc) and due to expansion as the flow leaves
the grid (Ke). To provide a bounding value for Kc, the loss associated with entering the grid is
taken to 0.5, which is for the contraction from an infinite reservoir to finite cross-sectional area
[191. Likewise, to provide a bounding value for Ke, the loss associated with flow leaving the
grid is taken to 1.0, which is for the expansion from a finite cross-sectional area to an infinite
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reservoir [19]. These losses are considered to be additive over eight grids for a typical PWR fuel
assembly, which yield the following expression for K:

K = Nx(Kc+Ke)=8x(1.5)= 12

This value for K, which is determined based on the limiting values for Kc and Ke, is considered
to be conservative, since the geometry of the grid does not represent these extreme conditions.
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