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Figure 2.10.9-22

NUHOMS®-MP197 Cask Dummy and Impact Limiters After 90° End Drop
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Figure 2.10.9-23

NUHOMS®-MP197 Cask Dummy and Impact Limiters After 90° End Drop
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. Figure 2.10.9-24

NUHOMS"™-MP197 Cask Dummy and Impact Limiters After Puncture Drop
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. APPENDIX 2.10.10

NUHOMS®-MP197 PACKAGE FINITE ELEMENT ANALYSIS DETAILS

2.10.10.1 Introduction

This appendix provides additional detail information of the NUHOMS®-MP197 Transport Cask
structural analysis. The primary focus of this appendix is the following.

» A detailed description of each component of the transport cask finite element model,
including method of construction, mesh density, element types and evaluation of ANSYS
warnings.

« An evaluation of the bearing load on the top surface of the flange where it contacts the

bottom surface of the lid.
. An evaluation of the maximum stresses in each major component of the transport cask as

well as the overall stress distribution.
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‘ 2.10.10.2 3D Finite Element Model Description

The 3D finite element model of the NUHOMS®-MP197 Transport Cask is shown below in
Figure 2.10.10-1. This model is symmetric about a diametrical plane. The details of the

components are described below.

Figure 2.10.10-1

1.Cask outer shell
2.Cask inner shell
3.Lead shield
4.Lid

5.Lid bolts

. 6.Shear key bearing block / Pad

3D FEA model of NUHOMS®-MP197 Transport Cask Showing the Components.

7. Top flange region

8. Bottom flange region

9. Bottom

10. Ram cover plate

1. Lead /cask shell interface
12. Ram cover bolts




The model consists of a total of 39,044 elements and 40,494 nodes. The assembly consists of the
following elements from the ANSYS element library: SOLID45, CONTACTS52, LINKS,
TARGET170 and CONTACT173. A maximum aspect ratio of about 6.11 was observed in the
model. An element error/warning check for the entire model invoked ANSYS warning messages
(due to element aspect ratio and distortion (Jacobean errors)), that are summarized later.
Sweeping and copying about the axis of the cask generated most of the elements. A brief
description of the individual components is included. Circumferential shifts of some nodes have
been made to accommodate the shear key bearing block and the trunnions. In regions where
stress variations were significant, a finer mesh was generated relative to regions where only
displacements and load transfer was of interest.

REFINEMENT ZONE

N

Figure 2.10.10-2: Cask Outer Shell (2,884 elements and 4,581 nodes)

The cask outer shell (Figure 2.10.10-2) is made of ANSYS SOLID45 elements. The maximum
aspect ratio is 6.11. The elements were constructed using a combination of sweeping and
copying about the cask centerline. The mesh is refined towards the lid to accommodate the
details of the lid and the bolt assembly.
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The lead shield is shown in Figure 2.10.10-3. This component is modeled with SOLID45
elements. There are, for the most part, two elements through the thickness with four elements
through the thickness at the refinement zone to accommodate the details towards the top flange
region. This part of the cask is isolated from the outer shell, inner shell, top and bottom flanges
by surface-to-surface contact elements TARGET170 and CONTACT173. These elements
provide contact and friction and allow relative movement between the lead shield and the shell.
The elements are generated in a manner similar to the shell.

REFINEMENT ZONE

N

Figure 2.10.10-3: Lead Shield (4432 elements and 6588 nodes)
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The FE mesh of the inner shell is shown in figure 2.10.10-4. Construction of the inner shell is
similar to the outer shell with the necessary refinement towards the lid to accommodate the bolt
assembly. The idealization is done using the SOLID45 element from the ANSYS element
library. The maximum aspect ratio is about 6.0. The inner shell is separated from the lead lining
by surface TARGET170 and CONTACT173. The ends of the shell connect to the top and bottom
flanges. Symmetric boundary conditions are applied to the longitudinal edges for identical
loading about the plane of symmetry.

Figure 2.10.10-4: Cask Inner Shell (3276 elements and 5184 nodes)
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. Figures 2.10.10-5 and 2.10.10-6 show the details of the surface contact elements used. TARGET
170 and CONTACT173 are used together to establish contact and provide a friction surface to

enable both surfaces to slide relative to each other. Figure 2.10.10-5 shows CONTACT173 with
and without the gridlines. It can be seen that the surface configuration of the grid lines conforms
to that of the lead liner. These contact elements envelop the lead liner completely. Construction
of the TARGET170 contact is similar to CONTACT173 but conforms to the inner and outer
shell along with the top and bottom flange assemblies. Figure 2.10.10-6 shows the grid
differences between the two sets of contact elements at the end of the lead liner near the top

flange. :
|
|
‘ CONTACT 173 WITH GRID
CONTACT 173 WITHOUT GRID LINES
. Figure 2.10.10-5: CONTACT173 Elements at Lead Shield / Shell Interface)
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Figure 2.10.10-6: CONTACT173 and TARGET170
Detail (Lead / Shell Interface) Near the Top Flange.

2.10.10-7

Rev. 1 1/02



. : Figure 2.10.10-7 shows the finite element idealization of the lid. Forty-eight bolts (twenty-four in
the half model) connect the lid to the top shell flange. The lid is modeled with SOLID45
elements. The lid is connected to the top flange shell assembly (Figure 2.10.10-8) through
ANSYS LINKS clusters and CONTACTS52 elements. The mesh has sufficient density to
calculate the bending and extensional stresses accurately. The detail in Figure 2.10.10-7 shows
the modeling details at the bolt recess.

DETASL AT BOLT LOCATION

Figure 2.10.10-7: Cask Lid with Bolt Head Recess Detail (3828 Elements and 6124 Nodes)
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. The top flange and detail are shown in Figure 2.10.10-8. Figure 2.10.10-9 shows a segment of
the assembly with details of modeling.

‘ Figure 2.10.10-8: Shell Top Flange

Figure 2.10.10-9: Segment at Top Flange Assembly Showing Modeling Details-Lead
Shield, Inner Shell, Lid and Top Flange and Location of CONTACTS52 Elements.
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The details of the bolted joints between the top flange and the lid are shown in Figure 2.10.10-
10. There are 48 bolted joints (24 in the half model) modeled with LINKS8 elements. These are in
addition to the CONTACTS52 elements used in the radial and axial directions. A representative
bolted joint consists of a shank representing the bolt (in area and material) and two sets of spider
formations (LINKS8 clusters) to transfer the loads. One set (green) connects to the counter bore
and the other set (brown) to the bolt threads in the cask top flange.

LINKS TO TRANSFER LOADS
& INTO LID
1 1 \
Ny
&\& ‘ BOLTS WITH SYMMETRIC
CONDITIONS (RED)

SHANK(BLACK)

LINKS TO TRANSFER

rﬁ*#{ & k« A % k& ** k} Qs ‘1\, LOADS INTO CASK

BOLT THREADS

Figure 2.10.10-10: Details of Bolt Assembly LINK8 Elements
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The bottom cover and flange assembly is shown in Figure 2.10.10-11. This component is
constructed out of SOLID45 elements and connects to the ram cover plate (Figure 2.10.10-12)
through bolts represented by LINKS8 elements. The ram cover plate is also connected at the side
to the bottom plate by CONTACTS52 elements. The bottom flange is connected to the inner and
outer shell directly and to the lead shield through CONTACT 173 and TARGET 170 elements.
Details of this assembly are shown below in Figure 2.10.10-13. There are 12 bolts (six in the half
model) connecting the bottom plate to the ram cover plate. Details of the spider formation of the
LINKS elements are shown in Figure 2.10.10-13. A representation of the bolted joint joining the
bottom plate to the ram cover plate is shown in Figure 2.10.10-14

Figure 2.10.10-11: Cask Bottom Cover and Flange (3437 Elements and 4399 Nodes)
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Figure 2.10.10-12: Cask Bottom Ram Cover Plate

LEAD SHIELD

BOTTOM COVER
OUTER SHELL

INNER SHELL

RAM COVER PLATE

CONTACT 52 ELEMENT
RAM COVER PLATE & BOTTOM
COVER

Figure 2.10.10-13. Segment of Cask at the Bottom Showing Assembly of Bottom
Flange / Cover, Cam Cover Plate, Lead Shield, Inner and Outer Shell.
Also included is the location of a typical CONTACT 52 element.
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BOTTOM COVER

BOTTOM RAM COVER

Figure 2.10.10-14. Cask Bottom and Ram Cover Bolted Joints

Fig 2.10.10-15 shows the details of the shear key bearing block and pad. This is attached to the
outer shell with 48 coupled sets each in the x y and z directions around the edge. The aspect ratio
of these elements is within acceptable limits.

Figure 2.10.10-15: Shear Key Bearing Block and Pad (99 Elements and 240 Nodes)
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. 2.10.10.3 Review of 3D FEM warning elements

Figure 2.10.10-16 shows a view of all warning elements output by the ANSYS program. The
warning elements are divided into five groups: A, B, C, D and E. Detailed descriptions of the
groupings are given below. The locations of these individual groups are shown with respect to
the entire model. A total of 387 elements, out of 39,044, are indicated as warning elements (less
than 1%).

Figure 2.10.10-16: Warning Elements from the 3D FEM
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. Figure 2.10.10-17 shows the elements of group A and their relative position in the lid. There are
144 elements in this set. The ANSYS warning messages (2 per element) is indicated as:

1. “Brick element has a pair of opposite edges that are 71.25 degrees away from being parallel.
This exceeds the warning limit of 70 degrees.”

2. “Brick element 14040 has an angle between adjacent edges of 167.3 degrees, which exceeds
the warning limit of 155 degrees.”

The interior angles differ from the set warning limits of 70 and 155 degrees. This distortion was
due to modeling of the bolt holes. Since the warning elements are in a localized region and these
warning factors are also close to the set limits, therefore they are deemed acceptable.

ELEMENTS: A ELEMENTS: A

LOCATION :LID

LOCATION OF ELEMENTS "A"

Figure 2.10.10-17: Warning Elements A from the 3D FEM in the Lid near the Bolt Holes
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Figure 2.10.10-18 shows the details of the warning elements of group B. There are 96 elements
and the ANSYS warning message is given as:

1. “Brick element has a pair of opposite edges that are 77.11 degrees away from being parallel.
This exceeds the warning limit of 70 degrees.”
2. “Wedge element has an aspect ratio of 24.38, which exceeds the warning limit of 20.

Since these warning factors are close to the set limits, therefore they are deemed acceptable.

ELEMENIS B SET
TOP FLANGE

ELEMENTS B
TOP FLANGE

WEDGE ELEMENT

Figure 2.10.10-18: Warning Group B from the 3D FEM in Top Flange near the Bolt Holes
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Details of group C elements are given in Figure 2.10.10-19. There are a total of 26 elements in
this group. These elements are located in the outer shell (see figure). Distortions of these
elements are due to the changes (circumferential shifts) made in the outer shell nodes to
accommodate the shear key and the trunnions. The typical ANSYS warning messages given are
as follows:

1. “Brick element has a face with a warping factor of 0.2036, which exceeds the warning limit
of 0.2.”

2. “Brick element has a pair of opposite edges that are 76.28 degrees away from being parallel.
This exceeds the warning limit of 70 degrees.”

3. “Brick element 8138 has an angle between adjacent edges of 159.9degrees, which exceeds
the warning limit of 155 degrees.”

These warning factors are very close to the limits set and deemed acceptable based on
Engineering judgment.

ELEMENTS C
CASK OUTER SHELL

Figure 2.10.10-19: Location of Warning Group C Elements in the Cask Outer Shell
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There are 69 elements in group D of the warning element category. Sample ANSYS warning
messages are indicated below:

1. “Brick element has an angle between adjacent edges of 170.7 degrees, which exceeds the
warning limit of 155 degrees.”

2. “Brick element has a pair of opposite edges that are 132.6 degrees away from being parallel.
This exceeds the warning limit of 70 degrees.”

3. “Brick element has an angle between adjacent edges of 162.3 degrees, which exceeds the
warning limit of 155 degrees.”

4. “Brick element has a pair of opposite edges that are 84.47 degrees away from being parallel.
This exceeds the warning limit of 70 degrees.

The above warnings are generated in the shear key bearing block area. Since the stress generated
in this region is calculated separately in SAR Section 2.5.2, therefore these waming are deemed
acceptable.

ELEMENTS SET D

ER SHELL REGION

%,
2%,
’\vq'( "I, ;
R

X
3
K

Figure 2.10.10-20: Warning Group D Elements in the Inner Shell Region
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‘ The set comprising warning group E elements is shown in Figure 2.10.10-21. There are 52
elements in this category. Three of these elements are in the bottom cover/flange region. Two of
these had a warping factor of 0.4002, which was close to the error limit of 0.4. The details of the
other elements in the ram cover plate are also shown. Distortions in this set of elements were due
to modeling around the bolt holes. The ANSYS warning message was as follows:

1. “Brick element has a face with a warping factor of 0.2154, which exceeds the warning limit
of 0.2.”

These elements are deemed acceptable based on warning factors are very close to the default
limits set, engineering judgment deems acceptable.

WARNING ELEMENTS E

BOTTOM COVER

\/ RAM COVER

Wy .
L 'S %%

WARNING ELEMENTS E

BOTTOM COVER _—
Lo .

Figure 2.10.10-21: Warning Group E Elements in Bottom Plate / Flange and Ram Cover
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. 2.10.104 Axisymmetric (2D) Finite Element Model Description

For all axisymmetric loading cases the 2D model used is shown in Figure 2.10.10-22. There are a
total of 801 elements and 907 nodes in the model. The model is used to simulate the inner shell,
outer shell, lead shield, lid, ram cover plate, bottom cover and top and bottom flanges as shown
in Figure 2.10.10-22. The 3-D model of the NUHOMS®-MP197, described in Section 2.10.10.2,
forms the basis for the 2D axisymmetric model construction.

LID

UPPER FLANGE

OUTER SHELL

INNER SHELL

LEAD SHIELD

BOTTOM COVER & FLANGE

RAM COVER

_—REGION3

REGION 4 ~__

Figure 2.10.10-22: Axisymmetric Finite Element Model of the NUHOMS®-MP197 Transport Cask
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The “surface effect” feature of ANSYS was used to create the PLANE42 axisymmetric elements
through the thickness preserving the mesh density of the 3D model. The lid, upper flange, inner
shell, outer shell, bottom flange, bottom cover and ram cover were modeled with PLANE42
elements. The surface elements TARGET 170 and CONTACT173 in the 3D model were replaced
with CONTACT 12 elements. These CONTACT 12 elements connect on a point-to-point basis.
The four regions shown in Figure 2.10.10-22 are described below.

A
A
4

REGION 1DETAIL )2

BOLT SHANK AND LINKS

\, CONTACT12 ELEMENTS

UD/ TCP FLANGE

| CONTACT12 ELEMENTS
-

LEAD SHIELD

BOLT SHANK (BLACK)

REGION 1BOLT DETAILS
LINKS TO TRANSFER

& LOADS TO LID (BROWN)

N e

BOLT THREADS

LINKS (GREEN) TO TRANSFER A\
LOADS TO CASK l

Figure 2.10.10-23a & b: Region 1 Showing Modeling Detail and Bolt Idealization
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Figure 2.10.10-23a and b show the details of the cask in the area indicated as region 1. The color
scheme distinguishes the various components of the cask in this region. The locations near the
lead shield where the CONTACT173 and TARGET 170 elements were replaced by
CONTACT12 elements are shown. The other set of CONTACT 2 elements connecting the lid to
the top flange is also indicated. Figure 2.10.10-23b shows a transparent mesh giving details of a
single bolt connection. Two sets of LINK1 elements (brown and green) connect the bolt shank to
the lid and top flange.

TOP FLANGE
LEAD SHIELD
INNER
SHELL
DUTER SHELL
CONTACT 12
ELEMENTS

Figure 2.10.10-24: Details of Region 2

Figure 2.10.10-24 shows the details of the assembly in region 2. The transition 2 to 4 elements in
the lead shield can be seen. This is done to accommodate the detailed mesh near the top flange.
The lead shield is isolated from the inner shell, outer shell and the flanges using CONTACT12
elements. Some locations of the CONTACT 12 elements are also shown. This region is very
similar to the 3D mesh.
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REGION 3 OUTER SHELL

LEAD SHIELD

BOTTOM
FLANGE

Figure 2.10.10-25: Region 3 Showing Finite Element Idealization near the Bottom Flange

A detailed view of the finite element idealization near the bottom flange is shown in Figure
2.10.10-25. Also shown are some of the CONTACT 12 elements that separate the lead shield and
the rest of the structure. The taper in the lead shield near the bottom has been retained from its
3D counterpart. All four noded elements are axisymmetric PLANE42 from the ANSYS finite

element library.

CONTACT12 elements and bolted joint connecting the ram cover to the bottom flange are
shown in figures 2.10.10-26a and b. This is the area marked Region 4 in Figure 2.10.10-22. The
axial and radial contact locations (CONTACT12) are indicated in Figure 2.10.10-26a. The
transparent mesh of figure 2.10.10-26b shows the details of the LINK1 assembly used in the
bolted joint idealization, which is similar to the lid/ top flange connection.
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BOTTOM COVER

\ RADIAL CONNECTION
REGION 4 DETAIL CONTACT12 ELEMENT
BOLTED JOINT
LINKS TO TRANSFER LOADS
REGION 4 SHOWING O BORTOM COVER, (05
BOLT DETAILS /

i

nmm )

BOLT SHAN X '\ LINKS TO TRANSFER LOADSTO
(BLACK) RAM COVER PLATE (RED)

=
<

Figure 2.10.10-26a & b: Region 4 Showing Ram Cover, Bottom Flange Detail
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. 2.10.10.5  Review of 2D FEM Warning Elements

An elements check command yielded two sets of warnings.
1. All CONTACTI12 elements not coincident gave the warning:
i. “NodesI and J of element (CONTACI2) are not coincident”.

2. The three PLANE42 warning elements (Region 1) are shown in Figure 2.10.10-27. The
warning messages as follows:

i. “Quadrilateral element has a pair of opposite edges that are 95.83 degrees away from
being parallel. This exceeds the warning limit of 70 degrees.”

ii. “Quadrilateral element has an angle between adjacent edges of 162 degrees, which
exceeds the warning limit of 155 degrees.”

iii. “Quadrilateral element has a pair of opposite edges that are 95.7 degrees away from
being parallel. This exceeds the warning limit of 70 degrees.”

iv. “Quadrilateral element has an angle between adjacent edges of 161.7 degrees, which
exceeds the warning limit of 155 degrees.

Since the 3 warning elements are in a localized region and stress results are not critical at this
region, therefore the elements warning are deemed acceptable based on Engineering judgment.

=
-

WARNING ELEMENTS

e o
~-‘-.'~_-_

/
J

‘ Figure 2.10.10-27: Warning Elements (Region 1) in Top Flange Area
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2.10.10.6 Maximum Component Stress Evaluation

2.10.10.6.1  Approach

This section evaluates the maximum stresses that occur in each major component of the
NUHOMS®-MP197 Transport Cask during all normal and hypothetical accident conditions of
transport.

This analysis employs the same finite element model, loading conditions and results described in
SAR Appendix 2.10.1. No new finite element analysis runs are made for this section. This
analysis provides a more detailed evaluation of the stress analysis results generated in SAR
Appendix 2.10.1. In particular, the maximum stress and the overall stress distribution in each
major component of the transport cask are extracted from the ANSYS results for each normal
and hypothetical accident condition load combination. The overall stress distributions are
plotted, and the maximum component stresses and are tabulated and compared to allowable

values.

The NUHOMS®-MP197 Transport Cask is separated into the following three major components,
for stress reporting purposes.

HUOMS®-MP197 Transport Cask Components

Component Material
Lid SA-693 Type 630 H1100

Body Containment
(Bottom Plate, Ram Port Cover, SA-240 Type XM-19
Flange, and Inner Shell)
Outer Shell SA-240 Type 316

An element plot of each major component listed above is provided in Figures 2.10.10-28,
2.10.10-29, and 2.10.10-30 of this Appendix.

For each load combination the maximum stress in each of these components is extracted from
the result files and compared to the allowable values for each material.

The load combinations evaluated (runs 13 through 42) are described in SAR Appendix 2.10.1
and listed in Tables 2.10.10-2 and 2.10.10-3 of this Appendix. These load combinations are
generated through the combination of the twelve individual loads also described in SAR
Appendix 2.10.1 and listed in Table 2.10.10-1 of this Appendix.
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2.10.10.6.2  Stress Reporting Methodology for 3-Dimensional Model

Within the 3-dimensional finite element model there are a few locations where boundary
conditions or contact elements generate spurious local high stresses. When reporting the
component maximum stresses, the elements at the following locations are unselected so that the
unrealistic stresses are not reported. Stresses at these unselected locations are evaluated
separately.

Point Displacement Boundary conditions

For several loading conditions, a displacement boundary condition was placed on a single node
of the large 3D model. This boundary condition is used to react any unbalanced global forces in
the model. Because of the complicated three-dimensional nature of the finite element model, it is
difficult to balance global forces and accelerations perfectly. Consequently, small residual
unbalanced forces act as a point load at the support location. This type of loading generates
extremely high and localized stresses that are fictitious. In order to eliminate this incorrect stress,
elements attached to the supported node are unselected.

Contact Elements

Node-to-node contact elements are used at the intersection between the top surface of the
transport cask flange and the bottom surface of the lid. Due to the their nonlinear and node-to-
node nature, these elements can sometimes generate unrealistic bearing stresses. This is because
they do not evenly distribute the reaction forces generated between the flange and the lid evenly.
Also, since link elements are used to model the closure lid bolts, the modeled bolts are only
capable of generating tensile forces and not bending moments. Consequently the moments in the
lid generated during load cases such as the end drop or corner drop on the lid, must be reacted by
concentrated forces couple in the lid bolts and flange. Therefore, additional unrealistic bearing
forces are generated in the flange. For these reasons, elements attached to the contact elements
are unselected, so that no spurious stresses are reported. The bearing stresses on the top surface
of the flange and shear stress in flange thread are evaluated by hand calculation separately in
Section 2.10.10.7 of this Appendix.

Bearing Block

Under certain loading conditions, such as rail car shock and vibration, the transport cask model is
supported in the longitudinal direction at the shear key. Axial displacement boundary conditions
are placed on a few nodes on the inner surface of the bearing block. This boundary condition is
relatively localized, and results in unreasonably high local stresses. Consequently, the bearing
block elements are unselected. A separate hand calculation, in SAR Section 2.5.2, evaluates the
stresses in the bearing block and in the outer shell.
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2.10.10.6.3 Results

For each load combination listed in Tables 2.10.10-2 and 2.10.10-3 of this Appendix, the
maximum stress intensity for each component is extracted from the result files. These stress
intensities are listed in Tables 2.10.10-4 and 2.10.10-5 of this Appendix for normal and
hypothetical accident condition load combinations respectively. A stress intensity plot is also
provided for each load case in order to give an overall description of the stress distribution
throughout the transport cask (see Figures 2.10.10-31 through 2.10.10-60 of this Appendix)

The maximum component nodal stress intensities are compared to the allowable membrane
stress intensity given in SAR Appendix 2.10.1. If the maximum nodal stress intensity exceeds
the membrane allowable, the nodal stresses are linearized through the thickness of the
component. Both linearized membrane and membrane plus bending stress intensities are then
reported and compared to allowable membrane and membrane plus bending stress intensities
respectively (see Table 2.10.10-4 and 2.10.10-5 of this Appendix). For all load combinations, the
maximum stresses in the NUHOMS-61B transport Cask are less than their corresponding
allowable stresses.
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2.10.10.7 Evaluation of Bearing Stresses in Flange

2.10.10.7.1  Approach

The stress analysis of the NUHOMS®-MP197 Transport Cask for normal and accident
conditions is described in SAR Appendix 2.10.1. The cask lid bolt and bolt head are represented
with ANSYS LINK]1 elements in 2D model and LINK8 in 3D model. The Link elements are
uniaxial tension-compression elements with no bending capabilities. Also the thread connections
between the bolt and flange were modeled by link elements. Since these links were modeled at a
few nodes only, this resulted in high local stresses. The purpose of this evaluation is to calculate
the flange thread shear stresses and lid / flange bearing stress based on the actual bolt
engagement length and bearing area. The stress evaluation is conducted both for normal and
accident conditions.

Link elements are adequate to transfer axial tension or compression loads. However, since they
are connected between a few nodes of the model to simulate flange-thread connection, it resulted
in high local flange stresses at the connection nodes. In reality, the bolt thread connection is
continuous at the thread contact. Further, since link elements were not capable of taking any
bending load, entire bending had to be resisted by the perforated lid and the flange. In order to
obtain realistic results, the flange thread shear stress and lid / flange bearing stress are calculated
here by using the actual thread geometry and the bearing areas. The bolt forces and the lid-
flange contact forces, for the stress calculations are, however, taken from the ANSYS result files
in Reference 3.

This calculation is based on the results of the ANSYS runs described in SAR Appendix 2.10.1.
Therefore, assumptions used in that Appendix are also applicable to this evaluation. All material
properties are taken from ASME B&PV Code Section II, Part D 2] at 300°F. The bolt hole areas
are subtracted to obtain the net bearing area for the uniformly distributed loads.

2.10.10.7.2  Loading Conditions

All load combinations for the Normal and the Accident Conditions are listed in Tables 2.10.10-2
and 2.10.10-3 of this Appendix. A screening of all load combinations indicated that for the
maximum flange thread shear stress and lid-flange bearing stress, it will suffice to analyze the
following load combinations. The stress results from these selected load combinations will
envelop the stress results from all load combinations.

Norma! Conditions

A. Preload + Intemal pressure (50 psi) + Thermal hot + Rail car Shock (Run 19)
B. Preload + Ext. pressure (25 psi) + Thermal cold + 1 ft. Drop on Lid end (Run 22)

Accident Conditions

C. Preload + Ext. pressure (25 psi) + Thermal cold + 30 ft. Drop on Lid end (Run 30)
D. Preload + Ext. pressure (25 psi) + Thermal cold + 30 ft. Drop on C.G.-Over-Comer (Run 36)
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‘ 2.10.10.7.3 Normal Condition Stresses

In order to calculate the shear stresses the flange threads and flange bearing stresses, the
maximum bolt force and contact forces for each load case are obtained using the ANSYS
postprocessor with the appropriate result file.

A. Preload + Internal Pressure (50 psi) + Thermal Hot + Rail Car Shock

Maximum Shear Stress in Flange Threads
From the ANSYS results file, the maximum lid bolt force = 128,200 Ib.

The cask flange (SA-240, Gr. XM-19, S, = 100.0 ksi. at room temperature) threads have helicoil
inserts (1185-24CN-2250) of Type 304, stainless steel wire (ultimate strength at room
temperature is 200 to 250 ksi, {3]). The lid bolts are constructed from SA-540 Gr. B24 (S, = 165
at room temperature). The flange material is, therefore, weaker than the helicoil and bolt
materials.

A, = shear area of internal threads = 3.1416 nL D i [1/(21) + .57735(Ds min — En max)1[4]
For the tapped hole for Helicoil insert connection:
D; min = minimum major diameter of external threads = 1,702 in. [3]

L = engagement length = 2.25 in.
n = threads/inch = 6

‘ E, max = maximum pitch diameter of internal threads = 1.6177 in. [3]

Therefore,

An = 3.1416(6)(2.25)(1.702)[1/(2x6) + .57735 (1.702 — 1.6177)] = 9.528 in.2
Max. Shear Stress = 128,200/9.528 = 13,455 psi.

For SA-240, Gr. XM-19, S,, = 31.4 ksi. at 300°F. Therefore, the allowable shear stress =
0.6S,,=0.6 (31.4)=18.84 ksi. > 13.46 ksi ... o.k.
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' Bearing Stress between Flange and Lid
From the ANSYS results file for run 19, the total contact force on the 180° model = 2,797,309
Ibs. This total force is computed by summing all normal forces in the contact elements between

the flange and the lid. Therefore, the contact force for full lid and flange = 2 x 2,797,309 =
5,594,618 lbs.

From SAR Appendix 2.10.2, the lid-bolt preload (maximum torque) = 120,800 1bs. Therefore,
the total bolt force = 48 x 120,800 = 5,798,400 Ibs. Thus, there is only a small loss of preload
contact force due to pressure, thermal and rail car shock loads, and the contact forces are quite
uniformly distributed over the entire flange-lid bearing area.

The bearing area is computed between the lid shoulder diameter (72.31 in.) and the flange
diameter (68.42 in.). 48-lid bolt half-hole areas are subtracted to get the net bearing area.

Net Bearmg Area =14 (72.31° - 68.42%) - w4 x ¥4 (1 69%) x 48
= 429.959 — 53.836 = 376.123 in.?

Bearing Stress = 5,594,618 /376.123 = 14,874 psi

The flange is constructed from SA-240, Gr. XM-19, which has a larger yield strength than that of
the lid ( SA-705, Type 630).

‘ Allowable Bearing Stress = Sy, Flange = 43.3 ksi. > 14.87 ksi ... o.k.

B. Preload + External Pressure (25 psi) + Thermal Cold + 1 Foot Lid Drop

Maximum Shear Stress in Flange Threads

From the ANSYS results file (Run 22), the lid bolt force in 48 bolts = 5,920,600 Ib. Therefore,
the force in one bolt = 5,920,600/48 = 123,346 Ib.

Thread Shear Area = 9.528 in.?
Shear Stress = 123,346/9.528 = 12,946 psi.

Allowable Shear Stress = 0.6S,, = 0.6 (31.4) = 18.84 ksi. > 12.95 ksi ... o.k.
Bearing Stress between Flange and Lid
From the ANSYS results file for run 22, the total contact force = 5,994,840 lbs.

Net Bearing Area = 376.123 in.2
Bearing Stress = 5,994,840/ 376.123 = 15,939 psi

' Allowable Bearing Stress = Sy, Flange = 43.3 ksi. > 15.94 ksi ... o.k.
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. 2.10.10.7.4  Accident Condition Stresses

C. Preload + External Pressure (25 psi) + Thermal Cold + 30 Foot Lid Drop

Maximum Shear Stress in Flange Threads

From the ANSYS results file, the lid bolt force in 48 bolts = 5,950,400 Ib. Therefore, the force in
one bolt = 5,950,400/48 = 123,967 Ib.

Thread Shear Area = 9.528 in.2
Shear Stress = 123,967/9.528 = 13,011 psi

Allowable Shear Stress = 0.42 S, = 0.42 (94.2) = 39.56 ksi. > 13.01 ksi ... o.k.
Bearing Stress between Flange and Lid
From the ANSYS results file for run 30, the total contact force = 6,006,630 1bs.

Net Bearing Area = 376.123 in
Bearing Stress = 6,006,630 /376.123 = 15,970 psi.

. Allowable Bearing Stress = S,, Flange = 94.2 ksi. > 15.97 ksi... o.k.

D. Preload + External Pressure (25 psi) + Thermal Cold + 30 ft. CG Over Comer Drop

Maximum Shear Stress in Flange Threads
From the ANSYS results file (Run 19), the maximum lid bolt force = 174,790 1b.

Thread Shear Area = 9.528 in?
Max. Shear Stress = 174,790/9.528 = 18,345 psi.

Allowable Shear Stress = 0.42S, = 0.42 (94.2) = 39.56 ksi. > 18.35 ksi... o.k.
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Bearing Stress between Flange and Lid

From the ANSYS results file for run 19, the total contact force on the 180° model = 8,563,485
Ibs. Therefore, the contact force for full lid and flange = 2 x 8,563,485 = 17.127 x 10° Ib.

Due to the nature of the CG over comer drop event, this contact force is comprised of the
following two components.

« A uniform distributed force due to the bolt preload and the 25 psi external pressure load.
« A non-uniform contact force due to the corner dorp impact acceleration forces.

The uniform distributed force acts on the entire net bearing area while the non-uniform force is
assumed to be distributed only on half of the net bearing area.

Uniform Distributed Load Bearing Stress:

Total Bolt Preload Force = 120,840 x 48 = 5.800 x 10° Ib. (Appendix 2.10.2)

25 psi. Pressure Force (on 74.68” diameter Lid) = n/4 (74.68%) x 25 = 0.109 x 10° Ib.
Total Uniform Bearing Load = 5.800 x 10° + 0.109 x 10° = 5.909 x 10° Ib.

Bearing Stress = 5.909 x 10° /376.123 = 15,710 psi.

Non- Uniform Load Bearing Stress:

The non-uniform contact load is the difference between the total contact force from the ANSYS
results file and the uniformly distributed force computed above.

Non-Uniform Bearing Force = 17.127 x 10° - 5.909 x 10 = 11.218 x 10° Ib.
Bearing Area = 50% (376.123) = 188.06 in*

Bearing Stress = 11.218 x 10° / 188.06 = 59,651 psi.

Total Bearing Stress = 15,710 + 59,651 = 75,361 psi.

Allowable Bearing Stress = S, Flange = 94.2 ksi > 75.36 ksi... o.k.

2.10.10.7.5 Conclusion

From the above analysis, it is concluded that the maximum shear stresses in the flange threads
and the maximum bearing stresses between lid and flange are within the code allowables for
normal and accident load conditions. Consequently, the NUHOM®-MP197 lid and flange
connection is structurally adequate.
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Table 2.10.10-1

Individual Load Conditions

Run

No. Applicable Individual Loads Load Used in Run
t Bolt preload -
2 Internal pressure 50 psig
3 External pressure 25 psig
4 Thermal stresses in 100°F hot -
ambient environment
s Thermal stresses at —20° F cold -
ambient environment
6 3G lifting 3G
7 Rail Car Shock loads 4.7G — all directions
0.37G - vertical
8 Rail car vibration loads 0.19G —lateral
0.19G - longitudinal
9 1 foot end drop on lid end 300G
10 1 foot end drop on bottom end 0G
11 1 foot side drop 330G
12 1G gravity loading 1G
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Table 2.10.10-2
Normal Condition Load Combinations

Run No.

Load
Combination

Applicable Individual Loads Applied in the ANSYS Model

Bolt
Pre-load

Gravity
1g

Int.
Pres.

Ext.
Pres.

Thermal
Hot

Thermal
Cold

‘Thermal
40°F
Uniform

Vib.

Car

13

Hot Eavironment

(100° F amb.)

14

Cold Eavironment

(-40° Famb.)

15

Increased Extemal

Pressure

16

Min. External
Pressure

17

18

Rail Car
Vibration

19

Rail Car Shock

Run No.

Combination

Applicable Individual Loads Applied in the ANSYS Model

Bolt
Pre-load

Internal
(50 psh)

External
Pres.
(25 psi)

Thermal
Hot

Thermal
Cold

Lid End
Drop

Bottom
End
Drop

Side
drop

2l

22

1R

Eed Drop on
Lid End

23

24

1R

Bottom End

Ml W] W] =

26

1R
Side Drop

»n
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Table 2.10.10-3
Hypothetical Accident Condition Load Combinations

Applicable Individual Loads Applied in the ANSYS Model

Load
RunNo. | o bination | BOt | iny pres. | Ext Pres. | TPErmal { qyormar | LA [ Bot. | g4
Pre- | “sopsi) | @5ps) | M | coa | Eed | End | o
Load psi psl Drop Drop P
X
27 30 Ft. End Drop x x x
on Bottom End x
28 X x x
X
29 30 Ft. End Drop X X X
on Lid End X
30 X X X
X
31 X X X
30 F. Side Drop
32 x X X
Applicable Individual Loads Applied in the ANSYS Model
Load Corner | Corner | Oblique
RunNo. | (ymbination polt | mnt.Pres. | 2X“ | Thermal | Thermal | Drop | Drop | Drop
Load | (50ps) (25‘ ";D Hot Cold Lid Bot Lid
End End End
X X
33 30 Ft. CG Over x x
Corner Drop
34 on Bottom End X
X X X
X
35 X X x
30 Ft. CG Over
Comer Drop
on Lid End X
36 x X X
X
37 X X X
30 Ft. 20°
Oblique Impact
on Lid End x
38 X x X
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Table 2.10.10-3
Hypothetical Accident Condition Load Combinations

(Continued)
Applicable Individual Loads Applied in the ANSYS Model
Run . Oblique
No. | corodd | BoltPre | Int.Pres | ExtPres | Thermal | Thermal palique Drop
load (50 psi) (25 psi) Hot Cold Efld Bottom
End
3 30 Ft. 20° x x x x
Oblique Impact
40 on Bottom End x X X x
Applicable Individual Loads Applied in the ANSYS Model
Run
Load Immersion
No. Bolt Int. Pres. Ext Pres. Thermal Thermal
Combination |\, 10ad | (0psh) | (25psi) Hot Cold ‘Z‘;‘;'o"g Fire
Immersion .
41 (290 psi) X X X
Fire
4 Accident x x x
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Maximum Component Stresses for Normal Conditions

Table 2.10.10-4

Run Description Location Maximum Stress Stress Allowable | Linearized Figure
No. Intensity (ksi) Type Stress nodes
(ksi)
13 Hot Environment Lid 30.5 Py + Py 46.7
(100° F amb.) Body Containment 17.7 Ppt+ Py 314 2.10.10-31
Outer Shell 14.8 PutPp 20.0
14 Cold Lid 279 Pyt Py 46.7
Envirooment Body Containment 13.2 P+ Py 314 2.10.10-32
(-40° F amb.) Outer Shel) 12.3 Pp+ Py 200 '
15 Increased Lid 275 P+ Py 46.7
External Pressure | Body Containment 13.7 P.+Py 314 2.10.10-33
Quter Shell 12.5 PutPy 20.0
16 Min. External Lid 30.5 P+ P 46.7
Pressure Body Containment 17.7 Pn+ Py 314 2.10.10-34
Quter Shell 14.8 Pyt Py 20.0
17 Rail Car Lid 303 Pp+ Py 46.7
Vibration, Body Containment 174 P+ P, 314 2.10.10-35
Hot Environment Outes Shell 15.2 Po+ Py 20.0
18 Rail Car Lid 27.2 Pp+ Py 46.7
Vibration, Cold Body Containment 14.0 Pp+ Py 314 2.10.10-36
Environment Outer Shell 12.9 Pnt Py 200
19 Lid 363 Pu+ Py 46.7
Rail Car Shock, Body Containment 26.0 Py + Py 3i4 2.10.10-37
Hot Environment Outer Shell 104 Pn 20.0 67-18
20.3 PatP 30.0
20 Lid 33.6 P+ P 46.7
Raii Car Shock, Body Containment 243 Pyt Py 314 2.10.10-38
Cold Outer Shell 12.0 Py 20.0 76-178
Environment 20.3 Py + P, 30.0
21 1 Ft Lid End Lid 124 P+ Py 46.7
Drop, Body Containment 20.2 Pu+ Py 314 2.10.10-39
Hot Environment Quter Shell 13.7 Po+ P 20.0
22 1 Ft Lid End Lid 12.6 Ppt Py 46.7
Drop, Cold Body Containment 18.6 Pu+ Py 314 2.10.10-40
Environment Outer Shell 11.6 Pp+ Py 200
23 1 Ft Bottom End Lid 123 P+ Py 46.7
Drop, Body Containment 17.1 Pp+ Py 314 2.10.10-41
Hot Environment Outer Shell 13.8 P+ P, 20.0
24 | 1 FtBottom End Lid 14.0 Pyt P, 46.7
Drop, Cold Body Containment 18.8 Pp+ Py 314 2.10.10-42
Environment Outer Shell 1.7 Py + P, 20.0
25 Lid 383 P+ P 46.7
1 Ft Side Drop, Body Containment 20.3 Py 314 281-276 | 2.10.10-43
Hot Environment 33.5 P,+ P, 47.1
Outer Shell 17.7 Py 20.0 6,496 ~
282 Pat P 300 6500
26 Lid . 339 Pu+ Py 46.7
1 Ft Side Drop, Body Containment 21.1 Py 314 281-176 | 2.10.10-44
Cold 35.0 Pp+ Py 47.1
Environment Outer Shell 16.9 Py 20.0 6,496 -
27.2 Pp+ Py 30.0 6,500

**These are membrane stress intensity (P,,)) allowables except where the stresses are linearized through the thickness, then Py, is
compared to the P, allowable and P,, + Py is compared to the P, + P, allowable.
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Maximum Component Stresses for Accident Conditions

Table 2.10.10-5

Run Description Location Maximum Stress Stress Allowable | Linearized Figure
No. Intensity (ksi) Type Stress (ksi) nodes
27 30 Ft. End Drop Lid 16.5 Py + Py 98.0
on Bottom End, Body Containment 24.3 Prt+ P 65.94 2.10.10-45
Hot Environment Quter Shell 14.8 Pa+ Py, 48.0
28 30 Ft. Bottom Lid 18.9 Pu+ Py 98.0
End Drop, Cold { Body Containment 24.5 Pu+ Py 65.94 2.10.10-46
Environment QOuter Shell 12.5 Pp+ Py 48.0
29 30 Ft. End Drop Lid 11.9 Py + P 98.0
on Lid End, Body Containment 29.8 Put Py 65.94 2.10.10-47
Hot Environment Outer Shell 15.7 Pp+ Py 48.0
30 30 Ft. End Drop Lid 143 P+ Py 98.0
on Lid End, Cold | Body Containment 284 Pa+ Py 65.94 2.10.10-48
Environment Quter Shell 13.5 Pyt Py 48.0
31 30 Ft. Side Drop, Lid 40.7 P+ Py 98.0
Hot Environment | Body Containment 50.5 Py 65.94 276 - 281
82.8 Py + P 94.2 2.10.10-49
Outer Sheli 312 P, 48.0 274-278
379 Ppt Py 72.0
32 | 30Fu. Side Drop, Lid 4.8 Pyt Py 98.0
Cold Body Containment 513 Py 65.94 276 - 281
Environment 84.5 P+ Py _ 94.2 2.10.10-50
Quter Shell 33.0 Py 48.0 274 -278
39.8 _Pp+ P 72.0
33 30 F1. CG Over Lid 39.1 Po+ Py 98.0
Bottom Comer | Body Containment 61.6 Py 65.94 15999 - | 2.10.10-51
Drop, 92.0 P+ P 94.2 16,152
Hot Environment QOuter Shell 20.9 Pp+ Py 48.0
34 30 Ft. CG Qver Lid 31.5 Py+ P 98.0
Bottom Comer | Body Containment 45.7 Pn 65.94 17239 - | 2.10.10-52
Drop, Cold 91.5 Pu+ Py 94.2 17,241
Environment Outer Shell 19.0 Po+ Py 48.0
30 Ft. CG Over Lid 6.0 P 93.0 13,692 -
35 { Lid Comer Drop, 115.7 Pyt P 140.0 14,046 2.10.10-53
Hot Environment | Body Containment 55.9 Pu+ P, 65.94
Outer Shell 20.8 P+ Py 48.0
30 Ft. CG Over Lid 73 Pr 98.0 17,733 -
36 | Lid Corner Drop, 112.8 Po+ Py 140.0 14,125 2.10.10-54
Cold Body Containment 64.0 P+ P, 65.94
Eavironment Outer Shell 17.9 P+ Py 48.0
30 Ft. 20° Lid Lid 238 Py 98.0 18,494 -
37 Oblique Impact, 63.8 Put+ Py 140.0 18,486 2.10.10-55
Hot Environment | Body Containment 56.7 Py 65.94 25418 -
78.6 P+ P, 94.2 25,407
Outer Shell 45.5 Pa 48.0 2,825 -
59.9 Pp+ Py 72.0 3,065
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Table 2.10.10-5 (continued)

Maximum Component Stresses for Accident Conditions

Run Description Location Maximum Stress Stress Aliowable Figure
No. Intensity (ksi) Type Stress (ksi)
38 30 Ft. 20° Lid Lid 25.7 Py 98.0 18,494 ~
Oblique Impact, 70.5 P+ Py 140.0 18,499 2.10.10-56
Cold Body Containment 57.3 Py 65.94 2,827 -
Environment 82.1 P+ Py 942 3,067
Outer Shell 47.8 Py, 48.0 2,825 -
62.6 Pyt P 72.0 3,065
39 | 30Ft 20" Bottom Lid 40.3 Pp+ Py 98.0
Oblique Impact, | Body Containment 46.7 Py 65.94 7,427 - 2.10.10-57
Hot Environment 72.0 Pyt P, 94.2 7,422 ‘
Outer Shell 420 Py 48.0 7,617 ~
59.0 _Pa+h 72.0 7,533
40 | 30 Ft. 20° Bottom Lid 30.6 Pp+ Py 98.0
Oblique Impact, | Body Containment 41.7 Py 65.94 7,427 - 2.10.10-58
Cold 740 Po+Pp 94.2 7,422
Environment Outer Shell 432 Po 48.0 7,617 -
60.4 Pp+P 72.0 7,533
41 Immersion Lid 17.3 Put Py 98.0
(290 psi) Body Containment 240 Pu+ Py 65.94 2.10.10-59
' Outer Shell 9.6 Pyt Py 48.0
42 Fire Lid 24.3 Pet+ Py 98.0
Accident Body Containment 284 Put Py 65.94 2.10.10-60
Quter Shell 39.2 Pa+ Py 48.0
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. Figure 2.10.10-28
f Lid Finite Element Plot

3D with contacts _templ00f(hot)lG loading_int _pr 50(Run#l3)
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. Figure 2.10.10-29
Containment Body Finite Element Plot

3D with confacts _templOO0f (hot)1lG loading_int_pr_ 50(Run#l3)
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Figure 2.10.10-30
Outer Shell Finite Element Plot

3D with contacts templO0f(hot)lG loading int pr 50(Run#l3)

Rev. 1 1/02

s
R




. Figure 2.10.10-31
k} Run 13, Hot Environment (100°F ambient) Stress Intensity Plot
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. Figure 2.10.10-32

(~, Run 14, Cold Environment (-40°F ambient) Stress Intensity Plot
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Figure 2.10.10-33
Run 15, Increased External Pressure Stress Intensity Plot
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Figure 2.10.10-34
Run 16, Minimum External Pressure Stress Intensity Plot

|

L

3D with contacts templ00f(hot)1G loading_int_pr_ 50 (Run#l13)
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Figure 2.10.10-35

Run 17, Rail Car Vibration, Hot Environment Stress Intensity Plot
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Figure 2.10.10-36

Run 18, Rail Car Vibration, Cold Environment Stress Intensity Plot
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3D with Rail car VIB,ext presure2dpsi-20fcold(Run#l8)
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Figure 2.10.10-37
Run 19, Rail Car Shock, Hot Environment Stress Intensity Plot
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‘ Figure 2.10.10-38
(v Run 20, Rail Car Shock, Cold Environment Stress Intensity Plot
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Figure 2.10.10-39

Run 21, 1 Foot Lid End Drop, Hot Environment Stress Intensity Plot

2D with mu_.25 templ00f: 30G(1ft drop) on lid (Run#21l)
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Figure 2.10.10-40

Run 22, | Foot Lid End Drop, Cold Environment Stress Intensity Plot

2D with mu_.25 temp20f: 30G(1ft drop) on lid (Run#22)
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Figure 2.10.10-41

Run 23, 1 Foot Bottom End Drop, Hot Environment Stress Intensity Plot
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Figure 2.10.10-42

Run 24, | Foot Bottom End Drop, Cold Environment Stress Intensity Plot

2D with.mu’.25~temp100f(hot)_extprZ%:(lftdrop)BOG on bottom
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Figure 2.10.10-43

Run 25, 1 Foot Side Drop, Hot Environment Stress Intensity Plot

3D with contacts templOOf (hot) intpr50: 30G side drop (Run#Z§
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. Figure 2.10.10-44
b Run 26, 1 Foot Side Drop, Cold Environment Stress Intensity Plot
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Figure 2.10.10-45
Run 27, 30 Foot Bottom End Drop, Hot Environment Stress Intensity Plot
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Figure 2.10.10-46

Run 28, 30 Foot Bottom End Drop, Cold Environment Stress Intensity Plot

2D with mu_.25 temp20f(cold) extpr_25: 75G on bottom (Run#28)
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Figure 2.10.10-47

Run 29, 30 Foot Lid End Drop, Hot Environment Stress Intensity Plot

2D with mu .25 templ00f: 75G on lid (Run#29)
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Figure 2.10.10-48

Run 30, 30 Foot Lid End Drop, Cold Environment Stress Intensity Plot

2D with'mu_.QS_tempZOf: 756 on lid (Run#30)
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Figure 2.10.10-49

Run 31, 30 Foot Side Drop, Hot Environment Stress Intensity Plot

3D {90 degrees reaction} templ00f(hot) intpr50:75G side drop
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Figure 2.10.10-50 ‘
Run 32, 30 Foot Side Drop, Cold Environment Stress Intensity Plot %
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Figure 2.10.10-51

Run 33, 30 Foot CG Over Bottom Corner Drop, Hot Environment Stress Intensity Plot

3D with moment templOOf(hot) intpr50:75G edge drop on bottom

NOV 8 2001
14:01:31

XV =.336824
YV =-,825417

ZV. =.173648
DIST=119.98
XF =.035343

i

YF =20.678
ZF =103.401
VUP =2
Z-BUFFER

347.956

.o
B 05
B 5555
5,06
ISP
H 61128
= 71608
B 5,948
.,

Runff33)

Rev. | 1/02




% Figure 2.10.10-52
(\/; Run 34, 30 Foot CG Over Bottom Corner Drop, Cold Environment Stress Intensity Plot
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Figure 2.10.10-53
£ Run 35, 30 Foot CG Over Lid Corner Drop, Hot Environment Stress Intensity Plot
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Figure 2.10.10-54

Run 36, 30 Foot CG Over Lid Corner Drop, Cold Environment Stress Intensity Plot
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Figure 2.10.10-55
b Run 37, 30 Foot 20° Lid End Slap Down Drop, Hot Environment Stress Intensity Plot
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. Figure 2.10.10-56
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NUHOMS 61B, RUN#38H 20DEG OBLIQUE CORNER 30FT LID DROP COLD (-2(

Run 38, 30 Foot 20° Lid End Slap Down Drop, Cold Environment Stress Intensity Plot

ANSYS 5.6

NOV

12 2001

15:46:48
NODAL SOLUTION
STEP=1

SUB

=5

TIME=1

SINT

TOP
DMX
SMN
SMX

(AVG)

.338877
261.306
=113107
261.306
12800
25338
37876
50415
62953
15492
88030
100568
113107

It

Rev. | 1/02




Figure 2.10.10-57

Run 39, 30 Foot 20° Bottom End Slap Down Drop, Hot Environment Stress Intensity Plot
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Figure 2.10.10-58
Run 40, 30 Foot 20° Bottom End Slap Down Drop, Cold Environment Stress Intensity Plot
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Figure 2.10.10-59
Run 41, Immersion (290 psi), Hot Environment Stress Intensity Plot

2D with mu_ .25 temp20f(cold
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Run 42, Fire Accident, Cold Environment Stress Intensity Plot

Figure 2.10.10-60
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CHAPTER 3

THERMAL EVALUATION

3.1 Discussion

The NUHOMS®-MP197 packaging is designed to passively reject decay heat under normal
conditions of transport and hypothetical accident conditions while maintaining appropriate
packaging temperatures and pressures within specified limits. Objectives of the thermal analyses
performed for this evaluation include:

limits to ensure components perform their intended safety functions;

Determination of temperature distributions to support the calculation of thermal
stresses;

Determination of the cask and the DSC cavity gas pressures;

Determination of the maximum fuel cladding temperature. Determination of
maximum and minimum temperatures with respect to cask materials

. To establish the heat removal capability, several thermal design criteria are established for the
packaging. These are:

Containment of radioactive material and gases is a major design requirement. Seal
temperatures must be maintained within specified limits to satisfy the containment

- function during normal transport and hypothetical accident conditions. A maximum

long-term seal temperature limit of 400 °F is set for the Flourocarbon O-Rings [8] &
[15].

Maximum temperatures of the containment structural components must not adversely
affect the containment function. '

To maintain the stability of the neutron shield resin during normal transport
conditions, an allowable temperature range of -40 to 300 °F (40 to 149 °C) is set for
the neutron shield.

In accordance with 10CFR71.43(g) the maximum temperature of accessible package
surfaces in the shade is limited to 185 °F (85 °C).

A maximum fuel cladding temperature limit of 570 °C (1058 °F) is set for the fuel
assemblies with an inert cover gas [9].

A maximum temperature limit of 327 °C (620 °F) is set for the lead, corresponding to
the melting point [11].
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The ambient temperature range for normal transport is —20 to 100 °F (-29 to 38 °C) per
10CFR71(b). In general, all the thermal criteria are associated with maximum temperature limits
and not minimum temperatures. All materials can be subjected to a minimum environment
temperature of -40 °F (-40 °C) without adverse effects, as required by 10CFR71(c)(2).

The NUHOMS®-MP197 is analyzed based on a maximum heat load of 15.86 kW from 61 fuel
assemblies. The analyses consider the effect of the decay heat load varying axially along a fuel
assembly. The decay heat profile for a fuel assembly with a peak power factor of 1.2 and an
active length of 144 in. is used for the evaluation. A description of the detailed analyses
performed for normal transport conditions is provided in Section 3.4 and accident conditions in
Section 3.5. A thermal analysis performed for vacuum drying conditions is described in
Appendix 3.7.4. A summary of the analysis is provided in Table 3-1. The thermal evaluation
concludes that with this design heat load, all design criteria are satisfied.
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3.2 Summary of Thermal Properties of Materials

The analyses use interpolated values when appropriate for intermediate temperatures where the
temperature dependency of a specific parameter is deemed significant. The interpolation

assumes a linear relationship between the reported values.

1. BWR Fuel
Thermal Conductivity
Temperature (Btu/hr-in-°F) Specific Heat Dens.ilg'
P Transverse Axial (Brw/Ibm-F) (tbm/in’)

116.804 0.0137 0.0437 0.0574 0.105
214.424 0.0160
312.419 0.0186
410.726 0.0215
509.254 0.0249
608.009 0.0288
707.002 0.0329
806.149 0.0375
905.419 0.0425
1005.000 0.0461 0.0437 0.0574 0.105

The fuel conductivity analysis, including determination of specific heat and density values, is

presented in Appendix 3.7.1.

2. Helium
Temperature Conductivity
(K) [2) CF) (W/m-K) [2) (Btu/hr-in-°F)
100 -280 0.0073 0.0004
150 -190 0.0095 0.0005
200 -100 0.1151 0.0055
250 -10 0.1338 0.0064
300 80 0.1500 0.0072
400 260 0.1800 0.0087
500 440 0.2110 0.0102
600 620 0.2470 0.0119
800 980 0.3070 0.0148
1000 1340 0.3630 0.0175
3. Neutron Shiclding (Polyester Resin)
Thermal Conductivity Specific Heat Density
(Btwhr-in-°F) {3] (Btuw/1bm-°F) {3} (Ibm/in°) [3]
0.0087 0.3107 0.051
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4. SA-240, Type 304 Stainless Steel

Temperature [1] | Thermal Conductivity [1] | Thermal Conductivity | Diffusivity [1] | Specific Heat | Density (1]
°F) (Btuwhr-ft-°F) (Btw/hr-in-°F) (f’r) (Btw/1bm-°F) (Ibm/in®)
70 8.6 0.717 0.151 0.117 0.282
100 8.7 0.725 "0.152 0.117 -
150 9.0 0.750 0.154 0.120
200 9.3 0.775 0.156 0.122
250 9.6 0.800 0.158 0.125
300 9.8 0.817 0.160 0.126
350 10.1 0.842 0.162 0.128
400 104 0.867 0.165 0.129
450 10.6 0.883 0.167 0.130
500 10.9 0.908 0.170 0.131
550 11.1 0.925 0.172 0.132
600 11.3 0.942 0.174 0.133
650 11.6 0.967 0.177 0.134
700 11.8 0.983 0.179 0.135
750 12.0 1.000 0.181 0.136
800 12.2 1.017 0.184 0.136
850 12.5 . 1.042 0.186 0.138
900 12.7 1.058 0.189 0.138
950 12.9 1.075 0.191 0.138
1000 13.2 1.100 0.194 0.139
1050 134 1.117 0.196 0.140
1100 13.6 1.133 0.198 0.141
1150 13.8 1.150 0.201 0.141
1200 14.0 1.167 0.203 0.141
1250 14.3 1.192 0.205 0.143
1300 14.5 1.208 0.208 0.143
1350 14.7 1.225 0.210 0.143
1400 14.9 1.242 0.212 0.144
1450 15.1 1.258 0.214 0.145
1500 15.3 1.275 0.216 0.145 0.282
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5. SA-36 Carbon Steel

Temperature{1) | Thermal Conductivity [1) | Thermal Conductivity | Diffusivity [1} | Specific Heat | Density Ll]
R _ (Btu/hr-fi-°F) Btwhr-in-°F) (f*fhr) (Btwlbm-F) | (bm/in
70 23.6 1.967 0.454 0.107 0.282
100 239 1.992 0.443 Q0.111
150 24.2 2.017 0.433 0.115
200 24.4 2.033 0.422 0.118
250 244 2.033 0414 0.121
300 24.4 2.033 0.406 0.123
350 . 24.3 2.025 0.396 0.126

- 400 24.2 2.017 : 0.386 0.128
450 - 239 1992 . - 0.375 0.131
500 23.7 1.975 0.364 0.133
550 234 1.950 0.355 0.135
600 23.1 1.925 0.346 0.137
650 22.7 1.892 0.333 0.140
700 224 1.867 0.320 0.143
750 22.0 1.833 0.308 0.146
800 21.7 1.808 0.298 0.149
850 21.2 1.767 0.286 0.152
900 20.9 1.742 0.274 0.156
950 20.5 1.708 0.262 0.160
1000 20.0 1.667 (0.248 0.165
1050 19.6 1.633 0.237 0.169
1100 19.2 1.600 0.228 0.173
1150 18.7 1.558 0.213 0.180 R
1200 18.2 1.517 0.197 0.189
1250 17.5 1.458 0.179 0.200
1300 16.7 1.392 0.155 0.221
1350 15.8 1.317 0.119 0.272
1400 15.3 1.275 0.077 0.407
1450 15.1 1.258 0.154 0.201
1500 15.1 1.258 0.169 0.183 0.282
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6. SA-705, Type 630 Stainless Steel

——— e .

Temperature[1] | Thermal Conductivity {11 | Thermal Conductivity | Diffusivity [11 | Specific Heat | Density gl]
CP (Btwhr-ft-°F) (Btw/hr-in-°F) () | Balbm-F) | (bwin’)
70 9.9 0.825 0.188 0.108 0.282
100 10.1 0.842 0.189 0.110
150 104 0.867 0.189 0.113
200 10.6 0.883 0.189 0.115
250 109 0.908 0.190 0.118
300 11.2 0.933 0.190 0.121
350 114 . 0.950 0.191 0.122
400 11.7 0.975 0.191 0.126
450 12.0 1.000 0.191 0.129
500 12.2 1.017 0.190 0.132
550 12.5 1.042 0.190 0.135
600 12.7 1.058 0.190 0.137
650 13.0 1.083 0.188 0.142
700 13.2 1.100 0.186 0.145
750 13.4 1.117 0.183 0.150
800 13.5 1.125 0.180 0.154
850 13.6 £.133 0.176 0.158
900 13.7 1.142 0.172 0.163
950 13.8 1.150 0.167 0.169
1000 13.8 1.150 0.160 0.177
1050 13.9 1.158 0.153 0.186
1100 14.0 1.167 0.146 0.196
1150 14.1 1.175 0.134 - 0.216
1200 142 1.183 0.129 0.226
1250 144 1.200 0.140 0.211
1300 14.6 1.217 0.152 0.197
1350 14.8 1.233 0.171 0.177
1400 15.0 1.250 0.185 0.166
1450 15.2 1.267 0.194 0.161
1500 154 1.283 0.201 0.157 0.282
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7. Air
Temperature v [2] K (2] Pr [2] Conductivity Kin. Visc.
(K) [2] (P (m’/kg) (Pa-5) () Wim-KY? | Bu/hr-fi-F) | (ft')s)
200 -100 0.573 1.33E-5 0.740 0.0181 0.0105 8.203E-05
300 80 0.861 1.85E-5 0.708 0.0263 0.0152 1.715E-04
400 - . 260 1.148 2.30E-5 0.694 0.0336 0.0194 . | 2.842E-04
500 440 1.436 ' 2.70E-5 0.688 0.0404 0.0233 4.173E-04
600 620 1.723 3.06E-5 0.690 0.0466 0.0269 5.675E-04
800 980 2.298 3.70E-5 0.705 0.0577 0.0333 9.152E-04
1000 1340 2.872 4.24E-5 0.707 0.0681 0.0393 ] 1.311E-03
8. Wood
Thermal Conductivity
(Buw/hr-in-°F)
Min. Max.
0.0019 0.0378

(i) The conductivity of wood is affected by a number of basic factors e.g., density, moisture content, and grain
direction. The wood conductivity decreases for lower moisture content and lower specific gravity.

The lowest wood conductivity reported in Reference 4 is 0.275 Btu-in/hr-ft?-°F. This value is measured
perpendicular to wood grains in a wood with 0% moisture content and 0.08 specific gravity. Specific gravity of dry
balsa is 0.13, and specific gravity of red wood is 0.35-0.4 (Reference 4). The lowest wood conductivity is used to
analyze the thermal performance under normal transport conditions, and during the pre- and post-fire accident
condition.

The wood conductivity parallel to the grain is 2.0 to 2.8 times greater than the value perpendicular to the grains. The
highest conductivity perpendicular to wood grains with 30% moisture content and a specific gravity of 0.8 is 1.950
Btu-in/hr-ft>-°F (Reference 4). Multiplying this value by 2.8 results in the greatest wood conductivity (5.46 Btu-
in/he-fi’-°F). The maximum wood conductivity is used during the fire accident condition.

" The values in Reference 5 are also bounded y the minimum and the maxim thermal conductivities given in the above

table.

(it} Wood is conservatively given no thermal mass (p=0, C, =0)

9. Poison Plates

Specific Heat Density
Btu/lbm-°F Ibm/in’
0.214 0.098

Properties are from Reference 2 for aluminum. The thermal conductivities are specified in
Section 3.3 for the neutron poison plates and will be verified via testing.
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10. Aluminum Alloy 6063-T5

Temperature[1] | Thermal Conductivity [1] | Thermal Conductivity | Diffusivity {1] Specific Heat | Density [1]
) (Bu/hr-fi-°F) (Btu/hr-in-°F) (fi’/hr) (Btu/Ibm-°F) (Ibm/in°)
70 120.8 10.067 3.34 0.216 0.097
100 1203 : 10.025 3.30 . 0217
150 119.7 9.975 3.23 0.221
200 119.1 9.925 3.18 0.223
250 118.3 9.858 3.13 0.225
300 118.3 9.858 3.09 0.228
350 117.9 9.825 3.04 0.231 .o
400 117.6 9.800 3.00 0.234 0.097
11. Lead
Temperature Conductivity Specific Heat Density
X [2) CF) (Wm-K) [2]_| Btu/hr-in-"F) | (k¥/kg-K) [2] | Btubm-°F) | (kg/m’) [2} {Ibmfin’)
200 -100 36.7 1.767 0.125 0.030 11,330° 0.409
250 -10 36.0 1.733 0.127 0.030 .ee
300 80 35.3 1.700 0.129 0.031
400 260 34.0 1.637 0.132 0.032
500 440 32.8 1.579 0.137 0.033 . ‘s
600 620 314 1.512 0.142 0.034 11,330 0.409

12. Emissivities and Absorptivities

Thermal radiation effects at the external surfaces of the packaging are considered. Impact limiter
external surfaces are painted white. The emissivity of white paint varies between 0.93-0.95 and
the solar absorptivity varies between 0.12-0.18 ([2] & [6]). To account for dust and dirt, the
thermal analysis uses a solar absorptivity of 0.30 and an emissivity of 0.90 for the exterior
surfaces of the impact limiters.

The external surface of the cask body is weathered stainless steel (emissivity = 0.85, [6]). To
account for dust and dirt and to bound the problem, the thermal analysis uses a solar absorptivity
0f 0.9 and an emissivity of 0.8 for the cask body external surface.

After a fire, the cask surface will be partially covered in soot (emissivity = 0.95, [7]).
Painted surfaces are given a post-fire emissivity of 0.90. The cask body surfaces are given a

post-fire emissivity of 0.80. To bound the problem all surfaces are given a solar absorptivity of
unity after the fire accident condition.
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3.3 Technical Specifications for Compbnents

The neutron poison plates will have the following minimum conductivity:

Temperature Conductivity
o) B, (W/m-°C) Bw/hr-in-F)
20 68 120 578 -
100 212 145 6.98
250 482 150 7.22
300 571 150 7.22
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34  Thermal Evaluation for Normal Conditions of Transport

The normal conditions of transport are used for determination of the maximum fuel cladding
temperature, NUHOMS®-MP197 component temperatures, confinement pressures and thermal
stresses. These steady state environmental conditions correspond to the maximum daily

.averaged ambient temperature of 100 °F and the 10CFR Part 71.71(c) insolation averaged overa .
24 hour period.

3.4.1 Thermal Models

The finite element models are developed using the ANSYS computer code [10]. ANSYS is a
comprehensive thermal, structural, and fluid flow analysis package. It is a finite element
analysis code capable of solving steady-state and transient thermal analysis problems in one,
two, and three dimensions. Heat transfer via a combination of conduction, radiation, and
convection can be modeled by ANSYS. The three-dimensional geometry of the packaging was
modeled. Solid entities were modeled by SOLID70 three-dimensional thermal elements.
SURF152 surface effect elements were used for the application of the solar heat load.

Two finite element models are used for the normal conditions of transport evaluation:

¢ A cask body model to determine temperature distributions within the cask body,
impact limiters, and thermal shield.

® A basket model to determine temperature distributions within the DSC and it’s
contents. This model also includes the helium gap between the DSC and the cask
cavity inner surfaces.

The interior nodes of the cask body model line up with the exterior nodes of the basket model.
The analysis is performed by first running the cask body model. The temperatures on the inner
cavity surfaces are then applied as a boundary condition to the exterior nodes of the basket
model. This approach allowed the modeling of sufficient detail within the packaging while
keeping the overall size of the individual models reasonable. -

34.1.1 Cask Body Model

To determine component temperatures within the cask body during normal conditions of
transport, a finite element model of the cask body is developed. The three-dimensional model
represents a 90° symmetric section of the packaging and includes the geometry and material
properties of the impact limiters, thermal shield, the cask body, iead, neutron shielding (resin in
aluminum containers), and outer shell.

The neutron shielding consists of 60 long slender resin-filled aluminum containers placed
between the cask body and outer stainless steel shell. The aluminum containers are confined
between the cask body and outer shell, and butt against the adjacent shells. For conservatism, an
air gap of 0.01 in. at thermal equilibrium is assumed to be present between the resin boxes and
adjacent shells. Radiation across these gaps is conservatively neglected. The redwood and balsa
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within the impact limiters are modeled as an isotropic material containing bounding material
properties as described in Section 3.2 for wood.

The finite element plot of the cask body model is shown in Figure 3-1.

Generally, good surface contact is expected between adjacent components. However, to bound
the heat conductance uncertainty between adjacent components, the following gaps at thermal
equilibrium are assumed:

0.0100” radial gaps between resin boxes and adjacent shells
0.0300” radial gap between lead and cask body

0.0600” radial gap between cask lid and cask body

0.0625" axial gap between cask lid and cask body

0.0600” radial and axial gaps between ram plate and cask body
0.0625” axial gap between rear impact limiter and thermal shield
0.0625” axial gap between thermal shield and cask body
0.1250” axial gap between front impact limiter and cask body
0.0625" axial gap between thermal shield and impact limiter

All heat transfer across the gaps is by gaseous conduction. Other modes of heat transfer are
neglected.

Heat Dissipation

Heat is dissipated from the surface of the packaging by a combination of radiation and natural
convection.

Heat dissipation by natural convection is described by the following equations for the average
Nusselt number [11]:

N, = Hc% =0.13(Gr Pr )"3 for PrGr, >10° {Horizontal cylinders and vertical surfaces)

N., = H.—=0.5%Gr,Pr)" for 10* <PrGr, <10° (vertical surfaces)

~ |

where,
Gr, = Grashof number = pgB(Ts- T, )L/’
= density, Ib/ft®
= acceleration due to gravity, ft/sec’
= temperature coefficient of volume expansion, 1/R
= absohite viscosity, Ib/ft-sec
= characteristic length, ft
Pr = Prandtl number
H:. = natural convection coefficient

CE e
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The heat transfer coefficient, H;, for heat dissipation by radiation, is given by the equation:

o(Ti-T3)

-T2

H,= G;z[ ]Btu/hr—ft’-"F

where, .
G2 = the gray body exchange coefficient
= (surface emissivity) (view factor)
T; = ambient temperature, °R
T, = surface temperature, °R

The total heat transfer coefficient H, = H; + H,, is applied as a boundary condition on the outer
surfaces of the finite element model.

34.1.2 Basket Model

To determine component temperatures within the canister and its contents during normal
conditions of transport a finite element model is developed. The three-dimensional model
represents a 90° symmetric section of the packaging and includes the geometry and material
properties of the canister, basket, fuel assembly active lengths, basket peripheral inserts, and the
helium between the canister and the cask body.

The finite element plot of the basket model is shown in Figure 3-2.

To bound the heat conductance uncertainty between adjacent packaging components the
following gaps at thermal equilibrium are assumed:

0.0100” surrounding outside of the fuel compartments

0.0100” between the fuel compartment wrap and plates parallel to the wrap
0.0400” between the fuel compartment wrap and plates perpendicular to the wrap
0.0950” between perpendicular plates

0.0100” between plates and basket rails

0.1250” axial gap between bottom of canister and cask body

e & o o o o

Maximum Fuel Cladding Temperature

The finite element model includes a representation of the spent nuclear fuel that is based on a
fuel effective conductivity model. The decay heat of the fuel with a peaking factor of 1.2 was
applied directly to the fuel elements. The maximum fuel temperature reported is based on the
results of the temperature distribution in the fuel region of the model. As described in
Appendix 3.7.1, the homogenized fuel properties are chosen to match both the temperature drop
between basket walls and fuel assembly center pin, and the effective conductivity of the fuel
assemblies.
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Average Cavity Gas Temperature

The cavity gas temperatures are calculated using maximum component temperatures under
normal and hypothetical accident conditions of transport. For simplicity and conservatism, the
average gas temperature within the canister is assumed to be the average of the maximum fuel
cladding and canister wall temperatures. Within the cask body the average cavity gas
temperature is taken to be the average of the maximum cask body and canister wall temperatures.

3413 Decay Heat Load

The decay heat load corresponds to a total heat load of 15.86 kW from 61 assemblies (0.260
kW/assy.) with a peaking factor of 1.2. A typical heat profile for spent BWR fuel with an axial |
peaking factor of 1.2 was used to distribute the decay heat load in the axial direction within the
active length regions of the models. This heat profile is shown below. Within the basket model, I
the decay heat load is applied as volumetric heat generation in the elements that represent the
homogenized fuel. Within the Cask Body model! the heat is applied as heat fluxes into the

elements that model the cask cavity wall.

1.40

1.20

e e 0=
g B8 8

Normalized Decay Heat Peaking Factor
<
'y
o

0.20 1

[+ 10 20 30 40 50 T 60 70 80 90 100
Percent of Active Fuel Length

The elements representing the homogenized fuel assemblies are divide into 12 equal size
intervals. Every interval is 12” long. Average peaking factors are calculated for these intervals
based on the typical heat profile. Heat generating rate per unit volume of the homogenized fuel
assembly is calculated as follows:

or=2._ Q2 _020x3123 10 Brin®
V axaxL, 60x60x144
Where,
. Q = Decay heat load per assembly = 0.26 kW
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V = Volume of one homogenized assembly considering active fuel length
a = width of homogenized fuel assembly = 6.0”
L. = Active fuel length = 144”

The volumetric heat generating value is multiplied by the average peaking factor of each
interval. The average peaking factors and the resultant heat generating rates are listed in the

following table.
Interval No. from Average Peaking Facior Heat Generating Rate
Top of Active Fuel (Btw/in®)
1 0.51 0.087
2 1.07 0.1383
3 1.17 0.200
4 1.20 0.205
5 1.20 0.205
6 1.19 0.204
7 1.17 0.200
8 1.14 0.195
9 1.10 0.188
10 1.02 0.175
11 0.84 0.144
12 0.41 0.070

34.14 Solar Heat Load

The total insolation for a 12-hour period in a day is 1475 Btw/ft® for curved surfaces and 738
Btu/fi’ for flat surfaces not transported horizontally as per 10CFR Part 71.71(c). This insolation
is averaged over a 24-hr period (daily averaged value) and applied as a constant heat flux to the
external surfaces of the cask body model. Daily averaging of the solar heat load is justified based
on the large thermal inertia of the NUHOMS ®-MP197 packaging. Solar absorptivities of 0.30
and 0.9 are used for the painted and stainless steel surfaces of the packaging, respectively.
Multiplying the total insolation by the solar absorptivity values gives the maximum amount of
insolation that can be absorbed on each surface. The following table shows the applied solar heat
fluxes in the finite element models.

Location in FE- | Surface Total Insolance Conditions Surface Solar Heat Flux applied over
Model Shape Per 10CFR 71.71 Absoptivity Surface Effect Elements
_(gcaliem®) / (Btu/ft?) (Btu/hr-in)
Radial Surface SE;??;::’::)‘C 03 0.128
of Impact Curved 400/ 1475
Limiter Post Fire 1.0 0.427
Top & Bottom Flat Szgg{?isrf; ¢ 0.3 0.064
Surfaces of Vertic’al 2007738
Impact Limiter : Post Fire 1.0 0.216
Steady State
. - 0.9 0.384
OR; g;:slksll;‘:scc Curved 4007/ 1475 (Pre Fire)
y Post Fire 1.0 0.427
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3.4.2 Maximum Temperatures

Steady state thermal analyses are performed using the maximum decay heat load of 0.260 kW
per assembly (15.86 kW total), 100°F ambient temperature and the maximum insolation. The
temperature distributions within the cask body and basket models are shown in Figures 3-3 and
3-4, respectively. The temperature distribution within the basket is shown in Figure 3-5. The
fuel assembly temperature distribution is shown in Figure 3-6. A summary of the calculated cask
component temperatures is listed in Table 3-1.

3.4.3 Maximum Accessible Surface Temperature in the Shade

The accessible surfaces of the NUHOMS®-MP197 packaging consist of the personnel barrier and
outermost vertical and radial surfaces of the impact limiters. The cask body model is run without
insolation to determine the accessible surface temperature of the impact limiters in the shade.

The maximum accessible surface temperature of the impact limiters in the shade does not exceed
110 °F.

The personnel barrier surrounds approximately one fourth of the cask body and has an open area
of at least 80%. Heat transfer between the cask and barrier will be minimal due to the small
radiation view factor between the cask and barrier. The personnel barrier rises 90 in. above the
base of the transport frame and limits the accessible packaging surfaces to only the impact
limiter surfaces. Accessible surfaces of the packaging remain below the design criteria of 185 °F
(85 °C).

3.4.4 Minimum Temperatures

Under the minimum temperature condition of -40°F (-40°C) ambient, the resulting packaging
component temperatures will approach -40°F if no credit is taken for the decay heat load. Since
the package materials, including containment structures and the seals, continue to function at this
temperature, the minimum temperature condition has no adverse effect on the performance of the
NUHOMS®-MP197.

Temperature distributions under the minimum ambient temperatures of —20°F and -40°F with no
insolation and the maximum design heat load are determined. Table 3-2 lists the results of these

analyses.

3.4.5 Maximum Internal Operating Pressure

The maximum internal pressures within the NUHOMS®-MP197 cask body and DSC during
normal conditions of transport are calculated within Appendix 3.7.3.

3.4.6 Maximum Thermal Stresses

The maximum thermal stresses during normal conditions of transport are calculated in Chapter 2.
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3.4.7 Evaluation of Cask Performance for Normal Conditions of Transport

The thermal analysis for normal transport concludes that the NUHOMS®-MP197 packaging
design meets all applicable requirements. The maximum component temperatures calculated
using conservative assumptions are low. The maximum seal temperature (217°F, 103°C) during
normal transport is well below the 400°F long-term limit specified for continued seal function.
The maximum neutron shield temperature is below 300°F (149°C) and no degradation of the
neutron shielding is expected. The predicted maximum fuel cladding temperature is well within
allowable fuel temperature limit of 1058°F (570°C). The comparison of the results with the
allowable ranges is tabulated below:

Temperature, °F
Component Maximum | Minimum | Allowable Range
Seal 217 -40 -40 to 400
Neutron Shield 249 -40 -40 to 300
Fuel Cladding 598 -40 1058 max.
Lead 299 -40 620 max.
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3.5 Thermal Evalnation for Accident Conditions

The NUHOMS®-MP197 packaging is evaluated under the hypothetical accident sequence of
10CFR71.73. In order to demonstrate that the seal, fuel cladding, and lead temperatures remain
below thermal design requirements, four analytical models are developed as discussed below.

3.5.1 Fire Accident Evaluation

The fire thermal evaluation is performed primarily to demonstrate the containment integrity of
the packaging. This is assured as long as the containment seals remain below 400°F and the
cavity pressure is less than 50 psig (4.4 atm absolute pressure). Four models are used for the
evaluation: '

» A cask cross-section model for the determination of the peak fuel cladding
temperature.

e A cask body model to evaluate the performance of the seals under hypothetical
accident conditions.

» A trunnion-region model to demonstrate that lead remains below its melting point
during hypothetical accident conditions.

* A bearing block-region model to demonstrate that lead remains below its melting
point during hypothetical accident conditions.

During the free drop and puncture conditions, the steel encased wood impact limiters are locally
deformed but remain firmly attached to the cask. Because of the very low conductivity of wood,
a minimal amount of wood is required to provide adequate insulation during the fire accident
condition. Therefore, there is a negligible change in the thermal performance of the impact
limiters due to dimensional changes caused by the hypothetical accident conditions of
10CFR71.73. Under exposure to the thermal accident environment the wood at the periphery of
the impact limiter shell would char but not burn.

An average convective heat transfer coefficient of 2.75 Btu/hr-ft>-°F is utilized for the fire
accident evaluation as calculated in Appendix 3.7.2.

3.5.2 Cask Cross Section Model

To demonstrate that the peak fuel cladding temperature remains below thermal design limits, a
cask cross-section finite element model of the NUHOMS®-MP197 packaging was developed.
The three-dimensions, quarter-symmetry model includes the cask body, canister, basket, and fuel
along the 144" active fuel length. To bound the heat conductance uncertainty between adjacent
packaging components the same gap assumptions made in sections 3.4.1.1 and 3.4.1.2 are
applied to the model.
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During the pre-fire condition, convection and radiation from the external surface of this model
are as in normal conditions of transport (100°F ambient). During the fire phase, a constant
convective heat transfer coefficient of 2.75 Btu/hr-ft>-°F is used. As per 10CFR71.73,a 30
minute 1,475°F flame temperature with an emittance of 0.9 and a surface absorptivity of 0.8 is
used during the fire accident condition. During the fire accident condition, gaps within the cask
body and basket were removed to maximize heat input into the model from the fire. These gaps
are included during the pre- and post-fire accident conditions. See Section 3.4.1 for a detailed
description of the model including the method used to calculate the maximum fuel cladding

temperature and the average cavity gas temperature. The decay heat load is applied as per
Section 3.4.1.3.

The Cask Cross Section finite element model and the temperature distribution at the end of the
fire accident condition are shown in Figures 3-7 and 3-9, respectively. The maximum
temperature distribution within the fuel assemblies is shown in Figure 3-10.

3.5.3 Cask Body Model

To demonstrate the integrity of the seals during the fire accident, the cask body finite element
model of the NUHOMS®-MP197 packaging developed in Section 3.4.1.1 was run under
hypothetical accident conditions. Pre-Fire, Fire accident, and Post-Fire cool-down boundary
conditions are determined as per Section 3.5.2. During the fire accident condition, gaps within

the packaging were removed to maximize heat input into the model from the fire. These gaps are -

included during the pre- and post-fire accident conditions. The decay heat load is applied as per
Section 3.4.1.3. ' S

The Cask Body finite element model and the temperature distribution at the end of the fire
accident condition are shown in Figures 3-1 and 3-8, respectively.

3.54 Trunnion Region Model

To determine the peak transient lead temperature in the region of the trunnions, a trunnion region
finite element model was developed. The two-dimensional, axisymmetric model represents the
geometry and material properties of the trunnion block, trunnion plug, and cask body in the
region of the trunpion.

To bound the heat conductance uncertainty between adjacent packaging components the
following gaps at thermal equilibrium are assumed:

0.0100” between the trunnion plug and the neutron absorbing resin
0.0100” between the trunnion plug and the trunnion block

0.0100” between the resin and the cask outer shell

0.0100” between the trunnion block and the cask outer shell
0.0300” radial gap between lead and cask body

Pre-Fire, Fire accident, and Post-Fire cool-down boundary conditions are determined as per
Section 3.5.2. During the fire accident condition, gaps within the packaging were removed to
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maximize heat input into the model from the fire. These gaps are included during the pre- and
post-fire accident conditions. The decay heat load is applied as a flux including a peaking factor
of 1.2.

The trunnion region finite element model and the temperature distribution at the time of peak
lead temperature are shown in Figures 3-11 and 3-12, respectively.

3.5.5 Bearing Block Region Model

To determine the peak transient lead temperature in the region of the bearing block, a bearing
block region finite element model was developed. A three-dimensional quarter-symmetry finite
element model was created of the bearing block including the geometry and material propertics
of the adjacent neutron shielding and the corresponding portion of the cask body. Solid entities
were modeled by SOLID70 three-dimensional thermal elements.

To bound the heat conductance uncertainty between adjacent packaging components the
following gaps at thermal equilibrium are assumed:

e (.0100” radial gaps between resin boxes and adjacent shells

e (.0300” radial gap between lead and cask body

e 0.0600” gap between the bearing block and the resin/resin boxes in radial, axial, and
circumfrential directions

Pre-Fire, Fire accident, and Post-Fire cool-down boundary conditions are determined as per
Section 3.5.2. During the fire accident condition, gaps within the packaging were removed to
maximize heat input into the model from the fire. These gaps are included during the pre- and
post-fire accident conditions. The decay heat load is applied as a flux including a peaking factor
of 1.2,

The bearing block region finite element model and the temperature distribution at the time of
peak lead temperature are shown in Figures 3-13 and 3-14, respectively.

3.5.6 Maximum Internal Operating Pressure

The maximum internal pressures within the NUHOMS®-MP197 cask body and DSC during
hypothetical accident conditions of transport are calculated within Appendix 3.7.3.

3.5.7 Summary of Results

Table 3-3 presents the maximum temperatures of the cask components during the fire event. The
maximum temperatures calculated for the seals and the fuel cladding are 279°F and 680°F,
respectively.
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3.5.8 Evaluation of Package Performance during Fire Accident Conditions

It is concluded that the NUHOMS®-MP197 packaging maintains containment during the
postulated accident conditions. The maximum seal temperature is below the 400°F limit
specified for seal function and the fuel cladding temperature is well below the limit of 1058°F

(570°C).

A comparison of the results with the temperature limits is tabulated below:

Temperature, °F
Component Maximum Limit
Seal 279 400 max.
Fuel Cladding 680 1058 max.
Lead 478 620 max.
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TABLE 3-1
COMPONENT TEMPERATURES IN THE NUHOMS®-MP197 PACKAGING
Normal Transport Fire Accident
Component Maximum (°F) Minimum* CF) | s jiowable Range(°F) Peak(°F) Allowable Range(°F)

Thermal Shield 186 -40 * 1172 Lk
Impact Limiters 195 -40 *¥ 1456 | N/A
Resin 249 40 -40 to 300 N/A " NA
Lead 299 -40 620 max. 478 620 max.
Cask Body 302 -40 *x 535 hid
Outer Shell 263 -40 *x . N/A -
Flourocarbon Seals, Ram Plate 217 -40 -40 to 400 270 4010400
Flourocarbon Seals, Lid 204 -40 -40 to 400 279 - -40t0 400
Canister 388 -40 *x 485 S
Basket Peripheral Inserts 482 -40 b 564 | ok
Basket 578 40 , ®x 661 T
Fuel Cladding 598 -40 1058 max. 680 . 1058 max.
Average Cavity Gas (Cask Body) 345 40 NA 504 . NA
Average Cavity Gas (Canister) 43 40 N/A 583 T N/A

* Assuming no credit for decay heat and an ambient temperature of -4Q°F
** The components perform their intended safety function within the operating range.
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TABLE 3-2

TEMPERATURE DISTRIBUTION IN THE NUHOMSQ-I&IP197 PACKAGE
(M'INIM[M AMBIENT TEMPERATURES)

rature -

aximum Component Te
Component -
) =20 °F Ambient =40 °F Ambient
Thermal Shield 65 47
Impact Limiters 73 56
Resin 128 111
Lead 183 167
Cask Body 187 170
Flourocarbon Seals, Ran; Plate 187* . 170*
Flourocarbon Seals, Lid 187¢ '170*
Canister 282 267
Basket Peripheral Inserts 381 367
Basket 482 468
Fuel Cladding 505 492

* Taken to be the maximum temperature within cask body and lid.
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TABLE 3-3

MAXIMUM TRANSIENT TEMPERATURES DURING FIRE ACCIDENT

Component %?
Thermal Shield ('Em; g%:i;e)
Lead (4.74I?Igurs)
Cask Body (1':‘nd5c?f5 Fire)
Flourocarbon Seals, Ram Plate 31 02 ;ﬁ,urs)
Flourocarbon Seals, Lid (12_(? ;lgours)
Canister (4.94}81<5>u;‘s)
Basket Peripheral Inserts (15 és g;ours)
Basket (24.96(!5-Ilours)
Fuel Cladding (27_96 f{(zm)
Average Cavity Gas (Cask Body) 504
Average Cavity Gas (Canister) 583
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. FIGURE 3-1

FINITE ELEMENT PLOT,
CASK BODY MODEL

Cask Body
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Wood
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b (Detail)
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FIGURE 3-2

FINITE ELEMENT PLOT,
BASKET AND CANISTER MODEL
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t FIGURE 3-3

TEMPERATURE DISTRIBUTION,
CASK BODY MODEL
(NORMAL CONDITIONS OF TRANSPORT)
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FIGURE 3-4

TEMPERATURE DISTRIBUTION,
BASKET AND CANISTER MODEL
(NORMAL CONDITIONS OF TRANSPORT)

ANSYS 5.6
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