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2.9 Fuel Rod Buckling Assessment

The bounding condition for the assessment of the evaluation of the fuel rod buckling is the end
drop orientation. This orientation maximizes not only the axial force component that would
buckle the fuel rod, but it is also the orientation, which has the maximum axial acceleration. As
the cask orentation shifts from the axial end drop condition, the cask body accelerations
decrease. Two fuel rod configurations are evaluated: 1) 17 x 17 PWR fuel for the directly loaded
fuel case; and 2) Yankee-Class fuel for the canistered fuel case.

29.1 " Fuel Rod Buckling Assessment for Directly Loaded 17 x 17 PWR Fuel

For this fuel configuration, the fuel rods are laterally restrained by the grids and may come into
contact with the fuel assembly base. The only vertical constraint for the fuel rod is the base of
the assembly. This is considered to be the bounding condition.. Additionally, the weight of the
fuel pellets is also included in this evaluation, as it is considered to be vertically supported by the
cladding. Use of the fuel pellet weight in the evaluation is considered to be the bounding
condition (as opposed to an evaluation that considers the cladding only). Fuel rod buckling is
evaluated using the finite element beam model shown in Figure 2.9.1-1. |

During the end drop, the fuel rod is expected to impact the fuel assembly base. The fuel rod
itself will respond as an elastic bar under a-sudden compression load at its bottom end. The
duration of this impact is bounded by the first extentional mode shape of the fuel rod.
Contribution of higher frequency extentional modes of the rod would tend to shorten the duration
of impact of the fuel rod with the fuel assembly base. The fuel rod, upon initiation of impact,
corresponds to an undeformed state. In the process of the impact, the compression of the fuel
rod will mcrease to a maximum and then return to a near uncompressed state, at which point the
time of 1mpact has been completed. This actually represents half of a cycle of the lowest
frequency mode shape of the fuel rod. The frequency of this mode shape is evaluated to be 214. 5
Hz using ANSYS Revision 5.2. The shape of the time dependence of the deformation is
sinusoidal. The single extentional mode shape can also be considered to be a single degree of
freedom (SDOF) with a corresponding mass and stiffness. In viewing such an event as a spring
mass system, the time variation of the deformation during the impact is expected to be
sinusoidal.

The buckling mode for the fuel rod is governed by the boundary conditions. For this
configuration, the eight grids provide a lateral support, but no vertical support. The only vertical
restraint is considered to be at the point of contact of the fuel rod and the base of the assembly.
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The weight of the fuel rod pellets and cladding is assumed to be uniformly distributed along the
length of the fuel rod. In the end drop, this results in the maximum compressive load occurring
at the base of the fuel rod. The first buckling mode shape corresponding to these conditions is
computed using ANSYS Revision 5.2 and is shown in Flgure 2.9.1-2. ‘

Typically eigenvalue buckling is applied for static environments. For dynamic loading, it is
assumed that the duration of the loading is sufficiently long to allow the system to experience the
complete load, even as the deformation associated with the buckling is commenced. For
dynamic loading, the lateral motion, which would correspond to the buckled shape, will
correspond to the lowest mode shape. This lowest frequency mode shape is shown in Figure
2.9.1-2 and corresponds to a frequency of 31.31 Hz. The similarity of the two shapes shown in
Figure 2.9.1-2 is expected, since both have the same displacement boundary condmons, the same
stiffness matrix, and the same govermng finite element equatlons, ie., ‘ ‘

K] fo.}=2 [alfo}
where:

[K] = structure stlffness matnx
{¢.} = eigenvector

Ai =eigenvalue
[A] = mass matrix for the mode shape calculatlon or stress stiffening
mamx for the bucklmg evaluation

Based on the time duration of thé impact and the inherent inability of the fuel rod to rapidly
displace in the lateral direction, the effect of the actual lateral motion of buckling can be
computed with a dynamic load factor (DLF) (Clough) The cxpressron for the DLF for a
half—sme loading for an SDOF is gwen by

2Bcos (1t/2B)

DLF= 20
1-p*

where:
B = ratio of the first extentional mode frequency to the first lateral mode frequency

These values, computed as described below, are §§ = 6.85 and DLE = .2905. : |
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This DLF is applied to the end drop acceleration of 56.1 g for the 30-foot end drop (see Table
©2.6.7.4.2-2), which is the driving force to potentially result in the buckling of the fuel rod. The
product of 56.1 x DLF = 16.3g is compared to the vertical acceleration corresponding to the first
buckling mode shape, computed in Section 2.9.1.2, 28.9g. This indicates that the time duration
of the impact of the fuel onto the fuel assembly base is of sufficiently short nature that buckling
of the fuel rod cannot occur. The calculational methodology used to determine the acceleration
corresponding to the first buckling shape for the PWR 17 by 17 fuel assembly will also be
applied to the Yankee-Class: fuel assembly using the same vertical restraint location. This
calculation is performed in Section 2.9.2, which results in a value of 78g. The increase in this
value is primarily due to the difference in the distance between the grids.

Numerical Evaluation of the Fuel Rod Mode Shapes and Buckling Acceleration

The condition is evaluated for the fuel pellet weight being combined with-the cladding. To be
consistent with this approach, an effective cross-sectional property is used in the evaluation,
which incorporates the properties of the fuel pellet and the fuel cladding. The model used in this
evaluation is comprised of two-dimensional beam elements in ANSYS Revision 5.2 as shown in
Figure 2.9.1-1. In this model, the beam elements considered the weight of the fuel pellet, as well
as the cladding. The modulus of elasticity (EX) for the fuel pellet is listed in Rust as having a
nominal value of 26.0 x 10° psi. To be conservative, only 50 percent of this value was employed
in this evaluation. The EX for the fuel pellet was, therefore, taken to be 13.0 x 10° psi. The EX
for the fuel cladding used in the evaluation was also 13.0 x 10° psi, which bounds the EX for the
Zircaloy cladding at the end of the fuel assembly. The dimensions and physical data for the fuel
rod used in the evaluation are: ‘

Outer diameter of cladding (inches) 36

| Cladding thickness (inches) .0225
Cladding density (b/in®) 237
Fuel pellet density (Ib/in®) .396

The elevations of grids are 6.18, 31.08, 51.63, 72.18, 92.73, 113.83, and 153.96 inches as
measured from bottom of fuel assembly.

The effective cross-sectional properties (Eier) for the beam are computed by adding the value of
EI for the cladding and the pellet, where: )

E = modulus of elasticity (Ib/in’)
| = cross-sectional moment of inertia (in‘)
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The model and the associated displacement boundary conditions for the fuel rod is shown in
Figure 2.9.1-1. Using this model, the lowest frequency for the extentional mode shape was
computed to be 214.5 Hz. The first mode shape corresponds to a frequency of 31.31 Hz. Using
the expreséion for the DLF in Section 2.9.1.1, the DLF is computed to be B = 6.85 and
DLF = 0.2905. R ' '

The buckling calculation used the same model employed for the mode shape calculation. The
load that would potentially buckle the fuel rod in the end drop is due to the deceleration of the
rod. This loading was implemented by applying a 1g acceleration in the direction that would
result in the compressive stress of the fuel rod. The first buckling shape based on the applied
boundary conditions is shown in Figure 2.9.1-2. - The acceleration corresponding to the first
buckling mode for the combined cladding and fuel pellet was computed to be 28.9 g.
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Figure 2.9.1-1 " Two-dimensional Beam Finite Element Model of the PWR 17 by 17 Fuel Rod
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Figure 2.9.1-2 Mode Shape and First Buckling Shape for the PWR 17 by 17 Fuel Rod
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For the Yankee-Class fuel, two materials are available for the fuel rod cladding: Zircaloy and
stainless steel. For this fuel configuration, the fuel rods are restrained by the grids and are in
contact with the fuel assembly base. In the vertical orientation, the weight of the fuel rods is
transferred to the base of the fuel assembly. Each of the six grids restraining the fuel rods is
considered to provide lateral support, but no rotational resistance to buckling. The calculation of
the first buckling mode is performed using ANSYS Revision 5.2. Two models are constructed
using beam elements. In the first: model, the beam elements use effective cross-sectional
properties, which combined the cross-sectional properties of the fuel pellet and the fuel rod
cladding. To be consistent with this approach, the beam element considers the weight of the fuel
pellet and the cladding. The modulus of elasticity (EX) for the fuel pellet is listed in Rust as
having a nominal value of 26 x 10° psi. Conservatively, only 50% of this value is used. The EX
for the fuel pellet is therefore taken to be 13 x 10° psi.A_ The EX for zircaloy fuel cladding used in
the evaluation is also 13 x 10° psi. The EX for the stainless steel claddiﬁg is conservatively
taken to be 13 x 10° psi, even though the minimum EX for stainless steels at 600°F is 25.2 x 10°
psi. The fuel rod dimensions and physical data used in the evaluation are:

Fuel Rod Parameters Stainless Steel Cladding Zircaloy Cladding

Outer diameter of cladding (inches) | 34 365
Cladding thickness (inches) 042 048
Cladding density (Ib/in®) B . .291 . 237
Fuel pellet density (Ib/in’) 396 396

The elevations of the grids are 2.86, 20.5975, 38.8975, 57.1975, 75 49 and 75.93 inches as
measured from bottom of fuel assembly.

The effective cross-sectional properties (Ele) for the beam are computed by adding the value of
EI for the cladding and for the pellet. '
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where:

E = modulus of elasticity (Ib/in®)
I = cross-sectional moment of inertia (in*)

For each material, two configurations are evaluated:
e with the weight and the contribution of the cross-section propertles of the fuel pel]et
and cladding, and :
o with out the contribution of the fuel pellet (claddmg only).

The buckling shapes for each material for the case using the combined cross-sectional properties
of the fuel pellet and the cladding, along with the applied boundary conditions are shown in
Figure 2.9.2-1. The acceleration corresponding to the first buckling mode for the combined
cladding and fuel pellet for both materials are:

With the cross-sectional With the cladding cross-
'| properties and weight of the | sectional and weight of the
Cladding Material fuel pellet fuel cladding only
Zircaloy 9¢g 248 g
Stainless Steel 78 g 177 g

This analysis is considered to be conservative. For undamaged fuel the pressure inside the fuel
rod actually provides a significant tensile stress in the cladding. For this evaluation, this stress is
not considered to stiffen the cladding. Additionally, rotational resistance from each grid is not
considered, which would increase the acceleration corresponding to the first buckling mode.
Since the impact limiters for the NAC-STC limit the maximum accelerations in the end drop to
less than 60g’s, based on this evaluation, the fuel rods do not buckle.
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Figure 2.9.2-1 First Buckling Mode for the Yankee Class Canistered Fuel
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293 Fuel Rod Buckling Assessment for CY-MPC Canistered Fuel

For the Yankee-Class fuel, two materials are available for the fuel rod cladding: Zircaloy and
stainless steel. For this fuel conﬁguratioh, the fuel rods are restrained by the grids and are in
contact with the fuel assembly base. In the vertical orientation, the weight of the fuel rods is
transferred to the base of the fuel assembly. Each of the grids restraining the fuel rods is
considered to provide lateral éupport, but no rotational resistance to buckling. The calculation of
the first buckling mode is performed using ANSYS Revision '5.5. The beam elements use
effective cross-sectional properties, which combined the cross-sectional properties of the fuel
pellet and the fuel rod cladding. To be consistent with this approach, the beam element considers
the weight of the fuel pellet and the cladding. The fuel rod dimensions and physical data used in
the evaluation are:

Cladding
Fuel Outer Pellet
Assembly Diameter | Thickness Diameter | Rod Length
Case Vendor (inch) (inch) Material (inch) (inch)
1 Westinghouse 0.422 0.0242 Zirc-4 0.3659 151.85
2 Westinghouse 0.422 0.0165 SS304 0.3895 126.52
3 B&W 043 0.0265 Zirc-4 0.3686 153.68
4 B&W 0.422 0.0165 SS304 0.3825 126.68
The material properties are:
Density (Ib/in’) Young’s Modulus (psi)
Zircaloy-2 Cladding 0.237 11.5x 10°
UO; Fuel 0.396 27.5x 10°

The Young’s Modulus used for fuel in the analysis is 13.0 x 10° psi.

The elevations of grids (lateral constraints) vary for each fuel assémbly type. The locations of
the constraints considered are shown in the table below:
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- Rod
Length Lateral Constraints
Case (inch) : (inch)
1 151.85 | 293 | 27.14 | 53.33 | 79.52 | 105.71 | 131.90 | 150.57
2 12652 | 1.24 | 20.12 | 41.20 | 62.28 | 83.36 | 104.44 | 125.52
3 153.68 | 3.45 | 2557 | 46.70 | 67.79 | 88.88 | 109.98 | 131.07 | 153.15
4 126.68 | 1.84 | 20.21 | 41.29 | 62.27 8345 | 104.53 | 125.51
The vertical constraint is located at the 0.00-inch location. The lateral constraint locations are
adjusted to correspond to a 0.00-inch base location.
The effective cross-sectional properties (Elg) for the beam is computed by adding the value of
EI for the cladding and for the pellet, where:
E = modulus of elasticity (Ib/in?)
I = cross-sectional moment of inertia (in‘)
\_/ The acceleration corresponding to the first buckling mode for the combined cladding and fuel
pellet for both materials are:
Case First First Lateral | Frequency | Dynamic First Buckling
Extensional Frequency Ration | Load Factor Dynamic Mode
Frequency (Hz) (Hz) ®) (DLF) Acceleration | Acceleration
1 211.5 29.1 7.3 0.279 153 41.0
2 231.2 37.1 6.2 0.331 18.2 64.3
3 209.5 413 5.1 0.408 224 48.2
4 230.4 38.1 6.0 0.343 18.9 60.2
The dynamic acceleration is less than the first buckling mode acceleration for all four cases.
Therefore, the fuel assembly will not buckle during a 30-foot end impact.
i ™~
-/
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2.10 Appendices - .
2.10.1 Computer Program Descriptions

" The structural evaluation of the NAC-STC body, closure lids, canister, baskets, and impact
limiters is accomplished using three computer codes, ANSYS, RBCUBED, and LS-DYNA.
Each program is described in the following sections.

2.10.1.1 ANSYS

The structural analysis of the main body, the closure lids, the canister, and the baskets of the
NAC-STC is performed by the finite element analysis method using the ANSYS structural
analysis computer program. The ANSYS computer program is a large-scale, general purpose
computer program for the solution of several classes of engineering analyses that include: static
and dynamic; elastic, plastic, creep and swelling; buckling; and small and large deflections. The
matrix displacement method of analysis based on finite element idealization is employed
throughout the program. The large variety of element types available gives ANSYS the
capability of analyzing two-dimensional and three-dimensional frame structures, piping systems,
two-dimensional plane and axisymmetric solids, three-dimensional solids, flat plates,
axisymmetric and three-dimensional shells, and nonlinear problems, including gap element
interfaces. A two-dimensional axisymmetric model and two three-dimensional models, a top
fine model and a bottom fine model, are used in the analysis of the NAC-STC. The interface gap
elements provide the capability of realistic modeling and evaluation of the interactions between
the lead layer and the surrounding stainless steel shells; between the top forging, inner lid, and
outer lid; and betw?en the neutron shield material and the steel in the inner lid and in the bottom
of the cask. ' o '

The ANSYS preprocessing routine '(PREP7) is used to construct the finite element mesh,
describe each cask component material (temperature-dependent) property, assign unique
identifiers for cask components, model displacement boundary conditions and prescribe
temperature, point loads, or surface tractions of appropriate element faces or nodes. The PREP7
graphics option is a valuable tool that permits the user to check the model for completeness. The
ANSYS analysis option uses the PREP7 file to generate a solution file and to provide a user-
oriented printout of the solution phase. In general, each solution provides a complete echo of the
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model input data, model displacement solution, element stresses, nodal forces, reaction forces,
and any warnings or errors related to the analysis.

A variety of ANSYS post-processors (for example, Postl) utilize the solution file to sort, print,
or plot selected results from the ANSYS analysis. The post-processors can provide many useful
features including a maximum set of variables (such as stress components or displacements) or
sectional stresses along a designated path. Additionally, the structural behavior can be viewed by
model displacement and stress contour plots.

2.10.1.2 RBCUBED - A Program to Calculate Impact Limiter Dynamics

RBCUBED is an impact limiter analysis computer program developed by NAC (Hardeman) and
used in the NAC-STC impact limiter analyses. RBCUBED utilizes quasi-static methodology;
that is, each iteration freezes an instant in time during which all calculations are performed, and
then, proceeds to the next time increment. The methodology employed in the program sizes the
impact limiter and calculates the deceleration forces used to calculate the stresses imposed on the
cask structure, but does not implement any load factor. There are several assumptions that are
attendant to this methodology:

1. Gravity is the only force that acts on the cask during free fall. While falling, the cask is
translating vertically and continues to do so until the initial (first) impacting end has been
brought to rest. In oblique and side drop cases, after the first end has been stopped, the
cask rotates until the second limiter strikes the unyielding surface and absorbs the
remaining kinetic energy.

There is no sliding or lateral motion of the cask at any time during the impact(s).

!\)

3. The cask weight includes the impact limiters, but the length of the cask does not.

4.  The deceleration force generated during crushing of the isotropic energy absorption
material acts at the centroid of the area engaged in crushing for that increment in time.

5. Crushing of the energy absorption material occurs from the outside toward the cask body.
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6.  The component of the cask weight acting downward and the crush force acting upward
are assumed to act colinearly. The magnitude of the weight component is very small
compared to the crush force.

7. The impact limiter material that is not between the cask and the unyielding surface does
not ‘absorb any kinetic energy. The extraneous limiter material is ineffective for the
purposes of this impact limiter analysis. -

RBCUBED is capable of analyzing any cask impact orientation from vertical (0°) to horizontal
(90°).

The input data for RBCUBED includes the following: (1) height of drop; (2) weight of cask
system; (3) cask length; (4) impact orientation angle; (5) deflection increment; (6) material crush
properties (stress-strain curve or force deflection curve); and (7) impact limiter geometry.
Geometric modeling of the impact limiter is performed using combinatorial geometry based on
the MORSE-CG computer program.

The output data from RBCUBED includes the following: (1) a verbatim input return; (2) a
processed input of general problem parameters and material properties; (3) the results of the
RBCUBED execution--deflection; (4) resultant force; (5) remaining kinetic energy; (6) velocity;
(7) elapsed time since the beginning of impact; (8) area clirrently involved in crushing; and (9) a
series of crush “footprints™ at crush intervals of one inch.

The computer program, RBCUBED--A Program to Calculate Impact Limiter Dynamics, was
benchmarked for validity by comparison of analysis results to manual calculations using crush
areas determined by drafting methods.

2.10.1.3 LS-DYNA

The structural analysis of balsa impact limiters is performed by the finite element analysis
method using the LS-DYNA. LS-DYNA is an explicit general-purpose finite element program
for the nonlinear dynamic analysis of three-dimensional structures. It was originally used to
simulate permanent deformations of metallic objects impacting hard surfaces at high velocities
whose accuracy has been proven through correlation with experimental data. LS-DYNA features
include the ability to handle large deformations, sophisticated material models (for steel and
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aluminum, rubbers, foams, plastics, and composites), complex contact conditions among
multiple components, and short-duration impact dynamics.

Pre- and post-processing is accomplished with FEMB (Finite Element Model Builder). FEMB is
a general-purpose finite element pre- and post-processor compatible with most major finite
analysis codes and CAD software. FEMB post-processes result data including the real-time
animation of stresses, strain energy, displacements, and time history curves.
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2.10.2 Finite Element Analysis

2.10.2.1 Model Descriptions -

The finite element models of the NAC-STC body are generated utilizing the ANSYS PREP7
routine. The aspect ratio of finite elements and the density of the geometric mesh is carefully
arranged, especially at the locations of geometric discontinuities and force boundaries, to
minimize the possibility of numerical inaccuracies in the finite element method.

The cask components considered in the finite element models include the cask inner lid and outer
lids; the top forging; the NS-4-FR neutron shield layer in the inner lid; the inner shell, transition
sections, and outer shell; the lead layer; the bottom forging; the bottom plate; and the NS-4-FR
neutron shield layer in the bottom.

Due to the complexity of the cask geometry and the loading conditions, it is apparent that one
model is not sufficiently accurate to characterize all loading conditions and still be of a
manageable size for available computer resources; therefore, three separate models are used to
perform the analysis of the NAC-STC.

A two-dimensional axisymmetric model is used for. the axisymmétric loading cases, which
include internal pressure, thermal heat load, end drop on top, and end drop on the bottom. The
two-dimensional axisymmetric model is described in Section 2.10.2.1.1.

The other two models are three-dimensional, so that they can properly analyze non-axisymmetric
loading conditions, which include gravity (with the cask in the horizontal position), the side drop
impact, the corner drop impacts, and the oblique drop impacts. The three-dimensional models
are described in Section 2.10.2.1.2." ’
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2.10.2.1.1 Two-Dimensional Axisymmetric Model

The ANSYS PREP7 routine is used to generate the finite element model of the NAC-STC.
Because of the axisymmetric geometry of the cask, several of the loading conditions can be
effectively analyzed using a two-dimensional axisymmetric model. These conditions include
bolt preload, internal pressure, thermal expansion, and drops on both the bottom and the top ends
of the cask. The model is also described in Section 2.7.1.6.1.

The two-dimensional finite element model of the NAC-STC is constructed of 3083 nodes and
2842 elements. Care is taken when developing the model to maintain adequate mesh density and
aspect ratio for the elements in order to minimize any numerical inaccuracies that might result
from the finite element method.

The cask components that are considered in the ANSYS model include the inner lid, the outer
lid, the bolting for each of the lids, the top forging, the inner shell, the transition sections, and the
outer shell, the lead shell, the bottom forging, the bottom plate, and the BISCO NS-4-FR material
in the bottom and in the inner lid.

ANSYS STIF3, STIF12, and STIF42 elements are used to construct the two-dimensional finite
element model of the NAC-STC. The overall view of the model is shown in Figure 2.10.2-1.
Detailed plots showing node numbering patterns and the mesh arrangements in the different
regions of the model are included in Figures 2.10.2-2 through 2.10.2-7.

ANSYS STIF42 elements, which are two-dimensional, axisymmetric, isoparametric solid
elements, are used to model all of the cask components except the bolts, the interfaces between
the lead and the steel, and the interfaces between the neutron shield material and the steel. The
bolts are modeled using ANSYS STIF3 elements, which are two-dimensional beam elements.
The section properties of the bolts are entered on a “per radian” basis. The bolt preload is
included in the model by applying an initial strain to the bolt shaft, which connects the bolt head
to the threaded portions of the cask. For a detailed description of how the bolts are modeled, and
how the initial strain is determined, see Section 2.10.2.2.3.
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The “gap” element, STIF12, represents two surfaces that may maintain or break physical contact
and may slide relative to each other. Such surfaces exist between: (1) the lead shell and the
inner and outer stainless steel shells, (2) the neutron shield and the cask bottom, (3) the neutron
shield and the inner lid, (4) the inner lid, and the outer lid, (5) the inner lid and the cask, and (6)

- the outer lid and the cask. Note that the gap element is only capable of supporting compression in

the direction normal to the surfaces and friction in the tangential direction.

Gap elements completely surround the lead shell in the cask wall. If there is contact between the
lead and the stainless steel surfaces, the gap elements transmit compressive load, but permit no
tensile load between the lead and the stainless steel. This means that the gap elements allow the
lead to move freely inside the space surrounded by the stainless steel. When a deceleration is
imposed on the entire mass of the cask model to simulate the inertial effect of a drop impact

. condition, the deceleration causes the lead to slump and, consequently, creates a lateral pressure
" on the inner and the outer shells along the lead/shell interfaces.

Similarly, since the lead has a higher coefficient of thermal expansion than the stainless steel, the
lead will incur larger thermal expansions and contractions than the stainless steel inner and outer
shells; and thus, may be restrained by those shells. The gap element again allows the lead to
move freely inside the annulus between the inner and the outer shells. Pressures resulting from
the thermal expansion restraints develop wherever the lead contacts the stainless steel shells.

Thus, accurate modeling is achieved for the lead slump during an impact load condition and for
the differential thermal expansions and contractions during temperature excursions.

In Figure 2.10.2-1, the elements representing the lead shell and the neutron shield layers are
intentionally not shown, in order to improve the clarity of the mesh in the stainless steel
components. '

A gap element stiffness of 3.0 x 108 psi, approximately 10 times greater than the cask stiffness, is
specified to maintain the boundaries between the lead/steel and neutron shield/steel surfaces.

2.10.2-3



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

Similar gap elements are used to model theinterfaces between the lids and the top forging. The
initial radial gap between the lead shell and the outer shell is calculated to be 0.0428 inch.

The neutron shield that is located around the outer shell of the cask along the length of the cask
cavity is not modeled because its structural rigidity is conservatively ignored in the structural
analyses of the cask. However, its weight effects are included in the model by using an increased
effective density in the region of the cask between the top of the bottom forging and the bottom
of the inner lid. Modification of the density of this portion of the cask allows the overall weight
of the empty cask to be adjusted to the proper value. Minor density changes are also made to the
bottom end forging and bottom plate to allow for proper center of gravity location. The mass of
the upper impact limiter is distributed to the top end of the cask by increasing the density of the
lids and top forging. The mass of the lower impact limiter is distributed to the cask bottom by
increasing the density of the bottom forging and bottom plate. The resulting cask total weight
(including impact lifniters) and center of gravity are then verified by an ANSYS check run.

The material properties used in the stress analyses include the elastic modulus, the Poisson's
ratio, the density and the coefficient of thermal expansion. The elastic moduli and coefficients of
thermal expansion are functions of temperature. They are represented by a table of material
property values at various temperatures. The material property evaluation for each element is
performed by linear interpolation of the tabular data at the element average or integration point
temperatures. Thermal expansion is computed relative to a reference temperature (assumed to be
70°F for this analysis). The material property values used are given in Section 2.3.

The nodal temperatures in the structural model are determined from the results of the thermal

analysis, which is performed using the HEATINGS computer program. The temperature
distribution is considered to be constant around the circumference.

2.10.2-4

-/



NAC-STC SAR o | February 1999
* Docket No. 71-9235 " Revision 10

Stability of the finite element analysis requires that one node on the model be restrained in the
cask longitudinal (axial) direction to prevent any vertical rigid body motion. Node 7332, located
at the top outside comer, is axially restrained for the pressure, thermal, and bottom end impact
cases (see Figure 2.10.2-6). Node 360, located at the bottom outside comer, is axially restrained
for the top end impact case (see Figure 2.10.2-2).

2.102.1.2 - .Three-Dimensional Finite Element Models (Directly Loaded Fuel Configuration)

There are a number of loading conditions that can only be characterized by a three-dimensional
finite element analysis. In order to reduce the overall problem size, two three-dimensional
models are developed: (1) the top fine mesh model, to be used in the stress evaluations for the
top half of the cask; and (2) the bottom fine mesh model, to be used in the stress evaluations for
the bottom half of the cask. In fact, both models are complete representations of the cask, since
the entire cask is modeled. The top fine mesh model contains a very detailed representation of
the top end of the cask, while the bottom end of the cask is modeled using a coarser mesh
density. The top fine mesh model is used in those analyses that are expected to produce larger
stresses in the top half of the cask. Similarly, the bottom fine mesh model contains a very
~ detailed representation of the bottom end region of the cask, while the upper end of the cask is
modeled with a coarser mesh density. The bottom fine mesh model is used in those analyses that
are expected to produce larger stresses in the bottom half of the cask.

For the side drop analysis, both the top and bottom fine mesh models are used separately to
-obtain the detailed stresses in the upper and lower portions of the NAC-STC, respectively. The
stress summary for the entire cask combines the results of the two runs. The oblique drop
analyses use the fine mesh model for the impacting end of the cask.

The two three-dimensional models are constructed by first creating a mesh
representing a two-dimensional plane of the cask, and then revolving that
mesh 180 degrees around the axis of symmetry of the cask to create a model of
one-half of the cask. This half-model of the cask is adequate for the drop analyses,
because the cask geometry and the imposed loads are also symmetric about the midplane
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of the cask. The plane of symmetry is chosen to pass through the line of impact in the side,
corner, and oblique drop cases. Symmetry boundary conditions (i.e., no translations normal to the
plane of symmetry), are imposed on all nodes on the plane of symmetry.

Mesh adequacy in the circumferential direction is ensured by first reviewing the ANSYS
reference manual for a recommended mesh size, then adapting a non-uniform circumferential
element size to accurately capture the high stresses in the impact region. Finally, a parametric
study of mesh density is performed to verify the validity of the chosen mesh arrangement.

The ANSYS reference manual recommends a 15-degree circumferential mesh increment for shell
structures. A minimum of twelve (180/15) circumferential elements would be required to model
a 180-degree surface, according to this criteria. Since the region of impact will have much higher
stresses than the region of the cask remote from the impact, a non-uniform circumferential
element spacing is chosen. A very fine mesh near the region of impact varies to a coarse mesh
on the side of the cask opposite the impact region. The largest circumferential element size was
chosen to be twice that of the smallest, with the element size varying linearly in between. Figure
2.10.2-8 illustrates the resulting non-uniform angular locations of each row of nodes. Table
2.10.2-1 documents the angular location of each plane of nodes, and the circumferential element
size for each row of elements. The arc length of the smallest elements, those along the line of
impact, is 8.3 degrees. The arc length increases to 16.6 degrees for the elements farthest away
from the impact.

A series of parametric studies were performed, which considered a thick-walled cylinder
subject to a gravity loading in the lateral direction, in order to examine the results of using
different mesh densities. Circumferential mesh densities of 28 uniformly spaced elements and of
15 uniformly spaced elements were considered. The results of the parametric study indicated that
maximum stresses as determined by the mesh with 28 circumferential elements were within 1
percent of those determined by the mesh with 15 elements. Therefore, it is concluded that the
15 element non-uniform mesh is adequate to model the structural behavior of the
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cask. The parametric studies also considered the effects of varying the number of elements
through the wall thickness and of varying the element aspect ratio.

Three-dimensional beam elements (STIF4), solid elements (STIF45), and gap elements (STIF52)
are used in the construction of the two three-dimensional finite element models. All cask
components (forgings, lids, lead shell, shielding, inner and outer shells, etc.) are modeled using
the STIF45 element. The STIF45 element is an eight-node, three-dimensional, parametric solid
element having three degrees of freedom at each node (translations in X, Y, and Z directions).

Connections and interfaces between the components of the cask are modeled using the ANSYS
STIF52 gap element. The STIF52 gap element is a three-dimensional interface element that
represents two surfaces that may maintain or break physical contact, and may slide relative to
each other. The use of this element is required in areas where contact between adjacent surfaces
is not guaranteed by the geometry or loading. ~Such locations include the lead/steel shell
interfaces and lid top forging interfaces. The cask lid bolts are modeled using the ANSYS beam
element (STIF4). The STIF4 is a three-dimensional, uniaxial element with tension, compression,
torsion, and bending capabilities. The element has six degrees of freedom at each node
(translations in the nodal X, Y and Z directions and rotations about the nodal X, Y, and Z axes).

The material properties required by ANSYS for the three-dimensional analyses are those
identified in Section 2.10.2.1.1. :

2.10.2.1.2.1 Bottom Fine Mesh Model

The complete bottom fine mesh model is shown in Figure 2.10.2-9. A two-dimensional view of
the model is shown in Figure 2.10.2-10. The node numbering patterns and mesh arrangement in
different regions of the model are provided in Figures 2.10.2-11 through 2.10.2-19. The node
numbers shown in these figures are for the 0-degree circumferential plane. A circumferential
node number increment of 2000 is used to determine the node numbers on the remaining
circumferential planes. The bottom half of the cask contains the finer mesh density.
The structural components have a mesh density of at least three elements through their
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thicknesses in areas of structural discontinuities to ensure detection of stress gradients in those
regions. The lead shell and the neutron shield end layers are modeled with one element through
their thickness, which is sufficient to distribute their loads to the surrounding structure. In Figure
2.10.2-10, the elements representing the lead layer and the neutron shield layers are intentionally
not shown in order to improve the clarity of the mesh used in modeling the stainless steel
components.

The bottom fine mesh model is constructed by first building a two-dimensional mesh of the cask,
and then revolving that mesh 180 degrees around the longitudinal axis of the cask to get a three-
dimensional model of one-half of the cask.

All of the cask components - cask body, lead, shielding, lids, etc. - are modeled with the three-
dimensional solid elements (STIF45). Interaction between the components is modeled by the use
of three-dimensional gap elements (STIF52). The cask components which are enclosed by
stainless steel, including the lead and the end neutron shields, are surrounded radially and axially
by gap elements. Just as for the two-dimensional model, a gap element stiffness of 3.0 x 10 psi
is specified to maintain the boundaries between the surfaces. The initial radial gap between the
lead layer and the outer shell is set to 0.0428 inches.

" The mass densities of some of the cask components are modified to distribute the impact limiter
masses onto the cask ends and to distribute the mass of the external neutron shield material to the
region between the top of the bottom forging and the bottom of the inner lid, as described in
Section 2.10.2.1.1.

2.10.2.1.2.2 Top Fine Mesh Model

The top fine mesh model of the NAC-STC is comprised of 12,601 elements
and 15,261 nodes. The maximum in-core wavefront size is 1338, as compared
to the maximum permissible wavefront size of 1439, which is based
on ANSYS program limitations. The maximum in-core wavefront size is used
as a measurement of the ANSYS analysis size. The RMS wavefront size is 664. The three-
dimensional model is generated by first creating a mesh for a two-dimensional plane and then
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revolving the mesh 180 degrees around the longitudinal axis of the cask to create a half model, as
described in Section 2.10.2.1.2. -

The complete top fine mesh model is shown in Figure 2.10.2-20. The upper half of the model is
shown at a larger scale in Figure 2.10.2-21. Figure 2.10.2-22 is a view of the O-degree
circumferential plane of the top fine mesh model. Figures 2.10.2-23 through 2.10.2-31 show in
detail the node numbering patterns and the mesh arrangement at different regions of the cask.
The node numbers shown in these figures are for the 0-degree circumferential plane. The node
numbers on the remaining circumferential planes can be determined by adding 2000 (unless
otherwise noted on each plot) to the node numbers on each succeeding circumferential plane. In
Figure 2.10.2-22, the elements representing the lead layer and the neutron shield layers are
intentionally not shown, in order to improve the clarity of the mesh used in the stainless steel
. components. '

All cask components (cask body, lead, shielding, lids, etc.) are modeled using the ANSYS
STIF45 solid elements, as in the bottom fine mesh model. The structural components have a
mesh density of at least three elements through their thickness near areas of structural
discontinuities to ensure the detection of stress gradients in those regions. The lead shell and the
neutron shield end layers are modeled with one -element through their thicknesses, which is
adequate to distribute their loads to the surrounding structure. The lids are modeled with two or
more elements through their thickness near the center of the cask, where stresses are low, and
with a finer mesh density near the outer radius of the cask, where the stresses are higher as a
result of the bolt loads and the impact loads.
Interaction between the cask components is modeled by use of three-dimensional gap elements
(STIF52). The cask components. that are enclosed by stainless steel, including the lead and the
end neutron shields, are surrounded radially and axially by gap elements. The interface between
the inner lid and the cask top forging is modeled using STIF52 gap elements in the axial and
- radial directions. The outer lid interfaces also use STIF52 gap elements in the radial direction
(between the outer lid and the cask top forging) and in the axial direction (between the outer lid
and the inner lid and between the outer lid and the top forging). There are 0.03-inch radial gaps
between the top forging and the inner lid outside diameter.

21029



NAC-STC SAR * July 1992
Docket No. 71-9235 Revision 1

There is a 0.06-inch axial gap between the inner lid and the outer lid. Just as for the two-
dimensional model, a gap element stiffness of 3.0 x 10® psi is used to maintain the boundaries
between the surfaces.

The cask lead shielding is modeled using ANSYS STIF45 elements. The interface between the
lead and the cask body is modeled using gap elements in the radial direction along its entire
length. All runs are made with an initial gap specification of 0.00 inches at the inside diameter of
the lead and 0.0428 inch at the outside diameter of the lead. At locations where the lead surface
is angled, the gaps are oriented in such a way that they close in the direction perpendicular to the
surface. This allows these gaps to support some axial load, as would be the case in the actual
cask. The shielding at the bottom end of the cask is far enough removed from the area of interest
for this model, that any gap element effects would be negligible. For this reason, the bottom end
shielding is modeled using ANSYS STIF45 brick elements having common nodes with the cask
body. The neutron shielding between the lids is also connected to the inner lid with common
nodes. Since its modulus of elasticity is small compared to that of steel, the lid stresses are not
significantly affected.

The mass densities of some of the cask components are modified to distribute the impact limiter
masses onto the cask ends, and to distribute the external neutron shield mass to the region
between the top of the bottom forging and the bottom of the inner lid, as described in Section
2.10.2.1.1.

The bolts are modeled using ANSYS STIF4 beam elements and are located on their appropriate
radii (connecting the outer lid and the inner lid to the cask top forging), on each circumferential
plane location. Since there are 16 circumferential plénes contained in the finite element model,
this results in 16 equivalent bolts per lid. Each bolt consists of four elements--one element as the
bolt shaft, one as the bolt thread, and two as the bolt head.

The effective properties of each bolt are determined by calculating the
percentage of the 180-degree arc that each bolt affects, and multiplying that by an
overall sum of the actual properties. Table 2.10.2-2 shows the calculated percentages of the
180-degree arc, determined by summing one-half of the angles of the arc of the
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two elements adjacent to a given node. Tables 2.10.2-3 and 2.10.2-4 document the calculated
effective properties for all of the bolts in both lids, including the associated real constant
numbers. Following are example calculations for the inner and outer lid bolt properties:

Inner Lid Bolts (42, 1 1/2 - 8 UN)

Tensile area of one bolt = 1.492 in?

Total tensile area = (42)(1.492) = 62.66 in®

Bolt minor radius (R) = 1.3444/2 = 0.6722 in

Moment of inertia (I) of one bolt = 7R*/4 = 0.1604 in*
Total moment of inertia = (42)(0.1604) = 6.7368 in*

Referring to Table 2.10.2-3, the inner lid bolt properties for circumferential plane location
4, real constant number 17, are: ‘

Tensile area = (0.0522)(62.66)(0.5) = 1.6354 in®
I=(0.0522)(6.7368)(0.5) = 0.1758 in
Diameter for stress recovery = [(1.492)(4)/ )]°° = 1.378 in

Additionally, to determine the shear area of the bolt, a shear factor of 10/9 is applied to
the bolt tensile area, as recommended by the ANSYS User's Manual, Section 4.0.5. In the
ANSYS model, bolt head properties are taken to be 10 times the associated bolt shaft
properties. : :

Quter Lid Bolts (36, 1 - 8 UNC)

Tensile area of one boit = 0.606 in’

Total tensile area = (36)(0.606) = 21.816 in’

Bolt minor radius (R) = 0.8446/2 = 0.4223 in
Moment of inertia (I) of one bolt = aR*/4 = 0.0250 in*
Total moment of inertia = (36)(0.0250) = 0.900 in*
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Referring to Table 2.10.2-4, the outer lid bolt properties for circumferential plane
location 8, real constant number 38, are:

Tensile area = (0.0639)(21.816)(0.5) = 0.697 in?
I=(0.0639)(0.900)(0.5) = 0.02876 in
Diameter for stress recovery = [(0.606)(4)/ 1t)]°‘5 =0.878 in

Additionally, to determine the shear area of the bolt, a shear factor of 10/9 is applied to
the bolt tensile area, as recommended by the ANSYS User's Manual, Section 4.0.5. In the
ANSYS model, bolt head properties are taken to be 10 times the associated bolt shaft
properties.

The bolt preload is calculated as shown in Section 2.6.7.5. The preload on the inner lid bolts is
calculated to be 4.51 x 10° pounds for 42 bolts. The preload on the outer lid bolts is calculated to
be 6.02 x 10° pounds for 36 bolts.

Section 2.10.2.2.3 contains a detailed description of the bolt preload strain calculation for both
the inner and outer lids.

2.10.2.1.3 Transport Cask Body Finite Element Model for the Canistered Fuel Configurations

The cask body model used for the Yankee-MPC and CY-MPC analyses is represented using
ANSYS SOLID45, BEAM4, CONTACTS2, and spring/damper COMBIN14 elements. Gap
elements are used to model contact interfaces between components. Friction effects are ignored
in the model. Lump mass elements (MASS21) are used to model components such as the impact
limiters and NS-4-FR gamma shield.

The loaded canister is represented by a surface pressure load as described in Section 2.10.2.2.1.

An acceleration of 20g’s is applied to the cask and canister for the 1-ft drop. The pressure load
for the canister lid and canister body loaded with fuel is applied to the cask body using a cosine-
shaped pressure distribution, where the total pressure applied to the cask body is equal to the total
impact load of the contents. The weight of the spacers is included in the weight of the canister
and contents. Gap elements are defined at both ends of the cask to simulate the pressure applied
by the impact limiters during drop conditions (based on a cosine distribution). The stiffness of
the gap elements is varied from a maximum value (1 x 10° Ib/in) at the line of impact to a lower
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value (2.4 x 10° Ib/in) at an angle of 75° from the line of impact, and a minimal value (100 1b/in)
from 82.5° to 180°). Element types with ANSYS key options are:

Element Type ,
Number [Description [K1]K2|K3|K4[K5]K6|K7|K8]K9|K10 |K11 |K12
2 SOLID45 |0|O0}j0O|O]OfO|O]|OJO] O | O | O
3 BEAM4 |0fO0fO0]|O|OfO]|O|OfO] O | O O
4 CONTACS2|0(0|0|0f0O]|O|O|O]|O] O | O ]| O
5 MASS21 |[0j0f2]|0f0|O|O|O]jO| O[O ]| O
6 COMBIN14{0]|0f0|0f0]|Of0]O|0] O [ O ]| O

The model consists of the following major regions with appropriate model data.

Region Material MatNum | Type Num | Real Num
Inner Shell SS304 SA240 1 2 20
Outer Shell SS304 SA240 1 2 21
Bottom Ring SS304 SA240 3 2 3
Neutron Shield - |NS-4-FR 5 2 5
Bottom Exterior . |SS304 SA240 6 2 6
Bottom Forging SS304 SA336 6 2 6
Gamma Shield PB ASTM B29 8 2 8
Upper Forging SS304 SA336 9 2 9
Lid - SS304 SA336 10 2 10
B.C. Hole Annulus |Reduced Modulus 11 2 11

Solid 45 elements have real property numbers assigned but the values are ignored since real
properties are not used by this element type. A small hole is modeled in the center of the lid and
bottom section to eliminate the need for the generation of prisms or tetrahedrons at these
locations. A small stress raiser results in this region but is not significant. The bolt circle
annulus region is included in the model to restrain the lids. Since this evaluation is not
concerned with bolt preload, the actual bolts are not modeled. Instead, nodes in this region are
joined to corresponding nodes in the top forging. Real Property Data for Contact (Gap) elements

is as follows:
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Real Normal
Number Stiffness Gap Start Tangential Stiffness
2 1.00E+06 0.00E+00 1 0.00E+00
3 1.00E+06 1.00E-05 1 0.00E+00
5 1.00E+06 0.00E+00 1 0.00E+00
6 100 0.00E+00 0.00E+00 0.00E+00
7 100 0.00E+00 0.00E+00 0.00E+00
8 1.00E+06 0.00E+00 0.00E+00 0.00E+00
9 1.00E+06 0.5 0.00E+00 0.00E+00
100 5.00E+05 0.00E+00 0.00E+00 0.00E+00
101 9.89E+05 0.00E+00 0.00E+00 0.00E+00
102 9.57E+05 0.00E+00 0.00E+00 0.00E+00
103 9.04E+05 0.00E+00 0.00E+00 0.00E+00
104 8.32E+05 0.00E+00 0.00E+00 0.00E+00
105 7.41E+05 0.00E+00 0.00E+00 0.00E+00
106 6.34E+05 0.00E+00 0.00E+00 0.00E+00
107 5.14E+05 0.00E+00 0.00E+00 0.00E+00
108 3.83E+05 0.00E+00 0.00E+00 0.00E+00
109 2.43E+05 0.00E+00 0.00E+00 0.00E+00
110 100 0.00E+00 0.00E+00 0.00E+00

Friction is ignored in these analyses. For Start=1, the gap element is initially closed, irrespective
of the gap constant or its graphical configuration. For Start=0, the initial condition is based on
the Gap constant value. Mass elements are used to model components, which are of little stress
interest, yet contribute to the mass and loading of the assembly. This includes items such as the
outer neutron shield and the impact limiters. Real property data for this element type is as

follows:
Real
Number MASS X MASS Y MASS Z IXX IYY 1Z2Z Region
Outer
10 15.032] 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | Shell
11 10.051] 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 Top
12 9.5942| 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | Bottom

These elements are distributed over nodes on the exterior surface of the cask.

The three-dimensional model is similar to the model shown in Fig. 2.10.2-9 and Fig. 2.10.2-20.

The mesh is refined to increase element density in the loading area. The canistered fuel
configuration model has a higher mesh density at both the top and bottom of the cask body model
(as compared to the cask model for directly loaded fuel), eliminating the need for a separate top
and bottom model as presented for directly loaded fuel. In the bottom forging (Fig.2.10.2-12), the
mesh density of the model for directly loaded fuel transitions from a five element layer to a two
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element layer. To avoid triangular and trapezoidal shaped elements, a uniform 3 element layer is
used in the canistered fuel model. While the directly loaded fuel model is more conservative, the
canistered fuel model is considered to behave accurately in the shell region.

To ensure that the gap elements close properly and apply the total load to the cask outer shell, the
gap forces were reviewed at the angular positions to show that the impact limiter loads represent
a cosine distribution. The plot below shows the gap forces as a function of angle for the
Yankee-MPC configuration 30-ft drop. The angular position of zero corresponds to the point of
impact. The value of the gap force represents the sum of all the gap elements at that angle. The
CY-MPC configuration evaluation employs the same method of representing the impact limiter,
- which would, therefore, result in the same contact force distribution shown below.
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2.10.2.2 Loading Conditions

This section documents the methods of calculating contents pressure loads and impact pressure
loads for the end drop, side drop, corner drop, and oblique drop scenarios. Additionally, the use
of bolt initial strain to represent the bolt preload and the determination of the bolt initial strain are
explained.

2.10.2.2.1 Contents Pressure Calculation for the Directly Loaded and Yankee-MPC
Configurations

For the end drop analyses, the contents weight is assumed to be uniformly distributed on the cask
end, over an area determined by the inside diameter of the cask. Therefore, the contents weight of
56,000 pounds, and the cask cavity inside radius of 35.5 inches are used to calculate a contact
pressure of:

p = 56,000 - 4 psi

(n)(35.5)

The contents weight of the canistered Yankee class fuel configuration is 55,590 pounds.
Therefore, the directly loaded fuel configuration bounds the canistered fuel configuration.

This pressure applies to a 1 g loading condition. Pressure values for the 1-foot and 30-foot end
drop analyses are determined by ratioing this pressure by the g-load values applicable to the
specific case, which are documented in Sections 2.6.7.1 and 2.7.1.1.

For the side drop condition, the basket stress analysis performed in Section 2.7.8 indicates that
the contact area between the basket and the cask cavity is approximately 180 degrees (90 degrees
on each side of the drop centerline), therefore, for the side drop analyses, the cask contents are
conservatively assumed to contact the inner cask diameter on an arc of only 79.4 degrees on
either side of the impact centerline. The inertial load produced by the 56,000-pound contents
weight is represented as an equivalent static pressure applied on the interior surface of the cask.
The pressure is uniformly distributed along the cavity length, and is varied in the circumferential
direction as a cosine distribution. The maximum pressure occurs at the impact centerline; the
pressure decreases to zero at locations that are 79.4 degrees either side of the impact centerline,
as illustrated in Figure 2.10.2-32. The method used to determine the varying pressures on the
elements within the 79.4-degree arc is presented in the following paragraphs.
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Eight sectors of elements in the ANSYS model are defined within the 79.4-degree arc. The first
sector of elements subtends the arc from the 0-degree circumferential plane to the 8.3-degree
circumferential plane. The second sector subtends the arc from the 8.3-degree circumferential
plane to the 17-degree circumferential plane. The remaining five sectors are defined in the same
manner, by the 26.2-, 35.8-, 45.9-, 56.5-, and 67.7-degree circumferential planes, which are
shown in Figure 2.10.2-8. '

The following formula is used to determine the contents pressures for the side drop analyses,
which vary around the circumference. This method uses a summation scheme to approximate the
integration of the cosine-shaped pressure distribution:

8 - A
Four =2, Poy A, cos (6,) cos (6;)

i=1

where Feou = 28,000 1b (cask contents weight is 56,000 1b:
therefore, 28,000 Ib for a half model)
Pmax = maximum pressure (at impact centerline)
6, = average angle of subtended arc

i =i" circumferential sector

6 =normalized angle to peak at 0° and to be zero at 79.4°

=0, (ﬁ)—) =1.1335(9;)
79.4

A; =i" circumferential area over which the pressure is applied
=R (A9, )(n/180) L
R = inner radius of cask =35.5 in

L = cask cavity length = 165 in

Therefore, A = (35.5)(A8,)( n/180)(165) = 102.23 (A8,)
A8, =83-0=83° |
A8, =17.0-83=8.7°

A0, =262-17.0=9.2°
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where

A,
A8,
A8,
A8,
A6,

Define: F;

F,

F,

F;

Fa4

=35.8-26.2=9.6°

=459-358=10.1°
=56.5-45.9=10.6°
=67.7-56.5=11.2°
=794-67.7=11.7°
_0+283

=4.15° 0, =4.15°(1.1335) = 4.70°

3 + .
=83+ 170 _ 1) 650 0, = 12.65°(1.1335) = 14.34°

0+ .
170+ 262 _,) 6o 6, =21.6°(1.1335) = 24.48°
_ 262 + 358

2
358+ 459

=31° 6, =31°(1.1335) = 35.14°

=40.85°% 6, =40.85°(1.1335) = 46.30°

9+ .
=59 %385 _ 51200 0, = 51.20°1.1335) = 58.04°

S+ .
=283 % 677 _ 5 10°; 0, = 62.10°(1.1335) = 70.39°

— 67.7 + 79-4 =73.55°; 98 =73.55°(1_1335)=83-37°

= Pmax Aj coOs (en ) cos (e' )

=1 through 8

= Pmax(102.23)(8.3°) cos(4.15°) cos(4.70°)
=843.4 (Pmax)

= Prmax(102.23)(8.7°) cos(12.65°) cos(14.34°)
= 840.8 (Pmax)

= Prnax(102.23)(9.2°) cos(21.6°) cos(24.48°)

=795.9 (Pmax)
= Prax(102.23)(9.6°) cos(31°) cos(35.14°)
= 687.9 (Pmax)
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Fs =Prax(102.23)(10.1°) cos(40.85°) cos(46.30°)
=539.6 (Prmax)

= Proax(102.23)(10.6°) cos(51.20°) cos(58.04°)
=359.4 (Prax) ;

= Ppoax(102.23)(11.2°) cos(62.10°) cos(70.39°)
=179.8 (Prmay) |

= Prnax(102.23)(11.7°) cos(73.55°) cos(83.37°)
=39.11 (Prax)

Fuout = 4286(Prmar)

F

[-)

F

~

F

Setting the total load (Fm{) to 28,000-lb
4286(Pmax) = 28,000
(Pmax) =6.533 psi

Prax represents the contents pressure load which would occur along the drop centerline. Given
Prax, the contents pressure loadings, which are applied to the eight sectors of elements, are

calculated as follows: : o .
P; =Ppax cos8, =6.533 cos(4.70°) = 6.51 psi

sz. = Prmax €056, = 6.533 cos(14.34°) = 6.33 psi
P; = Prax €056, = 6.533 co0s(24.48°) = 5.95 psi
Py =Py cos8, =6.533 cos(35.14°) = 5.34 psi
Ps = Pyax COSO, = 6.‘533fc‘os(46A.3_0°) = 4.51 psi
Ps = Ppax €0s0, = 6.533 cos(58.04°) = 3.46 psi
P; = Prax 'qos 0, =6.533 cos(70.39°) = 2.19 psi
Py = Py 0086, = 6.533 cos(83.37°) = 0.76 psi

The following is a summary of the side drop contents pressures applied to the finite element
model in the eight circumferential sectors:
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ARC (deg) PRESSURE (psi)
0-83 6.51
83-17.0 6.33
17.0-26.2 5.95
26.2 -35.8 5.34
35.8-45.9 4.51
459 -56.5 3.46
56.5 - 67.7 2.19
67.7-79.4 0.76

The pressures are applied to the cask inner shell, over the length of the cask cavity for the side
drop analyses. It should be noted that these pressures consider a 1 g deceleration condition.
Pressures for the 1-foot and 30-foot side drop analyses are calculated by ratioing these pressure
values by the appropriate deceleration g-loads, which are documented in Sections 2.6.7.2 and
2.7.1.2.

For the comner and oblique drop analyses, the contents pressure loading is a combination of the
end drop pressure load and the side drop pressure load. The corner and oblique drop pressure
loadings are determined by breaking up the contents pressure load into longitudinal and lateral
components, based on the drop angle. The longitudinal component is applied to the cask end, and
the lateral component is applied to the cask inner shell as described previously for the side drop
case.

Adequacy of this modeling technique has been evaluated by performing a finite element analysis
of the cask wall subjected to both a distributed pressure load and a line load along the center line
of the support disk contact surface. Analyses results identified a 22 percent more conservative
stress value for the distributed pressure load than the results for the discrete line loads. This
conservative result is due to higher load being carried over the modeled contact area by piece
wise linear pressure. Since the only difference between the comer impact cases and the side
impact configuration is the component distribution relative to the angle of impact similarly
conservative results are included in the current analysis documentation for all stress
combinations using the pressure distribution results.

2.10.2.2.2 Impact Pressure Calculation

For the end drop analysis, the impact pressure is assumed to uniformly contact the cask end over
an area determined by the outside diameter of the cask. Therefore, the cask weight (including
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contents) of 250,000 pounds and the cask outside radius of 43.35 inches are used to calculate an
end drop impact pressure of:

= _250,000 > =42.35 psi

(n)(43.35)
For cases when no contents are present, the weight of the empty cask plus basket is 211,000
pounds, therefore the end drop impact pressure is:

- 211,000 ~ = 35.74 psi

(m)(43.35) _
These pressures apf:ly toalg loading condition. Pressure values for the 1-foot and 30-foot end
drop analyses are determined by ratioing these pressure values by the g-loads applicable to the
specific case, which are documented in Sections 2.6.7.1 and 2.7.1.1.

For the side drop analyses, the impact ’preSsui‘e load is Aapplied to the finite element model as a
distributed pressure over the contact area between the impact limiters and the cask. Since the
center of graVity of the loaded cask is located within 1 inch of the cask middle plane, the impact
load is assumed to be evenly divided between the't_wb limiters.

The distribution of impact pressure is assumed to be uniform, in the longitudinal direction, over
the two 12.0-inch impact limiter contact areas. The distribution of impact limiter pressure is
assumed to vary sinusoidally in the circumferential direction. A cosine-shaped pressure
distribution is selected, which is “peaked” at the impact centerline, and is spread over a
79.4-degree arc on each side of the impact centerline, as shown in Figure 2.10.2-32. The region
of applied pressure (a 158.8° arc) is defined based on the “crush” geometry of the impact limiter.
The assumption of a peaked pressure distribution is a conservative, classical, stress analysis
procedure since the applied pressure actually is spread over a 180-degree arc (90-degree half-cask
arc).

The following calculation is performed to determine the pressure (P;) to be applied to elements
within the eight circumferential sectors defined in Section 2.10.2.2.1. The calculation is based on
the weight of a half-model of the cask at 1 g. Pressure forces for the 1-foot and 30-foot side drop
analyses are determined by ratioing these pressure forces by the g-load applicable to the specific
case.
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The following formula can be used to compute the maximum impact pressure. This method uses
a summation scheme to approximate the integration of the cosine-shaped pressure distribution:

8
F,, = Z P,.. A, cos (8;) cos (6;)

i=1
where Fiost = 125,000 1b (the cask design weight for a half model)
Pmax = maximum impact pressure occurring at the impact centerline
6; = average angle of subtended arc
i =i" circumferential sector
AQ; = arc length, in degrees, of sector i
0; = Normalized angle to peak at 0° and to be zero at 79.4°
=0; (90/79.4)=1.13356;
A = i™ circumferential area over which the pressure is applied
= R(AG;)( n/180)L = 0.01745(A6;)}R)(L)
R = outer radius of the cask at impact limiter contact points
=43.351n
L = Impact limiter contact length = 24.03 in (for two limiters, one
on each end of the cask)
A9, =83-0=83°
AB; =17.0-8.3=8.7°
A8y =262-17.0=9.2°
ABy; =358-26.2=9.6°
ABs =459-358=10.1°
ABe =56.5-45.9=10.6°
AB; =67.7-56.5=11.2°
AOg =79.4-67.7=11.7°
_ 0+ 83
2
_83+170

0 =4.15°% 0, =4.15°(1.1335) =4.70°

0 =12.65° 0, =12.65°(1.1335) = 14.34°
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93=

64=

95=

95=

97=

93'—‘

-

F>

F3

Fs4

Fs

Fe

F7
Fg

Ftotal

17.0 + 26.2
2

459 + 56.5

56.5 + 67.7

26.2 + 35.8

358 + 459

67.7 + 79.4

=21.6° 03 = 21.6°(1.1335) = 24.48°
=31°; 6, = 31°(1.1335) = 35.14°

= 40.85°; 05 = 40.85°(1.1335) = 46.30°
= 51.20° B = 51.20°(1.1335) = 58.04°
= 62.10°; 6, = 62.10°(1.1335) = 70.39°

= 73.55°; 63 = 73.55°(1.1335) = 83.37°

= Prax Aj €08(q;) cos (q)

= 1 through 8

= Pro©. 01745)(R)(8 3L cos(é. 15°) cos(4.70%)
=0.1440 (Pra)(L)R)

= Prux(0.01745)R)(B.7°)(L) cos(12.657) cos(14.34°)
01435 PrdL® |

= Prau( 001 T4S)R)(O.2°L) cos(21.6%) cos(24.48°)

= 0.1359 Pre)L)R) |

= Proax(0.01745)(R)(9.6°)(L) cos(31°) cos(35.14°)

= 0.1174 Pra)L)R)

= Pyrex(0.01 745)(R)(10.1°)(L) cos(40.85°) cos(46.30°)
=0.0921 (PraxXL)R) -

= Prax(0.01745)(R)(10.6°)(L) cos(51.20°) cos(58.04°)
=0.0614 (Pmax)(L)(R)

= Prac( 001 745)R)(11.2°)(L) cos(62. 10°) cos(70.39°)

=0.0307 (Pmax)(L)(R) .
= Prnax(0.01745)(R)(11.7°)(L) cos(73.55°) cos(83.37°)
© =0.0067 (Pmax)(L)YR)

=0.7317 (Pmax)(L)R)
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_ Fiowl
- (0.7317)(LYR)

max

The pressures to be applied to the finite element analysis can then be computed as follows:

FToIzl COS(B;)

~ O.TIDHL)R)
where Fiott = 125,000 b (for half model)
L =24.06 in
R =4335in

P; =163.7918 cos (8)

P, =163.7918 cos (4.70°) = 163.22 psi
P, =163.7918 cos (14.34°) = 158.67 psi
P; = 163.7918 cos (24.48°) = 149.06 psi
P, =163.7918 cos (35.14°) = 133.98 psi
Ps =163.7918 cos (46.30°) = 113.17 psi
Pe =163.7918 cos (58.04°) = 86.96 psi
P, =163.7918 cos (70.39°) = 54.99 psi
Pg =163.7918 cos (83.37°) = 18.96 psi

The following is a summary of the side drop impact pressures applied to the finite element model

in the eight circumferential sectors:

ARC (deg) PRESSURE (psi)
0-83 163.22
83-17.0 158.67

17.0 - 26.2 149.06
26.2-35.8 133.98
35.8-459 113.17
45.9 - 56.5 86.69
56.5-67.7 54.99
67.7-794 18.96

It should be noted that these pressures consider a 1 g deceleration condition. Pressures for the
1-foot and 30-foot side drop analyses are calculated by ratioing these pressure values by the
appropriate deceleration or g values, which are documented in Sections 2.6.7.2 and 2.7.1.2.
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For the corner and oblique drop analyses, the impact pressure loading is a combination of the end
drop impact pressure load and the side drop impact pressure load. The corner and oblique drop
impact pressure loadings are determined by breaking up the impact pressure load into
longitudinal and lateral components, based on the drop angle. The longitudinal component is
applied to the cask end, and the lateral component is applied to the cask inner shell as previously
described for the side drop case.

2.10.2.2.3  Bolt Initial Strain Determination

The standard technique for applying bolt preload to a finite element model is employed. The
bolts are modeled using beam elements, ANSYS STIF3 elements for the two-dimensional model
and ANSYS STIF4 elements for the three-dimensional top fine mesh model. Each bolt is
modeled by four beam elements, two that represent the bolt head and two that represent the bolt
shaft. The two bolt head elements are defined by three nodes that are an integral part of the non-
threaded plate. The bolt head elements are assigned a stiffness of 10 times the actual bolt
stiffness. The first bolt shaft element connects the center node of the bolt head with a node
located at the top of the threaded hole. This element represents the portion of the bolt that is not
engaged in the threaded hole. This portion of the bolt will be in tension due to the bolt preload.
The second bolt shaft element connects the node at the top of the threaded hole with a node at the

" bottom of the threaded hole. This element represents the portion of the bolt that is engaged in the

threaded hole. The two bolt shaft elements are assigned material property values (area and
stiffness) equal to the actual bolt properties. '

The effect of bolt preload is imposed on the model by applying an initial strain to the bolt shaft.
The initial strain is applied only to the beam element representing the portion of the bolt shaft not
engaged in threads. The initial strain values, which result in the required preload values, are
determined by first running ANSYS analyses of both the two-and three-dimensional models with
a “wrial” initial strain, applied to the bolt shaft element, as the only loading condition. The
resulting beam element force (from the element rcpresentiﬁg the portion of the bolt shaft not
engaged in threads), is then used to ratio the trial initial strain to a value that will result in a beam
element force closer to the actual bolt preload. This procedure is performed iteratively until the
beam element force is effectively equal to the actual bolt preload.

The trial initial strain values are first determined by performing hand calculations of the value of '
P/nAE for the inner and the outer lid bolts. For the inner lid bolts, the calculation considers a
required total bolt preload of 4.51 x 10° pounds, a quantity (n) of 42 bolts, a bolt cross-sectional
area (A) of 1.492 square inches per bolt, and a Young’s modulus (E) of 31.0x 10® psi.
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For the outer lid bolts, the calculation considers a required total bolt preload (P) of 6.02 x 10°
pounds, a quantity (n) of 36 bolts, a bolt cross-sectional area (A) of 0.606 square inches per bolt,
and a Young's modulus (E) of 28.3 x 10° psi.

2.10.2.2.4 Contents Pressure Calculation—CY-MPC Configuration

For the end drop analyses, the contents weight is assumed to be uniformly distributed on the cask
end, over an area determined by the inside diameter of the cask. Therefore, the conservatively
assumed CY-MPC contents weight of 67,621 pounds (Fuel + Fuel Basket + Canister with lids +
Spacer = 35,100 + 14,055 + 16,666 + 1,800), and the cask cavity inside radius of 35.5 inches are

used to calculate a contact pressure of:

p = _67,621 > = 17.08 psi
(n)(35.5)
Note a spacer heavier than the weight reported in Table 2.2-4 is conservatively used in this

evaluation.

This pressure applies to a 1 g loading condition. Pressure values for the 1-foot and 30-foot end
drop analyses are determined by ratioing this pressure by the g-load values applicable to the
specific case, which are documented in Sections 2.6.7.1 and 2.7.1.1.

For the side drop condition, the cask contents are conservatively assumed to contact the inner
cask diameter on an arc of only 30 degrees during the 1-foot drop and 45 degrees during the 30-
foot drop on either side of the impact centerline. The inertial load produced by each component
(Lids + Canister body and fuel + Spacer) are represented as equivalent static pressures applied on
the interior surface of the cask. The pressures are uniformly distributed along the cavity length,
and are varied in the circumferential direction as a cosine distribution. The maximum pressure
occurs along the impact centerline and decreases to zero at 30 degrees (1-foot drop) or 45 degrees
(30-foot drop) either side of the impact centerline. The method used to determine the varying
pressures on the elements within the contact arc is presented in Section 2.10.2.2.1.
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2.10.2.3 Finite Element Analysis Procedures

The structural evaluation of the NAC-STC is performed by ANSYS analyses using three finite

_element models. A two-dimensional axisymmetric model is used for the axisymmetric loading
cases, including bolt preload, internal pressure (high and low), thermal hot and cold, thermal fire
transient, top end drop, and bottom end drop. A three-dimensional top fine mesh model is used in
‘the non-axisymmetric loading conditions that result in high stresses on the top end of the cask,
including the top comer drop and top oblique drops. The three-dimensional bottom fine mesh
model is used for the non-axisymmetric loading conditions that result in high stresses on the
bottom end of the cask, including the bottom corner drop, and bottom oblique drops. For the side
drop analysis, both the top fine mesh model and the bottom fine mesh model are analyzed
separately, in order to obtain the detailed stresses for both ends of the cask.

A number of individual and combined loading conditions are evaluated using separate ANSYS
analyses. The ANSYS analyses performed for each individual loading condition are for the
purpose of studying the structural effects of each individual type of load applied to the cask. The
stress results of the ANSYS analysis of each individual load case are documented by nodal stress
summaries (for details about finite element stress documentation procedures, see Section
2.10.2.4). The individual loading conditions considered are:

1. Bolt preload plus maximum internal pressure, 50 psig.
2. Bolt preload plus minimum internal pressure, 12 psig.
3. Grévity with 100°F anibient temperature, maximum decay heat load, and

maximum insolation.
4.  Gravity with -40°F ambient temperature, no decay heat load, and no insolation.

5. Thermal heat with 100°F ambient temperature, maximum decay heat load, and
maximum insolation.

6. Thermal cold with -20°F ambient temperature, maximum decay heat load, and no
insolation. o

7. Thermal cold with -40°F ambient temperature, no decay heat load, and no
insolation.

8. Thermal fire transient with 1475°F surrounding environment, 30-minute period.
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9. Impact and inertial loads, 1-foot top end drop, 20 g impact load, ¢ = 0 degrees.

10. Impact and inertial loads, 1-foot bottom end drop, 20 g impact load, ¢ = 0 degrees.

11.  Impact and inertial loads, 1-foot side drop, 20 g impact load, ¢ = 90 degrees.

12.  Impact and inertial loads, 1-foot top corner drop, 20 g impact load, ¢ = 24 degrees.

13.  Impact and inertial loads, 1-foot bottom comer drop, 20 g impact load, ¢ = 24
degrees.

14. Impact and inertial loads, 30-foot top end drop, 56.1 g impact load, ¢ = 0 degrees.

15. Impaét and inertial loads, 30-foot bottom end drop, 56.1 g impact load, ¢ = 0
degrees.

16. Impact and inertial loads, 30-foot side drop, 55 g impact load, ¢ = 90 degrees.

17. Impact and inertial loads, 30-foot top comer drop, 55 g impact load, ¢ = 24
degrees.

18.  Impact and inertial loads, 30-foot bottom corer drop, 55 g impact load, ¢ = 24
degrees.

19.  Impact and inertial loads, 30-foot bottom oblique drop, 55 g impact load, ¢ = 15
degrees.

20. Impact and inertial loads, 30-foot top critical oblique drop, 55 g impact load, ¢ =
75 Degrees. (¢ = 75 degrees is the angle that results in the most critical stresses
for the 30-foot top oblique drops).

21.  Impact and inertial loads, 30-foot bottom critical oblique drop, 55 g impact load, ¢

=75 degrees. (¢ = 75 degrees is the angle that results in the most critical stresses
for the 30-foot bottom oblique drops).
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Combined load cases are then evaluated by running ANSYS analyses of the combined loading
conditions. For example, the 30-foot top corner drop accident condition is evaluated by a single
ANSYS analysis with the following loads applied simultaneously:

55 g impact and inertial loads (¢ = 24 degrees), 100°F ambient temperature, maximum
© decay heat load, maximum solar insolation, bolt preload, and 50 psig internal pressure.

A single analysis with multiple loads is used in contrast to the method of superimposing the
stress results from the individual analyses, in order to more accurately evaluate the effect of the
simultaneous loads on the cask structure. For combined load cases, the stresses are documented
by nodal, sectional, and critical stress summaries. The following combined load cases are
considered:

1. Thermal Heat (normal condition), with bolt preload, maximum internal pressure
of 50 psig, 100°F ambient temperature, maximum solar insolation, maximum
decay heat, 1 g gravity load, still Aair, loaded and ready for shipment in the
horizontal position. o

2. . Thermal Cold (normaI condition) with bolt pfeload, minimum internal pressure of
12 psig, -40°F ambient temperature, no solar insolation, no decay heat load, 1 g
gravity load, still air, loaded and ready for shipment in the horizontal position.

3. Thermal Fire Transient (hypothetical ‘accident condition) with a surrounding
environment of 1475°F for a 30-minute period, with bolt preload, internal
pressure of 125 psig (conservative; actual internal pressure is 65.5 psig),
maximum solar insolation, maximum decay heat load, and 1 g gravity load in the
vertical direction.

4. 1-foot Top End Drop (normal condition) with bolt preload, maximum internal
pressure of 50 psig, 100°F ambient temperature, maximum solar insolation,
maximum decay heat load, 20 g impact and inertial load (¢ = 0 degrees), still air.

5.  1-foot Top End Drop (normal condition) with bolt preload, minimum internal

pressure of 12 psig, -20°F ambient temperature, no solar insolation, maximum
decay heat load, 20 g impact and inertial load (¢ = 0 degrees), still air.
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10.

11.

12.

13.

1-foot Top End Drop (normal condition) with bolt preload, minimum internal
pressure of 12 psig, -20°F ambient temperature, no solar insolation, no decay heat
load, 20 g impact and inertial load (¢ = O degrees), still air.

1-foot Bottom End Drop (normal condition) with bolt preload, maximum internal
pressure of 50 psig, 100°F ambient temperature, maximum solar insolation,
maximum decay heat load, 20 g impact and inertial load (¢ = 0 degrees), still air.

1-foot Bottom End Drop (normal condition) with bolt preload, minimum internal
pressure of 12 psig, -20°F ambient temperature, no solar insolation, maximum
decay heat load, 20 g impact and inertial load (¢ = 0 degrees), still air.

1-foot Bottom End Drop (normal condition) with bolt preload, minimum internal
pressure of 12 psig, -20°F ambient temperature, no solar insolation, no decay heat
load, 20 g impact and inertial load (¢ = O degrees), still air.

1-foot Side Drop (normal condition) with bolt preload, maximum internal
pressure of 50 psig, 100°F ambient temperature, maximum solar insolation,
maximum decay heat load, 20 g impact and inertial load (¢ = 90 degrees), still air.

1-foot Top Corner Drop (normal condition) with bolt preload, maximum internal
pressure of 50 psig, 100°F ambient temperature, maximum solar insolation,
maximum decay heat load, 20 g impact and inertial load (¢ = 24 degrees), still air.

1-foot Bottom Corner Drop (normal condition) with bolt preload, maximum
internal pressure of 50 psig, 100°F ambient temperature, maximum solar
insolation, 20 g impact and inertial load (¢ = 24 degrees), still air.

30-foot Top End Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay heat load, 56.1 g impact and inertial load (¢= 0
degrees), still air.
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w 14.

15.

16.

17.

18.

19.

20.

30-foot Top End Drop (hypothetical accident condition) with bolt preload,
minimum internal pressure of 12 psig, -20°F ambient temperature, no solar
insolation, maximum decay heat load, 56.1 g impact and inertial load (¢ = 0
degrees), still air.

30-foot Top End Drop (hypothetical accident condition) with bolt preload,
minimum internal pressure of 12 psig, -20°F ambient temperature, no solar
insolation, no decay heat load, 56.1 g impact and inertial load (¢ = O degrees),
still air.

30-foot Bottom End Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay heat load, 56.1 g impact and inertial load (¢ = 0
degrees), still air.

30-foot Bottom End Drop (hypothetical accident condition) with bolt preload,
minimum internal pressure of 12 psig, -20°F ambient temperature, no solar
insolation, maximum decay heat load, 56.1 g impact and inertial load (¢ = 0
degrees), still air.

30-foot Bottom End Drop (hypothetical accident condition) with bolt preload,
minimum internal pressure of 12 psig, -20°F ambient temperature, no solar
insolation, no decay heat load, 56.1 g impact and inertial load (¢ = O degrees), still
air.

30-foot Side Drop (hypothetical accident condition) with bolt preload, maximum
internal pressure of 50 psig, 100°F ambient temperature, maximum solar
insolation, maximum decay heat load, 55 g impact and inertial load (¢ = 90
degrees), still air.

30-foot Top Comer Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psig, 100°F ambient temperature, maximum -
solar insolation, maximum decay heat load, 55 g impact and inertial load (¢ = 24
degrees), still air.
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21.  30-foot Bottom Corner Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay heat load, 55 g impact and inertial load (¢ = 24
degrees), still air.

22.  30-foot Bottom Oblique Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay heat load, 55 g impact and inertial load (¢ = 15

degrees), still air.

23.  30-foot Top Oblique Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psi, 100°F ambient temperature, maximum solar
insolation, maximum decay heat load, 55 g impact and inertial load (¢ = 75
degrees), still air. (¢ = 75 degrees is the angle which results in the most critical

stresses for 30-foot top oblique drops).

24.  30-foot Bottom Oblique Drop (hypothetical accident condition) with bolt preload,
maximum internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay heat load, 55 g impact and inertial load (¢ = 75
degrees), still air. (¢ = 75 degrees is the angle which results in the most critical
stresses for 30-foot top oblique drops).

2.1024 Finite Element Documentation Procedures

Documentation of the finite element stress calculations is performed according to the following
procedure:

1. A sketch of the cask is prepared showing the points on each shell for which stresses are
calculated and tabulated. At given axial locations on the cask, separate points are
designated on the inside and outside of each shell. At given radial locations on the end
and closure plates, separate points are designated on the inside and outside of each plate.
In addition, for thick sections or thin sections at structural discontinuities, the stresses are
presented for several points through the thickness in order to adequately define the stress
distribution for the stress linearization calculations. Furthermore, for three-dimensional
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models, the stress variations around the circumference are documented at several selected
circumferential locations.

2. For each stress point identified in step 1, a nodal stress summary, including stress
components and principal stresses, is prepared for each individual normal and accident
condition loading (e.g., internal pressure, hot and cold temperature, impact, etc.).

3. Summaries are prepared for the combined stresses at each stress point per the load
combinations specified in Regulatory Guide 7.8. The combined stresses are classified in
the categories of primary, and primary plus secondary stress intensities, as specified in
Regulatory Guide 7.6.

4, Stress intensity summaries are prepared for the primary membrane (Py), primary
membrane plus primary bending (Pn + Pp), and primary plus secondary (S,) stress
categories. These stress intensity values are obtained by performing stress linearization
calculations using the nodal stresses obtained from step 2. This calculation is performed
on all of the selected sections.

In order to perform steps 1 through 4, representative section cut locations were chosen based on
the critical stress locations. The nodes representing the stress points used in steps 1 through 4 are
located on these representative section cuts. The section locations are described in detail in
Section 2.10.2.4.2.

5. Stress evaluations are then performed at every feasible cross-section of the cask. Then,
the most critical cross-section within each component is determined by searching, on a
component basis, for the cross section where the maximum stress intensity is located.
Since the stress evaluations and the search are performed by a computer algorithm, every

~ feasible cross-section is identified and evaluated, insuring that the maximum stress
location within each component is found. Stress tables are then prepared to summarize
the critical primary membrane, primary membrane plus primary bending, primary plus
secondary stresses, and the margin of safety, of each cask component, for each loading
condition.
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In order to perform step 5, the cask is divided into components based on the physical geometry of
the cask, such that each component consists of a single material. The details of the cask
component identification are given in Section 2.10.2.4.1.

2.10.2.4.1 Structural Component Identification

Cask components are defined so that the qualification of the cask can be performed on a
component basis. Stress evaluations are performed at every feasible cask cross-section, and then
a computer search is performed to identify the section within each component which has the
maximum stress intensity. Critical stress summaries are then prepared on a component basis.

The determination of critical stresses considers the stress results at a total of 3877 cross-sections
on the three-dimensional top fine mesh model, and at a total of 3188 cross-sections on the three-
dimensional bottom fine mesh model. For the two-dimensional axisymmetric model, stress
evaluations are performed for a total of 487 cross-sections. These evaluations cover all of the
feasible cross-sections of the cask.

Preparation of the critical stress summaries also requires the calculation of allowable stress
values. Since allowable stress is a function of material properties (design stress intensity, yield
strength and ultimate tensile strength), it is convenient that the components be defined such that
each component consists of a single material. This is accomplished by designating the
components in a manner consistent with the actual physical construction of the cask, i.e., the
components are defined as the unique physical entities which exist prior to the final assembly of
the cask.

The material properties used to determine allowable stresses are functions of temperature. If the
allowable stresses for all components were determined using the maximum cask temperature, the
allowable stresses will be overly conservative in those components which never experience the
maximum cask temperature. Maximum temperatures determined on a component basis, rather
than on a cask basis, permit the determination of more reasonable, but still conservative,
allowable stresses. Therefore, the maximum component temperature is used in calculating the
allowable stresses for that component.

The finite element cask components are uniquely designated as shown in Figure 2.10.2.33. Table
2.10.2-5 documents the name of each component, the material of which it is constructed, and an
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arbitrary material identification number (used in the ANSYS model). The fifth column of the
table documents the maximum temperature which occurs in each individual component, as
determined by the 100°F ambient thermal analysis condition.

The sixth and eighth columns of Table 2.10.2-5 documents the design stress intensity (Sm), and
the ultimate tensile strength (S,), for the component material at the maximum component
temperature. The values of 1.5(Sy) and 0.7(Sy) are also provided. These component allowables -
are conservatively used for the -20°F and -40°F ambient condition load cases.

2.10.2.4.2 Representative Section Locations

The entire NAC-STC body and closure lids are analyzed for structural adequacy. Representative
section cut locations are defined, based on the critical stress locations, in order to illustrate the
" overall structural behavior of the cask. The selected section locations are identified by letters on
Figure 2.10.2-34.

Each load case--pressure, thermal, and mechanical--is evaluated separately. The stress
components are documented for each of the selected sections and for the nodes on the sections.
The individual load cases are then combined to obtain total principal stresses and stress
intensities for the primary membrane, primary membrane plus primary bending, and primary plus
secondary stress categories. .

Figures 2.10.2-35 and 2.10.2-36 show the distribution of nodes and elements in the
circumferential direction for the three-dimensional top fine mesh model, and for the three-
dimensional bottom fine mesh model, respectively. For the three-dimensional models, stress
results are documented for several of the 16 circumferential planes.

The coordinates of the nodes which define the ends of the section cuts for the two-dimensional
axisymmetric, three-dimensional bottom fine mesh, and three-dimensional top fine mesh models
are provided in Tables 2.10.2-8 through 2.10.2-10, respectively. Tables 2.10.2-11 through
2.10.2-13 contain the node numbers and coordinates of all stress point locations on each section
cut, for the three models.
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Figure 2.10.2-1
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Figure 2.10.2-2 - Cask Bottom (Region A) - NAC-STC ANSYS Two-Dimensional Model
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Figure 2.10.2-3 Cask Lower Transition (Region B) - NAC-STC ANSYS Two-
Dimensional Model
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\_/ Figure 2.10.2-4 -Cask Shells (Region C) - NAC-STC ANSYS Two-Dimensional Model
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Figure 2.10.2-5 Cask Upper Transition (Region D) - NAC-STC ANSYS Two-
Dimensional Model
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Figure2.10.2-6 Cask Top Forging (Region E) - NAC-STC ANSYS Two-Dimensional Model
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Figure 2.10.2-7 Cask Lids (Region F) - NAC-STC ANSYS Two-Dimensional Model
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Figure 2.10.2-8 Circumferential Mesh Spacing (End View) - ANSYS Three-Dimensional
Top and Bottom Fine Mesh Models
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Figure 2.10.2-9 ANSYS Three-Dimensional Bottom Fine Mesh Finite Element Model -

NAC-STC
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Figure 2.10.2-10

Details - NAC-STC ANSYS Three-Dimensional Bottom Fine Mesh
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Figure2.10.2-11 Cask Bottom (Region A) - NAC-STC ANSYS Bottom Fine Mesh Three-
Dimensional Model
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Figure 2.10.2-12 Cask Bottom (Region B) - NAC-STC ANSYS Bottom Fine Mesh Three-
Dimensional Model ‘
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Cask Bottom (Region C) - NAC-STC ANSYS Bottom Fine Mesh Three-
Dimensional Model
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\_/ Figure 2.10.2-14

Mesh Three-Dimensional Model
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Figure 2.10.2-15
Mesh Three-Dimensional Model
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Figure 2.10.2-16

‘Cask Lower Shell (Region F) - NAC-STC ANSYS Bottom Fine Mesh
Three-Dimensional Model
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Figure 2.10.2-17

Cask Lower Shell (Region G) - NAC-STC ANSYS Bottom Fine Mesh

Three-Dimensional Model
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Figure 2.10.2-18 Cask Upper Shell (Region H) - NAC-STC ANSYS Bottom Fine Mesh
Three-Dimensional Model
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Figure 2.10.2-19

Cask Lids (Region I) - NAC-STC ANSYS Bottom Fine Mesh Three-
Dimensional Model
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Figure 2.10.2-20 ANSYS Three-Dimensional Top Fine Mesh Finite Element Model -
NAC-STC
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Figure 2.10.2-21

Upper Half of NAC-STC ANSYS Three-Dimensional Top Fine Mesh
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_/ Figure 2.10.2-22 Details - NAC-STC ANSYS Three-Dimensional Top Fine Mesh Model
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Figure 2.10.2-23 Cask Bottom (Region A) - NAC-STC ANSYS Top Fine Mesh Three- ,
Dimensional Model
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Figure 210224 Cask Lower Transition (Region B) - NAC-STC ANSYS Top Fine Mesh
Three-Dimensional Model
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Figure 2.10.2-25 Cask Lower Shell (Region C) - NAC-STC ANSYS Top Fine Mesh Three-
Dimensional Model
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N\ Figure 2.10.2-26  Cask Middle Shell (Region D) --NAC-STC ANSYS Top Fine Mesh

Three-Dimensional Model
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Figure 2.10.2-27 Cask Upper Shell (Region E) - NAC-STC ANSYS Top Fine Mesh Three-
Dimensional Model
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Figure 2.10.2-28 Cask Upper Transition (Region F) - NAC-STC ANSYS Top Fine Mesh
Three-Dimensional Model
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