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APPENDIX 2.10.3

NUHOMS®-61BT DSC (CANISTER AND BASKET) STRUCTURAL EVALUATION

2.10.3.1 Introduction -

Each NUHOMS®-61BT DSC consists of a fuel basket and a canister body (shell canister inner
bottom and top cover plates and shield plugs). The confinement vessel for the NUHOMS®-61BT
DSC consists of a shell which is a welded, stainless steel cylinder with an integrally-welded,
stainless steel bottom closure assembly, and a stainless steel top closure assembly.

The Canister shell thickness is 0.50 inches, and the bottom and top shield plugs are 5.0 and 7.0
inches. The Canister is constructed from SA-240 Type 304 stainless steel and A-36 carbon steel.
There are no penetrations through the confinement vessel. The draining and venting systems are
covered by the seal welded outer top closure plate and vent port plug. To preclude air in-
leakage, the canister cavity is pressurized above atmospheric pressure with helium.

The basket structure consists of assemblies of stainless steel fuel compartments held in place by
basket rails and a hold down ring. The four and nine compartment assemblies are held together
by welded stainless steel boxes wrapped around the fuel compartments, which also retain the
neutron poison plates between the compartments in the assemblies. The borated aluminum or
boron carbide/aluminum metal matrix composite plates (neutron poison plates) provide the
necessary criticality control and provide the heat conduction paths from the fuel assemblies to
the cask cavity wall. This method of construction forms a very strong structure of compartment
assemblies which provide for storage of 61 fuel assemblies. The open dimension of each fuel
compartment is 6.0 in. X 6.0 in., which provides clearance around the fuel assemblies.

The Fuel Basket and Canister are analyzed independently. The Fuel Basket is analyzed in
Section 2.10.3.2, while the Canister is analyzed in Section 2.10.3.3. Three separate finite
element models are constructed for the structural evaluation of the basket and canister. A 3-
dimensional cross-section finite element model is utilized to evaluate the effect of transverse
impact loads on both the basket and canister. A 3-dimensional model of a Fuel Basket section is
used to perform a buckling evaluation for the basket during lateral impact loads. A 2-
dimensional axisymmetric model of the canister is used to evaluate the effects of axial impact
loads as well as internal and external pressures on the canister alone. Analytical calculations are
utilized in order to evaluate axial impact loads applied to the basket, and to perform buckling and
fatigue evaluations for the canister.
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2.10.3.2 F ket Struc lysis

2.103.2.1 Approach

The Fuel Basket is evaluated for normal and accident condition impact and thermal loads. The
basket stress analysis is performed using a finite element method for the side drop and thermal
load cases and analytical calculations for the end drop load cases. Buckling analysis of the
basket plates when subjected to lateral impact loads is evaluated by collapse load analysis using
a finite element model to generate a relationship between displacement and applied load. A
summary of the basket load cases is provided in Section 2.10.3.2.2. Stress and buckling analyses
are provided in Sections 2.10.3.2.3 and 2.10.3.2.4 respectively.

Material P :

The mechanical properties of structural materials used in the basket, rail and canister are shown
in the Table 2.10.3-1 as a function of temperature. The materials are identified by reference to
ASME Code specifications [3]. The yield and ultimate strengths of the structural steel, shown in
Table 2.10.3-1, are the minimum values specified in the material specifications. The following
table shows the maximum calculated temperatures from Chapter 3 and the selected allowable
stress temperatures for the fuel basket components analyzed.

Component Max. Calculated Selected Allowable Stress
Temperature, °F Temperature, °F
Basket Rail 482 5 500
Basket 578 600

Design Criteria

For normal conditions, the basis for the basket allowable stress is the ASME Code, Section I,
Subsection NG [1}. The primary membrane stress intensity and membrane plus bending stress
intensities are limited to S, (Sx is the code allowable stress intensity) and 1.5 S, respectively, at
any location in the basket for Level A (Normal Service) load combinations. The average shear
stress is limited t0 0.6 S,

The ASME Code provides a 35, limit on primary plus secondary stress intensity for Level A
conditions. That limit is specified to prevent ratcheting of a structure under cyclic loading and to
provide controlled linear strain cycling in the structure so that a valid fatigue analysis can be
performed.

For accident conditions, stresses are evaluated as short duration Level D conditions as per ASME
B&PV Code, Section III, Appendix F [2]). When evaluating the results from the non-linear
elastic-plastic analysis, the general primary membrane stress intensity, Pn, shall not exceed 0.7S,
and the maximum stress intensity at any location (P; or P, + Pp) shall not exceed 0.9 S,. The .
average shear stress is limited to 0.42 S,
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. The allowable stresses for both normal and accident conditions are summarized in the following

table.
Loading Stress Stress Basket Plate Support Rall
Condition Category Criteria’ [10) | Allowable Stress Allowable Stress
At 600° F (ksi.) At 500° F (ksi.)
Membrane Stress, S © 16.40 . 11.50
Normal Py ! '
Conditions, Membrane +
Elastic Bending Stress, 158, 24.60 26.25
Analysis . Ppt Py
A Average 0685, - 984 - 10.50
Shear Stress ’ .
Primary +
Secondary Stress, 3 Sm 49.20 52.50
PptPptQ
Accident | Membrane Stress, 0.7 S, 4438 44.38
Conditions, P _
Elastic- Membrane +
Plastic Bending Stress, 09sS, 57.06 57.06
Analysis Py+ Py
Average 0.42 S, 26.63 26.63
Shear Stress

‘ 210322  Loading Conditions

The basket normal and accident condition transport loads are summarized in the tables below.

Basket Normal Condition Loads

Basket Service
Loading Orlentation Level Load Analysis Method
Thermal Load | Horizontal A 100° F Ambient Finite Element Analysis
1 Foot Side Horizontal A 30g Lateral Load Finite Element Analysis
Drop :
1 Foot End Horizontal A 30g Axial Load Analytical Hand Calculation
Drop
Basket Accident Condition Loads
Basket Service
Loading | o ientation | Level Load Analysis Method
30 Foot Side Horizontal D 75g Lateral Load Finite Element Analysis
Drop
30 Foot End Horizontal D 758 Axial Load Analytical Hand Calculation

' i
Each normal and accident condition side and end drop load case is combined with the hot
environment thermal load case.
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2.103.23 uel B alysi

A. inite Eleme el

A three-dimensional ANSYS [4] finite element model of the basket, rails and canister is
constructed using SHELL 43 elements. The overall finite element model of the basket, rails and
canister is shown in Figure 2.10.3-1. The strength of poison plates is conservatively neglected
by excluding these plates from the finite element model. However, the weight of the aluminum
plates is accounted for by increasing the stainless steel basket plate density. Because of the large
number of plates in the basket and large size of the basket, certain modeling approximations are
necessary. Because the rails provide continuous support along the entire length of the basket
during a side drop, only a 3 inch long slice of the basket, rail and canister is modeled. At the two
cut faces of the model, symmetry boundary conditions are applied (UZ = ROTX = ROTY =0).
The fuel compartment tubes, outer 3 X 3 and 2 x 2 wraps, and basket rails are included in the
model and are shown individually in Figures 2.10.3-2 to 2.10.34.

The connections between the stainless steel fuel compartments (with intermediate aluminum
poison plates) and the outer stainless steel wraps, and between the outer wraps and the stainless
steel rails, are made with node couplings. The nodes of various plates are coupled together in the
out-of-plane direction so that they will bend in unison under surface pressure or other lateral
loads, and to simulate “through the thickness” support provided by the poison plates. Node
couplings also simulate the bolt connections between the support rails and the outer boxes.

The canister shell is resting on four sliding rails inside the transport cask (0.12” thick continuous
pad) at approximately 18° and 52° on either side of canister/basket centerline (see Figure 2.10.3-
5). The basket and canister are analyzed for two side drop scenarios. For each drop scenario, the
gap elements between the outside of the canister and inside of the transport cask are simulated in
the following way.

Impact Away From the Transport Cask Sliding Rails (Figure 2.10.3-5. 45°, 60° and 90°)

The gap elements (CONTACT 52) are used to simulate the interface between the basket support
rails and the inner side of the canister as well as between the outer side of the canister and inside
of the cask. Each gap element contains two nodes; one on each surface of the structure. The gap
nodes specified at the inner side of cask are restrained in the x, y and z directions. The gap size
at each gap element is determined by the difference between the basket rails radius and the inside
radius of the canister shell, and by the difference between the canister outer radius and the inside
radius of the transport cask. Gap sizes for the gap elements, at each radial location, are
determined and inputed into the model as real constants using a small ANSYS macro. This
macro accepts the drop orientation and model geometry as inputs and then determines the
circumferential position of each gap element. The macro then computes the appropriate real
constants and applies to it appropriate gap elements. The gap sizes between the rails and the
canister; and between the canister and the cask (over 5° interval up to 90° and 10° interval
beyond) are shown in Figures 2.10.3-6 and Figure 2.10.3-7. The finite element model of the
canister and gaps is shown in Figure 2.10.3-8 and Figure 2.10.3-9. '
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During the drop on the transport cask sliding rails (180° azimuth side drop), the initial gaps
between the canister and the cask are modified. The gaps at the sliding rail locations are
assumed to be closed. Between the sliding rail locations, the initial gap size is assumed to be
0.12 inches. The remaining initial gaps are suitably modified (0.12 in. to 0.63 in.) using the
ANSYS macro.

During each side drop orientation, some fuel boxes and rails may have a tendency to separate or
slide. Gap elements are used to model the connections at such locations. Since the basket is
symmetric about the drop axis, for the 90°and 180° side drops, only a one-half model is used for
these orientations.

eme; onli

Gap elements (CONTACT 52) are used to model the actual surface clearance between the basket
rails and the inside surface of the canister as well as between the outer surface of the canister and
the inside surface of the transport cask. The gap elements also introduce nonlinearities into the
model, because the reaction force generated by the gap elements depends on their status (open or
closed). The typical gap sizes are shown in Figures 2.10.3-6 and 2.10.3-7. Actual gap sizes at
each rail nodal location are computed using an ANSYS macro. The gap element spring constant,
K., is calculated in the following way.

K,=fEh [4]

Where fis a factor usually between 0.01 and 100, E is the material modulus of elasticity
(25.8x10° psi), and # and is a typical “target length” or typical element size [typical element
length = 1.16 in., typical target length = (1.16x3.0)** = 1.86 in.}. Therefore,

K, = 25.8x10° x 1.860 x f'= 0.48x10° to 4,800x10° Ib.fin.

In view of the large range in spring constant values, various spring constants were evaluated.
Since the structure responded well with a spring constant value of 0.5x10° 1b./in., this value of K,
is used.

LINKS elements, coincident to the CONTACTS52 elements, were inserted into the ANSYS
model to increase model stability. To assure that these elements do not transfer substantial load
between the surfaces, a very low modulus of elastncnty (E =1,000 psi for radial gaps and E = 100
psi for gaps between boxes), a small area (0.1 in %), and a density of zero were used as material
properties for the LINKS elements.

B. ormal Condition Side Drop S Analysis
A nonlinear stress analysis of the basket structure is conducted in order to compute the elastic

stresses for the 45°, 60°, 90°, and 180° drop orientations. The nonlinearity of analysis is due to
the gaps in the model. The load resulting from the fuel assembly weight was applied as pressure
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on the plates. At 90° and 180° drop orientations, the pressure acted only on the horizontal plates
while at other drop orientations, it was divided in components to act on horizontal and vertical
plates. The inertia load due to basket, rails and DSC dead weight is simulated using the density
and appropriate acceleration. The poison plate weight is included by increasing the basket plate
density. A maximum load of 30g is applied in each analysis. The automatic time stepping
program option AUTOTS is activated. This option lets the program decide the actual size of the
load-substep for a converged solution. The program stops at the load substep when it fails to
result in a converged solution. In all side drop runs, ANSYS gave converged solutions up to the
30g applied load.

The maximum nodal stress intensities for each drop orientation in the basket plates and support
rails are listed in Table 2.10.3-2. For shell elements, the middle fiber stresses are classified as
membrane stresses (Pp) and top & bottom fiber stresses are classified as membrane plus bending
stresses (P + Pp). These maximum stress intensities are also used to combined with the
maximum thermal stresses calculated in Section E of this appendix and compared with the code
allowable stresses as listed in Table 2.10.3-2. As shown, all stresses are within the defined
allowables.
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.C. Normal Condition End Drop Stress Analysis

During an end drop, the fuel assemblies and fuel compartment are forced against the bottom of
the cask. It is important to note that, for any vertical or near vertical loading, the fuel assemblies
react directly against the bottom or top end of the cask and not through the basket structure as in
lateral loading. It is the dead weight of basket only that causes axial compressive stress during
an end drop. Axial compressive stresses are conservatively computed assuming that all of the
basket weight will be taken by the fuel compartments and outer wrappers only. A conservative
basket weight of 23,000 Ib. (actual weight is 22,918 Ib. Section 2.2) is used in end drop stress
calculations.

Compressive Stress in the Fuel Compartment Tubes and Outer Wrappers

Total Weight = 23,000 Ib.

Weight excluding hold down ring, SS inserts, aluminum plates, and rails is 12,406 Ib.
Section area = 12,406/(164 x 0.29) = 260.8 in®

Stress due to 1g = -23.0/260.8 = - 0.09 ksi.

30g compressive stress = -.09 X 30 = - 2.70 ksi.

Shear Stress in Plate Insert Weld

64 Inserts support the poison plate weight (3,260 Ib.).
Load/insert = 3.26 / 64 = 0.0509 kips

Weld Shear Area = 3 x 0.125 X sin(45°) = 0.265 in?

Shear stress = 30g % 0.0509 / 0.265 = 5.76 ksi. < 9.84 ksi.

Shear Stress in Rail Stud

During 30g end drop, the rail will support its own weight. However, the analysis conservatively
assumes that the weight of the rail will be supported by the 224 rail studs attached to the outer
wrappers.

Weight of rails = 5,350 Ib.

Weld Shear Area = /4 (0.5% — 0.3%) = 0.126 in®
Shear stress (1g) = 5.357(0.126 x 224) = 0.19 ksi
30g, shear stress = 0.19 X 30 = 5.70 ksi

Compressive stress due to end drop on hold down ring

Weight of hold down ring = 940 Ib.

Section area = 940/(14.5 x 0.29) = 223.5 in®
Stress due to 1g = -23.0/ 223.5=- 0.1 ksi.

30 g, compressive stress =-0.1 X 30 =-3.0 ksi.
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. D. Thermal Expansion Analysis

In this section, the thermal expansions of various components of the NUHOMS-61B basket are
evaluated. The thermal load considered is the 100° F ambient normal condition temperature
distribution computed in Chapter 3. The mechanical properties of the materials, used in the
basket, rail, and canister, are shown in the Table 2.10.3-1 as a function of temperature.

The normal condition thermal analysis of the basket is described in Chapter 3. The thermal
analysis is performed to determine the basket temperatures for the condition with maximum solar
heating, maximum decay heat from the canister contents, and 100° F daily average ambient air
temperature. The temperatures at basket center, top and bottom are reproduced in Figures
2.10.3-10, 2.10.3-11 and 2.10.3-12. The results of the thermal analysis are used to evaluate the
effects of axial and radial thermal expansion in the basket components. The following table
summarizes the 100° F ambient thermal analysis results from Chapter 3. These results support
the selection of basket component temperatures for the subsequent thermal expansion analysis.

Summary of 100° F Ambient Normal Condition Thermal Analysis

Component Max. Calculated Selected Temperature for
Temperature (°F) Thermal Expansion Analysis (°F)
Canister Shell 388 375
Basket Plate 578 600
Fuel Cladding _ 598 600
Cask Body 302 300

«» Conservatively using lower temperature for thermal expansion analysis. However, for thermal expansion
between canister and cask, the canister temperature is assumed as 400°F.

To verify that adequate clearance exists between the basket and canister cavity for free thermal
expansion, the thermal expansions between various components are calculated.
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E ion n the Fuel m d ist avit

The spent fuel assemblies are assumed to be at 600° F and canister shell temperature at 375° F.
The length of the spent fuel assembly when exposed to the hot environment is,

Le= L+ (LzX oz + LsX a5) AT.
Where for the design basis GE 7x7 (longest BWR fuel):

Lr= Hot length of BWR fuel assembly, in.

Lr = Total length of fuel assembly at room temperature = 176.16 in.

Lz = Length of Zircaloy guide tube =160.47 in.

az = Zircaloy coefficient of thermal expansion = 2.73x10°® in./in.°F at 600° F

Ls = Length of stainless steel per fuel assembly =15.69 in.

as = Stainless steel coefficient of thermal expansion = 9.8x10°® in./in.°F at 600° F
AT =600°F-70° F=530°F

Therefore,
Lr=176.16 + (160.47x2.73 + 15.69x9.8) 10 X 530 = 176.47 in.
Allowing 1.25 inchs for irradiation growth of the spent fuel assembly, the.total assembly length

including thermal expansion is 177.72 inches. The length of the canister cavity at room
temperature is 179.38 inches. The minimum length of the canister cavity at 375° F is,

Len= Lec + Lee % o X AT.
Where:
Lcy = Hot length of canister cavity, in.
Lcc = Minimum canister cavity length at room temperature = 179.38 in.

ac = Stainless steel coefficient of thermal expansion = 9.42 x10° in./in.°F at 375° F
AT =375°F - 70°F = 305° F

Therefore,
Len = 179.38 + 179.38 X 9.42 x10° % 305 = 179.90 in. > 177.72in.

Adequate clearance has been provided between the BWR spent fuel assemblies and the canister
cavity length to permit free thermal expansion.
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xpansi een the Quter Diameter o Bask: d Inner Di r of
Cani vi

The basket temperature is assumed to be at 600° F and canister shell temperature at 375° F. The

- maximum outside diameter of the basket when exposed to the hot environment is,

Dsy=Dsc + (DpcX ) AT
Where:
Dgy = Hot outside diameter of basket, in.
Dpc = Maximum outside diameter of basket at room temperature = 66.00 in.

as = Stainless steel coefficient of thermal expansion = 9.8x10° in./in. °F at 600° F
AT =600°F -70° F=530°F

Therefore,
Dgy = 66.00 + 66.00 x 9.8x10 x 530 = 66.34 in.

The minimum inside diameter of the canister cavity at room temperature is 66.25 inches. The
minimum inside diameter of the canister cavity at 375° F is,

Dct = Dec+ (Deex ap) AT
Where, -
Dcy = Minimum inside diameter of canister when hot, in.
Dc¢c = Minimum inside diameter of canister cavity at room temperature = 66.25 in.
o = Stainless steel coefficient of thermal expansion = 9.42 x 10 in/in.°F at 375° F
AT=375°F-70°F=305°F
Therefore:
Dcy = 66.25 + 66.25 x 9.42x10°® x 305 = 66.44 in. > 66.34 in.

Adequate clearance has been provided between the outside diameter of the basket and the inside
diameter of the canister cavity to permit free thermal expansion.
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el sion betw: h n f Basket (includin et hold-d Ri d
Canister Cavity

The basket temperature is assumed to be at 600°F and canister shell temperature at 375°F. The
length of the basket when hot is, ,

Lggy= Lac+ (Lacx ) AT
Where,
Lgy=Hot length of basket mcludmg basket hold-down ring, in.
Lpc = Total length of basket including hold-down ring at room temperature = 178. 50 in.

o = Stainless steel coefficient of thermal expansion = 9.8x10 in./in. °F at 600° F
AT = 600 °F -70 °F = 530 °F

Therefore,

Lpr = 178.5 + 178.5 x 9.8x10°® x 530 = 179.43 in. < 179.90 in.

Adequate clearance has been provided between the basket and the canister cavity length to
permit free thermal expansion.

The canister temperature is assumed to be at 400° F and cask body temperature at 300° F. The
maximum outside diameter of the canister when exposed to the hot environment is,

Dgy= Dpc+ (Dpc X a5) AT
Where:
Dpy = Hot outside diameter of canister, in.
Dpc = Maximum outside diameter of canister at room temperature = 67.35 in.
- g = Stainless steel coefficient of thermal expansion = 9.5 x 10 in./in.°F at 400° F
AT=400°F-T70°F=330°F
Therefore,

Dgn=67.35 + 67.35 X 9.5x10° x 330 = 67.56 in.

The minimum inside diameter of the cask cavity at room temperature is 68.00 inches. The
minimum inside diameter of the cask cavity at 300° F is,

Dci= Dec+ (Decx az) AT
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Where:
Dcy = Minimum inside diameter of cask cavity when hot, in.
Dc¢c = Minimum inside diameter of cask cavity at room temperature = 68.00 in.

o = Stainless steel coefficient of thermal expansion = 9.2x10° in./in. °F at 300° F
AT =300 °F~70°F =230 °F -

Therefore,
Dcy = 68.00 + 68.00 X 9.2x10°® x 230 = 68.14 in. > 67.56 in.
Adequate clearance has been provided between the outside diameter of the canister and the

inside diameter of the cask cavity to permit free thermal expansion.

Th ] Ex ion between the Len f Cani d vit

The canister temperature is assumed to be at 400° F and cask body temperature at 300° F. The
length of the canister when exposed to the hot environment is,

Lpy= Lpc+ (LscX as) AT
Where:
Lgy=Hot length of canister, in.
Lgc = Maximum length of canister at room temperature = 196.04 in.

a5 = Stainless steel coefficient of thermal expansion = 9.5%10 in./in.°F at 400° F
AT=400°F-70°F=330°F

Therefore,

Lay = 196.04 + 196.04 % 9.5%10 x 330 = 196.65 in.

The length of the cask cavity at room temperature is 196.88 inches. The minimum length of the
canister cavity at 300 °F is,

Ley=Lec+ LeeX ae X AT
Where:
Lcy = Hot length of cask cavity, in.
Loc = Minimum cask cavity length at room temperature = 196.88 in.

ac = Stainless steel coefficient of thermal expansion = 9.2 x 10 in./in.°F at 300° F
AT=300°F-70° F=230°F

Therefore,
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Ley = 196.88 + 196.88 x 9.2 x10°® x 230 = 197.30 in. > 196.65 in.

Adequate clearance has been provided between the canister and the cask cavity length to permit
free thermal expansion.

O [+)

E ion A

al

Based on the results of the above analyses, there is adequate clearance between the various
components of the basket, fuel assemblies, canister and cask to allow free thermal expansion.
Consequently, no significant stress will develop in the NUHOMS®-61B Fuel Basket due to
thermal expansion. The following table summarizes the thermal expansion calculation results
from the above analyses.

T

X ion BT C one

Fuel Assembly/Canister Cavity Axial Thermal Expansion

F.A. Length at Max. F.A. | F.A Length Canister Cavity Min. Canister
70°F (in.) Temp (°F) Hot Length at 70°F (in) Canister Cavity Length
Cavity Hot (in)
Temp (F)
176.16 600 177.72 179.38 375 179.90
Basket/Canister Diametrical Thermal Expansion
Basket 0.D. at | Basket Temp | Basket O.D. | Canister Cavity L.D. Min. Canister
70°F (in.) P Hot (in) at 70°F (in) Canister Cavity LD.
Cavity Hot (in)
Temp (°F)
66.0 600 66.34 66.25 375 66.44
Basket(Including Hold Down Ring)/Canister Cavity Axial Thermal Expansion
Basket Length at | Basket Temp Basket Canister Cavity Min. Canister
70°F (in.) P Length Length at 70°F (in) Canister Cavity Length
Hot (in) Cavity Hot (in)
Temp (°F)
178.50 600 179.43 179.38 375 179.90
Canister/Cask Diametrical Thermal Expansion
Canister O.D. at Canister Canister Cask Cavity ID.at | Min. Cask Cask Cavity
70°F (in.) Temp (°F) OD. 70°F (in) Cavity LD.
Hot (in) Temp °F) Hot (in)
67.35 400 67.56 68.00 300 68.14
Canister/Cask Axial Thermal Expansion
Canister Length Canister Canister Cask Cavity Length | Min. Cask Cask Cavity
at 70°F (in.) Temp (°F) Length at 70°F (in) Cavity Length
Hot (in) Temp (°F) Hot (in)
196.04 400 196.65 196.88 300 197.30
2.10.3-13
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E.  Thermal Stress Analysis

In this section, the thermal stresses due to thermal gradients of various components of the
NUHOMS-61B basket are evaluated. The thermal load considered is the 100° F ambient normal
condition temperature distribution computed in Chapter 3. The mechanical properties of the
materials, used in the basket, rail, and canister, are shown in the Table 1 as a function of
temperature.

Thermal stresses in the basket can only be developed if free thermal expansion of the basket is
constrained by the peripheral rails or canister. The thermal expansion calculations provided in
Section 2.10.3.2.3.D, show that the basket rails are free to grow during maximum operating
temperature in the canister. The rails are attached to the basket with bolts in slotted holes.
Therefore, the rails also permit free thermal growth of basket boxes. However, the welded
spacers at the top and bottom of the basket connect the fuel compartments and outer wrappers to
each other. Thermal stresses are calculated at these locations due to radial temperature gradients.
Furthermore, thermal stresses are also investigated in the outer wrapper due to thermal growth of
the fuel compartments and poison plates and due to axial thermal gradients.

e S in Basket due to Radial Therm. ient

Since the basket inserts are located at the top and bottom of the basket, only these sections are
analyzed. Figures 2.10.3-11 and 2.10.3-12 show that the radial thermal gradient at the top of the
basket is higher than at the bottom of the basket. Also, the maximum temperature at the top of
the basket is higher than at the bottom of the basket. Therefore, the top basket section is selected
for thermal stress analysis.

A three-dimensional ANSYS {4] finite element model of the basket is used for the thermal stress
analyses of the basket. The model used to conduct the side drop structural analysis of the basket
is also used for the thermal stress analysis. This finite element model is described in Section
2.10.3.2.3.A. Due to the symmetry of the temperature distribution, only % model of the model is
used (see Figure 2.10.3-13). The rails and canister shell are removed since they have no effect
on the basket stresses. The CONTACTS52 and LINKS elements are also removed from the
model.

An elastic stress analysis of the basket structure is conducted for computing the thermal stresses.
The finite element model, along with displacement boundary conditions and couplings, is shown
in Figure 2.10.3-14. The nodal temperature distribution from the thermal analysis is applied to
obtain the thermal stress model. The resulting shell middle surface nodal stress intensities are
the membrane stress intensities, and the top or bottom surface stress intensities are the membrane
plus bending stress intensities. The maximum membrane plus bending stress intensity, due the
thermal gradient, is 8,799 psi. '
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‘ tresses in Quter W to Thermal ansion o r Boxes and Aluminum Plal

Stresses in the 3-compartment outer wrap will be higher since the 3-compartment contains two
aluminum poison plates (see Figure 2.10.3-15). Tensile stress in outer wrap is generated by the
differential thermal growth of outer wrapper and aluminum poison plates. The maximum basket
plate temperature in the basket plates is 600° F.

The difference in thermal growth, 8L, between the outer stainless steel wrap and the aluminum
poison plates is,

2%0.31x(600 - 70)[0g - &&] = 2x0.31$<(600 - 70)[14.2x10°® - 9.8x10%] = 1719x105in. .

Where @ and & are the coefficients of thermal expansion of aluminum and SA-240 Type 304
stainless steel respectively. The inside length of the outer wrap, L, is 19.43 inches (6 X 3 + 6 X
0.135 + 2 x 0.31). Conservatively assuming that outer wrap elongates by JL, the tensile stress in
the outer wrap is 2,238 psi. (1719 x 10® x 25.3 x 10°/ 19.43).

in Quter W ue to Axi rmal Gradien

The maximum temperature at the axial center of the basket is roughly 600° F (see Figure 2.10.3-
10), while the minimum temperature at the bottom of the basket is roughly 450° F (see Figure .
2.10.3-12). The coefficient of thermal expansion and modulus of elasticity of SA-240 Type 304
stainless steel at 450° F, a5 and E are 9.6 x 10 in./in.°F, 26.2 x 10° psi. respectively. The width
of the 3-compartment wrap is 19.64 inches. The radial thermal growth, 8L, of the outer wrap is,

L=LAT o4

At the axial center of the basket, the thermal growth, 8L;, is 0.10201 in. [19.64 x (600 0 - 70) x
9.8 X 10*’], while at the bottom of the basket, the thermal growth, 8L, is 0.07165 in. [19.64 X
(450 - 70) x 9.6x10°®].

Therefore, the difference in thermal growth between the bottom and center of the outer wrap is
0.10201 in. - 0.07165 in. = 0.01518 in.

In order to calculate the stresses due to the axial thermal gradient, a single side of the outer wrap
is analyzed as a plate 19.64 in. X 164 in., fixed on all sides. Equations used in this analysis are
taken from Roark [5], Table X, Case 41, and are as follows.,

a = 164 in. b=19.64in. alb= 835 @a=0.0284 p=05

The maximum deflection, y, is given by,

y= awb* (EP)
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=w=yE’/ ab

At the center of long edge of the plate, the maximum stress, s, is,

s=pwb’ /P = (Bla)x [yEHD)

; (0.5/0.0284) x [0.01518 x 26.2x10° x 0.105/19.64%] = 1,907 psi

The combined stress at the center of the wrap is therefore, 2238 psi. + 1907 psi. = 4,145 psi.
S he Basket Thermal Stress Analysis
The following table summarizes and combines the thermal stresses calculated above. The
combination is conservative, since the maximum stresses due to each individual case at different
basket locations are added, irrespective of their locations. This thermal stress is combined with

stresses, from side drop and end drop load cases, and compared with the code allowable stresses
for normal conditions in Table 2.10.3-2 and for accident conditions in Table 2.10.3-3.

Thermal Stresses in Basket Compartment

Stress due to radial Stress due to Stress due to Stress due to Combined
thermal gradient poison plate poison plate axial thermal Stress (ksi)
(ksl) thickness growth length growth gradient
(Top) (ksf) (ksi) - (ksd)
{Center) {Center) {Center)
8.80 2.24 0 1.91 12.95

Basket Rail Thermal Stress Analysis

This section evaluates the thermal stresses in NUHOMS-61B basket rails, generated by
temperature distributions resulting from the 100° F. normal condition ambient environment.
Thermal stresses can develop in the rails if free thermal expansion of the rails is constrained by
the canister. The thermal expansion analysis provided in Section 2.10.3.2.3.D show that the
basket rails are free to grow when subjected to the maximum normal condition temperature in
the canister. The rails are attached to the basket with bolts in slotted holes, so that the rails
permit free thermal growth of the outer wraps. However, thermal stresses occur in the rails due
to temperature gradients within the rails themselves. The rail temperatures, taken from the
normal condition thermal analysis (Chapter 3), are provided in Figures 2.10.3-16 and 2.10.3-18.

Elastic 3-dimensional ANSYS (4] finite element models of the Type 1 and Type 2 Rails are
constructed from the basket model described in Section 2.10.3.2.3.A, and are used to perform the
thermal stress analysis. The finite element models of rails, including displacement boundary
conditions, are shown in Figures 2.10.3-19 and 2.10.3-20. The mechanical properties of the
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materials, used in the basket, rail, and canister, are shown in the Table 2.10.3-1 as a function of
temperature.

The following table summarizes the maximum thermal stress intensities in the Rail Type 1 and
the Rail Type 2, due to the normal condition temperature distribution. The shell element middle
nodal stress intensity is the membrane stress intensity and the element top or bottom nodal stress
intensity is the membrane plus bending stress intensity. The maximum thermal stress of 1,758
psi from the Type 2 rail is combined with the side drop and end drop load cases. These combined
stresses are compared with the code allowable stresses for normal conditions in Table 2.10.3-2
and for accident conditions in Table 2.10.3-3.

Basket Rail Thermal Stress Analysis Results

Rail Rail Stress Intensity, Top Stress Intensity, Bottom
Type Section Surface (psi) Surface (psi)
Top 1,057 1,084
| (Pp+ P)
Type 1 Middle 808 800
(Pg)
Bottom ‘ 716 717
(Pu+Pp)
Top 1,758 1,564
| (PatPy)
Type 2 Middl e 1,428 1,228
(Pw)
Bottom 1227 . 1,060
(P,+ P
F. Summ No Condition Bask nalysis

Table 2.10.3-2 summarizes the normal condition basket stress analysis results and allowable
stresses for each individual load, as well as the combination of impact and thermal loads. The
allowable for the basket components is taken at 600° F (from Chapter 3, the actual maximum
temperature is 578° F). The allowable stress for the support rails is taken at 500° F (from

Chapter 3, the actual maximum temperature of the rails is 488° F). All the calculated stresses are
less than the ASME Code allowable stresses.
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G. cci Condition Side Drop Stress Analysis and Results
Loading Conditions

The basket is analyzed for two types of side drops using the ANSYS finite element model
described in Section 2.10.3.2,3A. First, the canister is assumed to drop away from the transport
cask sliding rails. Under this condition, 45°, 60°, and 90° orientation side drops are considered,
because they bound all possible orientations. Second, the canister is assumed to drop directly on
the transport cask sliding rails at 180° orientation. The lateral load orientation angle is defined in
Figure 2.10.3-5. The load resulting from the fuel assembly weight was applied as pressure on
the plates. For the 90° and 180° orientations, the pressure was applied only on the horizontal
plates, while in other orientations, it was divided into components acting on both the horizontal
and vertical plates. The applied 1g pressures for all orientations considered are summarized in
the following table.

Fuel Assembly Weight Simulation e 1

Drop Orientations Pressure Applied to Horizontal Pressure Applied to Vertical
Plates Plates
P x Sin 8 (psi) P x Cos 8 (psi)
45° 0.4887 0.4887
60° 0.5985 0.3456
90° and 180° 0.6911 -

The inertia load due to the basket, rails, and DSC dead ‘weith is simulated by increasing material
density and by applying the appropriate acceleration. Increasing the basket plate density accounts
for the poison plate weight.

The load distribution for 45, 60, 90 and 180 degree analyses are shown on Figures 2.10.3-21 to
2.10.3-23.

Material P .

The basket, rails and canister are constructed from SA-240, 304 stainless steel. A bilinear stress-
strain relationship is used to simulate the correct nonlinear material behavior for the short term
during dynamic loading from the 30 foot side drop impact. The following elastic and inelastic
material properties are used in the analysis:

SA-240, 304 Stainless Steel at 500° F [3}
Modulus of Elasticity, E (psi) 25.8 x 10°
Yield Strength (psi) - 19,400
Tangent Modulus, E, (psi) 5% of E=129 x10°

The material properties used in the analysis are taken at 500°F. However, the resulting stresses
are compared with the allowable stresses at 600°F. This combination is considered conservative,
because using higher values of E, S, and E, (properties at 500° F) in the analysis results in higher
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stresses. Taking material properties at 600° F also yields higher displacements, causing more
gaps to close, which reduces stresses further.

Analysis and Results

A nonlinear stress analysis of the fuel basket is conducted to compute the stresses for the 45°,
60°, 90°, and 180° drop orientations. A maximum load of 100g was applied in each analysis.
The automatic time stepping program option "Autots” was activated. This option lets the
program decide the actual size of the load-substep for a converged solution. Displacements,
stresses and forces for each converged substep load were written on ANSYS result files. The
program stops at the load substep when it fails to result in a converged solution. In all side drop
cases the program gave converged solutions up to 100g load. Results were extracted at the load
sub-step nearest to the maximum drop load of 75g. Maximum nodal stress intensities in the
basket and rails are shown on Figures 2.10.2-24 to 2.10.2-39 and summarized in Table 2.10.3-3.

H. Accident Condition End Drop Stress Analysis

During an end drop, the fuel assemblies and fuel compartments are forced against the bottom of
the cask. It is important to note that, for any vertical or near vertical loading, the fuel assemblies
react directly against the bottom or top end of the cask and not through the basket structure as in
lateral loading. It is the dead weight of basket only that causes axial compressive stress during an
end drop. Axial compressive stresses are conservatively computed assuming that all of the basket
weight will be taken by the fuel compartments and outer wraps only. A conservative basket
weight of 23,000 Ib. (actual weight is 22,918 1b. Section 2.2) is used in end drop stress
calculations.

Compressive Stress in the Fuel Compartment Tubes and Outer Wrappers

Total Weight = 23,000 1b.

Weight excluding hold down ring, SS inserts, aluminum plates, and rails is 12,406 Ib.
Section area = 12,406/(164 x 0.29) = 260.8 in’

Stress due to 1g =-23.0/260.8 = - 0.09 ksi.

75g compressive stress = -. 09 X 75 = - 6.75 ksi.

Shear Stress in Plate Insert Weld

64 Inserts support the poison plate weight (3,260 1b.).
Load/insert = 3,260 / 64 = 50.9 Ib.

Weld shear Area = 3 X 0.125 X sin(45°) = 0.265 in®

Shear stress = 75g % 50.9 Ib. / 0.265 in®. = 14.41 ksi. < 26.63 ksi.
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‘ Shear Stress in Rail Stud

During 30g end drop, the rail will support its own weight. However, the analysis conservatively
assumes that the weight of the rail will be supported by the 224 rail studs attached to the outer

wrappers.

Weight of rails = 5,350 1b.

Weld Shear Area = /4 (0.5% — 0.3%) = 0.126 in’
Shear stress (1g) =5.35/(0.126 x 224) = 0.19 ksi
75g, shear stress =0.19 30 =14.25ksi

Compressive stress due to end drop on hold down ring

Weight of hold down ring = 940 Ib.

Section area = 940/(14.5 x 0.29) = 223.5 in’
Stress due to 1g = -23.0/ 223.5= - 0.1 ksi.

75g, compressive stress = -0.1 X 75 =-7.5 ksi.

L Summary of Accident Condition Basket Stress Analysis

Table 2.10.3-3 summarizes the accident condition basket stress analysis results and allowable
stresses for each individual load, as well as the combination of impact and thermal loads. The
allowable for the basket components is taken at 600° F (from Chapter 3, the actual maximum
temperature is 578° F). The allowable stress for the support rails is taken at 500° F (from

Chapter 3, the actual maximum temperature of the rails is 482° F). All the calculated stresses
are less than the ASME Code allowables.

J. Basket Hold Down Ring Accident Condition Stress Analysis

In this section, the stresses in the NUHOMS-61B Basket Hold Down Ring and Ring Alignment
Leg are evaluated for the accident condition side drop event. The computed stresses are
compared the allowable stresses as per ASME B&PV Code, Appendix F [2]. For this evaluation,

nominal dimensions are used, and material properties are taken at 500° F.

Alignment Leg Stress Analysis

The hold down ring is captured between the top of the basket and the inside surface of the
canister’s top shield plug. This prevents axial motion of the hold down ring. The hold down ring
is supported in the transverse direction by the canister support ring, and by four alignment legs
that mate with holes in the basket support rails.

A snmple finite element model is used to calculate stresses in the alignment legs. The three-
dimensional ANSYS [1] finite element model is constructed using SHELL 43 plastic shell
elements. The finite element model along with boundary conditions is shown in Figure 2.10.3-
40.
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The alignment legs are constructed from SA-240, 304 stainless steel. A bilinear stress-strain
relationship is used to simulate the material behavior beyond elastic limit. The following material
properties are used {3].

E = 25.8x10° psi.
Sy = 19.4 ksi.

S, = 63.4 ksi.
Tangent Modulus, Er = 5% of E = 1.29x10° psi.

The accident condition side drop subjects the basket and hold down ring to 75g lateral load.
During a side drop event, the entire inertial load of the hold down ring acts on one alignment leg.

For the purpose of this analysis, the weight of the hold down ring is taken to be 950 Ib. (Actual
computed weight from Section 2.2, is 940 1b.). Assuming that the hold down ring’s inertial load
acts equally on the support ring and alignment leg, the load applied to the alignment leg during a
side drop event, L, is the following.

L=%x(9501b.) x (75g) = 35,625 1b.
This force is applied to the alignment leg model as a uniformly distributed pressure. This
pressure was applied in a number of steps. The automatic time stepping option, AUTOTS, was
activated. This option lets the program decide the actual size of the load sub-step for a converged
solution. The program stops at the load sub-step that fails to result in a converged solution. A
converged solution was obtained for the maximum applied load.

Table 2.10.3-4 summarizes the maximum alignment leg stresses computed by ANSYS. All the
calculated stresses are less than the ASME Code allowables.

Alignment Weld Stress Analysi
A 3/8 inch fillet weld connects the alignment leg with the body of the hold down ring.

The methodology for the following analysis is taken from Bednar [6], Table 10.3, Case 4.

d* 4 2
Z, =bd +-=6x4+--=2933in’.

Z=29.33x0.375 =11.0in’.
The bending moment in the weld, M, is,
M=35,625x (0.8 4+0.7/2 + 2.0) = 112,219 in.1b.

Therefore, the bending Stress in the alignment leg weld is, g, = 112,219/11.0 = 10,202 psi.,
which is less than the allowable stress of 26.63 ksi.
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Hold Down Ring Stress Analysis

A two-dimensional finite model is used to calculate stresses in the hold down ring during a 75g
side drop event. The ANSYS finite element model is constructed from PLANEA2 elements, with
the thickness option. The finite element model is shown in Figure 2.10.3-41. ‘

The hold down ring is constructed from SA-240, 304 stainless steel. A bilineit stress-strain
relationship is used to simulate the material behavior beyond elastic limit. The following material
properties are used [3).

E =25.8x10° psi.

S, = 19.4 ksi.

S, = 63.4 ksi.

Tangent Modulus, Er = 5% of E = 1.29x10° psi.

The hold down ring is evaluated for 90° and 45° side drop orientations.
° Ori ion Si

The finite element model and displacement boundary conditions for the 90° orientation are
shown in Figure 2.10.3-41. The nonlinear stress analysis was conducted using the ANSYS [4]
computer code. A 100g load (y — direction) was applied in a number of steps. The automatic time
stepping option, AUTOTS, was activated. This option lets the program decide the actual size of
the load sub-step for a converged solution. The program stops at the load sub-step that fails to
result in a converged solution. A converged solution was obtained for the maximum applied
load.

Table 2.10.3-4 summarizes the maximum hold down ring stresses at the load step corresponding
to 75g. The stresses at critical locations were linearized to obtain the membrane (Py) and
membrane plus bending (P, + Pp) stress intensities.

45° Side Drop

The finite element model and displacement boundary conditions for the 45° orientation are
shown in Figure 2.10.3-42, The nonlinear stress analysis was conducted using the ANSYS
computer code. A 100g load (-70.7g in x-direction and 70.7g in y - direction) was applied in a
number of steps. The automatic time stepping option, AUTOTS, was activated. This option lets
the program decide the actual size of the load sub-step for a converged solution. The program
stops at the load sub-step that fails to result in a converged solution, A converged solution was
obtained for the maximum applied load.

Table 2.10.3-3 summarizes the maximum hold down ring stresses at the load step corresponding

to 75g. The stresses at critical locations were linearized to obtain the membrane (Pn) and
membrane plus bending (P, + Pp) stress intensities.
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 2.103.24  Fuel Basket Buckling Analysis
A.  Basket Plate Buckling Analysis

Basket assembly stability which includes a buckling evaluation of the wall between fuel
compartments at the most highly loaded location for the most challenging drop orientation and a
buckling evaluation of the support rails is determined in this section. Fuel compartment stability
is demonstrated by performing a buckling evaluation using an ANSYS finite element analysis
approach. Additionally, an order of magnitude check on the fuel compartment stabilityis
performed using a hand calculation methodology. An ANSYS finite element analysis approach
is used to evaluate support rail buckling.

el C n bili tion Using Finite Element 8]

Additional analyses are performed in this section to evaluate the outer basket plate stability when
the lateral inertial loading is applied at various angles relative to the plates. Analyses are
performed for vertical, 30°, and 45° drop angles (Figure 2.10.3-43).

The basic structural element of the basket is considered to be a wall between fuel compartments
which consists of one 0.31" thick poison plate (the strength of the poison plates is neglected from
the buckling load calculation, but the weight is included) sandwiched between two 0.135" thick
stainless steel. The overall dimensions of this outer basket wall are 6.135" high and 6.0" wide.

It is assumed that the load due to eight fuel assemblies stacked on 0.135" thick boxes is more
severe than the weight of six fuel assemblies on 0.12" thick boxes. The maximum basket plate
temperatures at locations 1 and 2 (Figure 2.10.3-43) are S00°F, and 578°F respectively. The
buckling analysis of the basket is conservatively performed at temperatures of S50°F for location
1 and 650° F for location 2.

Finite Element Model

A three-dimensional ANSYS finite element model is constructed using a Shell 43 plastic large
strain shell element to evaluate the plastic buckling loads for the basket plates at locations 1 and
2 (Figure 2.10.3-43). Shell 43 is well suited to model nonlinear, flat or warped, thin to
moderately thick shell structures. 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
nodes of various plates are coupled together in the out of plane direction so that they will bend in
unison under surface pressure loading and to simulate the through thickness support provided by
the poison plates. The finite element model simulation is shown in Figure 2.10.3-44,

Geometric Nonlinearities

Since the structure experiences large deformations before buckling, the large displacement
option of ANSYS is used. The deflections during each load step are used to continuously
redefine the geometry of the structure, thus producing a revised stiffness matrix. If the rate of
change in deflection (per iteration) is observed, an estimation of the stability of the structure can
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‘ be made. In particular, if the change of displacement at any node is increasing, the loading is

above critical and the structure will eventually buckle.

Material properties for the basket plates, SA-240 Type 304, are taken from ASME Code [3]. The
maximum temperatures at locations 1 and 2 are 500° F and 578° F respectively (Chapter 3).
However, the material properties at locations 1 and 2 are conservatively taken at 550° F and 650°

F respectively. The following table summarizes the material properties at location 1 (550° F),
and Location 2 (650° F).

Temperature 550°F 650° F
{(Locationl) G.ocatlog;&l
Modulus of Elasticity, £ 25.55 x 10° 25.1 x 10°°
(psi.)
Yield Strength, S, 189 180
(ksi.)
Ultimate Strength, S, 634 63.4
(ksi.)
Tangent Modulus, Er 12775 % 10° 1.255 x 10°
5% of E (psi.)

* A value of 18.8 ksi. for Sy @ 550° F is conservatively used in the following analysis.
** A value of 25.05 x 10° psi. for E @ 650° F is conservatively used in the following analysis.
*"*A value of 17.9 ksi. for S, @ 650° F is conservatively used in the following analysis.

Applied Loads

The loads applied on the panel model (Figure 2.10.3-43, Locations 1 & 2) were appropriately
transferred from full size basket loads. The three critical drop orientations analyzed for basket
plates at both locations are the following:

o Vertical (load applied in the direction parallel to the basket plates)
o 30° (load applied at 30° relative to the basket plate direction)
e 45° (load applied at 45° relative to the basket plate direction)

The loads used in vertical, 30, and 45 degree drop analyses are summarized in Table 2.10.3-5. A
maximurn load of 200g was applied in each analysis. The automatic time stepping program
option "Autots" was activated. This option lets the program decide the actual size of the load-
substep for a converged solution. The program stops at the load substep when it fails to result in
a converged solution. The last load step, with a converged solution, is the plastic instability load
for the model. Figure 2.10.3-45 shows the loading conditions.

B onditi
The ANSYS finite element model conservatively assumes that both ends of column are hinged.i

However, the stainless steel (0.135" thick) and poison plates forming the panel extend beyond
the panel and connect into other panels so that moments can be developed at the top and bottom
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. panel edges. These reactive end moments will keep the ends from rotating during buckling.
"Formulas for Stress and Strain” by Raymond Roark [5], Fourth Edition, Table XV indicates

that:
Load Case No. Loading and Edge Condition Formula for Critical
(From Table XV of Roark) A Load ( P)
2 | .BothEggd?i‘;idnged P = (I)(WEILY)
: Bath Ends Fixed P = (OEIL)

Based on the formulas described above, the end conditions selected for the ANSYS model (both
ends hinged) are conservative and the calculated allowable compressive load has a large margin
of safety.

ANS inite Element Analysis Results

For each orientation, the analysis is solved with successfully higher loading until convergence
can no longer be obtained from the FEA model. Stress intensities and displacement patterns, at
the last converged substep, are shown on Figures 2.10.3-46 to 2.10.3-51.

load analysis. The allowable collapse load shall not exceed 100% of the plastic analysis collapse
load. (F-1341.3). The plastic analysis collapse load is defined as that determined by plastic
analysis according to the criteria given in II-1430 (F-1321.6(c)) and NB-3213.25.

‘ As per paragraph F-1340 [2], the acceptability of a component may be demonstrated by collapse

Using the methodology described in II-1430 (F-1321.6(c)) or NB-3213.25. For each solution
step, the maximum displacements are used to determine the collapse load (see Figures 2.10.3-52
through 2.10.3-57). Following table summarizes the allowable buckling loads for each of the
drop orientations. The analyses concludes that the maximum allowable buckling load is 96g’s,
which occurs for the 30° drop case.

Location Basket Orientation Last converged Allowable Collapse
Load (g) Load
, _ ‘ Vertical 112 112
Location 1 (550° F) 30° 99 96
' 45° 105 100
Vertical 187 185
Location 2 (650° F) 30° 148 139
45° 146 140
Alternate Analysi

As an order of magnitude check, the NUHOMS 61B basket plate allowable buckling load and
interaction equations as per paragraph NF-3322.1 (e) are evaluated for the 75g side drop. The
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. most critically loaded panel (Location 1, Figure 2.10.3-43) is evaluated for the vertical and 30°
drop orientations, at a temperature of 550°F. :

)

0°drop:

According to ASME Code, Subsection NF, Paragraph NF-3322-1(c)(2)(a) (Level A Cohditic?n)
[7] and modified as per Appendix F, Paragraph F-1334 (Level D Condition) [2], the compressive
stress limit under accident conditions (Level D) when KL/r is less than 120 and S, > 1.2 S, is,

KL
F,= 2s,[0.47 'Hﬂ

Where, K = 0.65 as recommended by AISC ([8], Table C1.8.1). Since the basket plate is
continuously supported, the column is assumed to have fixed ends. The basket plate length is, L
= 6.0 inches, and the basket plate width, b = 6.0 inches. The moment of inertia of the basket
plate, 1, is,

I=b#r112=6x(0.58° -0.31°)/ 12 = 0.0827 in.*

Therefore, the area of the plate, A = 6 x 2 x 0.135 = 1.62 in.Z, and the radius of gyration,
r=(l/A)"* =0.2259 in. So,

KL/r=0.65x%6.0/0.2259 = 17.26
Substituting the values given above, the compressive stress limit, Fy, is,
F, =2x 18,800 {0.47 - (17.26)/444] = 16,210 psi

Total weight above bottom panel = 290 lbs.
Therefore, compressive stress at 75g, fo = 290 X 75 /1.62 = 13,426 psi

For combined axial compression and bending, equations 20 and 21 of Paragraph NF-3322.1 (e)
Q1) are:

JdFa+ Cu fo I [1-(fa IF)1 Fp < 1 (Eq.20)

fa/(1.4)(0.6)S, +f3/ Fp S 1 (Eq.21)
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. The allowable stresses for the above equations are determined as follows:

Allowable Stress ASME Reference
Fy 1.5 S, = 28,200 psi F—l334.5(c)
Co: |06 - | NF3322.1(eX(1)(b)
Note The allowable stress F, is multiplied by 1.4 as allowed by Paragraph F-1334

Since there is no column bending during the vertical drop, the interaction equations are reduced

to:

Equation 20:
Equation 21:

JfdlFa=13,426/16,210=0.83< 1
fa1(1.4)(0.6)S, = 13,426 /(1.4)(0.6)28,200=0.57 < 1

30° Drop (load applied at 30° relative to the basket plate direction)

The plate span is treated as a beam-column with fixed ends under axial compression and uniform
transverse load (“Formulas for Stress and Strain”, Ed. 4, Table VI, Case 10 [5]).
During a 30 degree side drop, '

Axial load (75g), P = 75g x 290 cos(30) = 18,836 Ib:
Transverse pressure load (75g) = 75g % 0.8 sin(30) = 30 psi.
The distributed transverse load, w = 30 psi % 6.0 in. = 360 1b./in

Moment at beam center,

Where,

U2
M = wjt| —22 1
" Lm(U/z) ]

EIT'? [@sssx108)0082n]
i =[—] == : = 10.59
P 118836

v=L-282 _0567rad. =3249°
j 1059
. 056972 .
= 59— = | = .
M =(360)(10.59 )[sin(32.4912) ] 542in.Ib
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Bending stress, fp = Mc/I = 542 x 0.29 / (0.0827) = 1,901 psi.

Axial compressive stress, f, = P/A = 18,836/1.62 = 11,627 psi.

Cm: = 0.6 [Appendix F, F-1334.5(c)] - ' ‘
Fy=1.58,=1.5x 18,800 = 28,200 psi. (Subsection NF NF 322.1(e)(1)(b))

The value of F, is calculated by the formula below per Paragraph F-1334.5(b):

2 6
= T _ 651127 psi
kl 1.30(17.26)
1.30 —
r
Eq.20: Joy Cuhe 11627, 060,500 =0.7651

F, (1~£,/F)F, 16210 (1-1901/651,127)28,200

Eg. 21: _ Sy 11627 1901

=0.851
(1.4)0.6)S, F, (1.4)(0.6)i8800 28,200

The results of the hand analytical calculations confirm that allowable buckling loads in the
basket plates due to a 75G side drop are within acceptable limits.
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I B. Rail Bu

is

There are two types of rails (type 1 & type 2 — see TN Drawing 1093-71-12 ). The type 2 rail is
shorter while the type 1 rail has longer vertical panels. Consequently, the type 1 rail is limiting
for buckling. The overall position of this rail and its loadmg, with respect to the full basket
model, are shown in Figure 2.10.3- 58

A nonlinear stress analysis was conducted to evaluate the plastic buckling loads for the rail. The
ANSYS computer code was utilized in this analysis. A three-dimensional finite element model
of the rail was extracted from the full basket model as described in Section 2.10.3.2.3A. The
finite element model of rail and displacement boundary conditions are shown in Figure 2.10.3-
59. The rail is constructed from SA-240, Type 304 stainless steel and its material properties at’
500° F are as follows:

ateri operties (500°
Stainless Steel (SA-240 Type 304)
E=25.8 x 10° psi.
S, = 19.4 ksi.
S. = 63.4 ksi.

Tangent Modulus, Er=5% of E = 1.29 x 10° psi.

Loads ulati

Vertical Load due to weight on top corhpanments:
(All weights are calculated for a 3 in. basket length) -

o Weight of 14 fuel assemblies = 180.55 Ib.

e Weight of 8 SS compartment tubes, 0.12" wall =20.45 Ib.
o Weight of 6 SS compartment tubes, 0.135" wall =17.29 Ib.
o Weight of 2 x 2 outer wrapper, 0.105" wall =4.71 1b.

e Weight of 3 % 3 outer wrapper, 0.105" wall =4.13 Ib.

e Weight of poison plates = 17.72 Ib.

e Weight of Rail = 8 lbs.

Total weight = 252.85 say 265 Ib.
For 200g, total vertical Load = 265 x 200 = 53,000 Ib.
Nonlinear ANSYS runs were made for two different load cases:

In the first case: 53,000 Ib. load was applied equally at six nodal locations on the rail (8,833.33

Ibs at each node, see Figure 2.10.3-59). Stress intensities and displacement patterns, at the last
converged substep (131.5g), are shown in Figure 2.10.3-60.
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In the second case: 53,000 Ib load was applied using a 2:1 ratio for two middle nodal and four
end nodal locations (13,250 Ibs at each middle node and 6,625 at each end node, see Figure
2.10.3-59). Stress intensity and displacement patterns, at the last converged substep (160g), are

shown in Figure 2.10.3-61. Thus this load case is not bounding.

Using the methodology described earlier for the basket model, the allowable collapse load has
been determined for the first load case in Figure 2.10.3-62. The allowable collapse load for the

rail is 128g. For other rails and loadings, the allowable collapse load will be higher.

C. of Fue

Buckli nalvysi

It is seen from the above basket buckling analyses, that the 30° drop at location 1 is critical, and
the minimum allowable collapse load for the basket is 96g.

The results of the Fuel Basket buckling analysis indicate the allowable collapse g loads for the

NUHOMS®-61B basket are higher than the applied 75g side drop impact load. Therefore basket
and rails are structurally adequate with respect to buckling. The following table summarized the
collapse loads for the Fuel Basket and rails.

Component Orientation and Location Collapse Load
Fuel Basket Plates 30° azimuth drop, at the periphery of 96g
the basket near the impact point.
Support Rails 0° Azimuth drop, 1282
basket rail type 1.
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2.10.3.3 Canister Structural Analysis

2.10.3.3.1 Approach

A finite element analysis is performed in order to quantify stresses in the NUHOMS-61B
Canister generated by transport loads. The applied loads considered are normal and accident
condition front end, rear end, and side drops, combined with 50 psig internal and external
‘pressures and 100° F and -20° F environmental conditions. A two-dimensional axisymmetric
finite element model is used to evaluate the stresses generated by axisymmetric loads, such as
end drop, pressure, and temperature loads. A three-dimensional cross section finite element
model is used to evaluate the stresses generated by the asymmetric side drop loads. An elastic
analysis is employed for both normal and accident condition axisymmetric load cases, as well as
the normal condition side drop (asymmetric) load cases. However, for the accident condition
side drop load case, an elastic-plastic analysis is performed.

teri rti
Since the maximum normal condition canister temperature is 388° F (Chapter 3), the elastic
material properties for the canister structural analysis are conservatively taken at 400° F. The

elastic analysis canister material properties are as follows.

Canister Shell and Covers (SA-240 Type 304) at 400° F. [3] [9]

E =26.5x10° psi. . 8,=20.7ksi.
S = 64.0 ksi. Sm=18.7 ksi.
v=03 p=029

Temperature dependent coefficient of thermal expansion:

Temperature °F @, (inJin, °FY)
70 8.5x10°®
100 8.6x10°
150 8.8x10°
200 8.9x10°
250 9.1x10°
300 9.2x10°
350 9.3x10*
400 9.5x10°
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. Top and Bottom Shield Plugs (A-36) at 400° F. [3] [9]

E = 27.7x10° psi. Sy = 30.8 ksi.
S, = 58.0 ksi S = 16.6 ksi.
v=0.3 p=0.29
Temperature dependent coefficient of thermal expansion:
Temperature °F ap (infin. °F)

70 6.4x10°

100 6.5%10°

150 6.6x10°

200 6.7x10°°

250 6.8x10°

300 6.9%10°

350 7.0x10%

400 7.1x10°

For the accident condition side drop analysis, the follow elastic-plastic material properties,
conservatively taken at 500° F, are the following,

’ SA-240, 304 Stainless Steel at 500° F [3]
Modulus of Elasticity, E (psi) 25.8 x 10°
Yield Strength (psi) 19,400
Tangent Modulus, E, (psi) 5% of E=129x10°
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Design Criteria

The resulting stresses are compared with the allowable stresses set forth by ASME B&PV Code
Subsection NB [10]. The allowable stresses for both normal and accident conditions are
summarized in the following table.

Loading

Stress Stress Material - Allowable
Condition Category Criteria” [10] Stress (kst.)
SA-240 18.7
. Membrane Stress, S Type 304
Normal Pu A-36 16.6
Conditions, L ’ -
Elastic Membrane + SA-240 28.1
Analysis Bending Stress, 158, Type 304
P, mt P b A-36 24.9
SA-240 44.8
Membrane Stress, Lesser of Type 304
Accident Py 248,0r07S, A-36 39.8
Conditions,
Elastic Membrane + SA-240 64.0
Analysis Bending Stress, Lesser of Type 304
Po+ Py 3.6Sq0rS, A-36 58.0
. Accident Membrane Stress, 0.7 S. SA-240
Conditions, Pn Type 304 448
Elastic- Membrane + SA-240
Plastic Bending Stress, 095, Type 304 57.6
Analysis Py + P, .-
* S replaces S, for class 2 materials (A-36)
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2.103.3.2 Loading Conditions

The load cases considered in this analysis are normal and hypothetical accident condition front
and rear end drops. The impact loads are combined with 50 psig internal and external pressure
and the 100° F and -20° F ambient environment thermal loads. The following tables summanze
both normal and accident condition Canister individual load cases.

Canister Normal Condition Load Cases

Loading | Analysis Type | Scrvice Load Analysis Method
Hot Environment Elastic A 100° F Ambient Finite Element Analysis
Thermal Load Analysis (2D axisymmetric model)
Cold Environment Elastic A -20° F Ambient Finite Element Analysis
Thermal Load Analysis (2D axisymmetric model)
Internal Pressure Elastic A 50 psi. Intemal Finite Element Analysis
Analysis Pressure’ (2D axisymmetric model)
External Pressure Elastic A 50 psi. External Finite Element Analysis
Analysis Pressure” (2D axisymmetric model)
1 Foot Elastic A 30g Lateral Load Finite Element Analysis
Side Drop Analysis (3D cross-section mode! w/basket)
1 Foot Front End Elastic A 30g Axial Load Finite Element Analysis
Drop Analysis (2D axisymmetric model)
1 Foot Rear End Elastic A 30g Axial Load Finite Element Analysis
Drop Analysis (2D axisymmetric model)

" From Chapter 3, the actual canister internal and external pressures. are 9.8 psig. and 5.4 psig. respectively.
However, for the canister stress analysis, SO psig. is conservatively used as the normal condition internal and
external pressure. SO psig. also bounds both canister internal and external accident conditions pressures.

Canister Accident Condition Load Cases

Loading | Amalysis Type | Scrvice Load Analysis Method
30 Foot Elastic-Plastic D 75g Lateral Load Finite Element Analysis
Side Drop Analysis (3D cross-section model w/basket)
30 Foot Front End Elastic D 75g Axial Load Finite Element Analysis
Drop Analysis (2D axisymmetric model)
30 Foot Rear Elastic D 75g Axial Load Finite Element Analysis
End Drop Analysis (2D axisymmetric model)
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The individual loads are combined in the following way.

Canister Normal Condition Load Combinations

Individual Loads
Load | 30g 30g 30g S0psl. | SOpsi. | 100° F Ambient | -20° F Ambient
Case | Side Front Rear End | Internal { External | Environment Environment
Drop | End Drop Drop Pressure | Pressure
1 X X X
2 X . X X
3 X X X
4 X : S X X
5 X X X
6 X X X
Canister Accident Condition Load Combinations
Individusal Loads
Load | 75g ' 15g 758 50 psi. 50 psi. 100° F Ambient | -20° F Ambient
Case | Side Front Rear End | Internal | External Environment Environment
Drop | End Drop Drop Pressure | Pressure
‘ 7 X X X
8 X X
9 X X X
10 X X
11 X X X
12 X X X
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. 2.10.3.3.3 2-Dimension is jc Finite Element 1

A 2-dimensional axisymmetric finite element model is constructed in order to evaluate the
axisymmetric load cases, which include front and rear end drop, intemal and external pressure,
and temperature loads. A separate 3-dimensional cross-section model, that includes the basket,
-and is described in Section 2.10.3.2.3.A, is used to evaluate the canister for the side drop load
cases. '

The 2-dimensional axisymmetric ANSYS [1] finite element model, constructed from PLANE42
elements, is used in this analysis. The elastic material properties listed above are used to model
the canister materials. The Canister Lifting Lugs and Grapple are not included in the model.
The effect of the unmodeled weight is assumed to be negligible.

The adjacent surfaces of the three front and three rear closure plates are coupled in the axial
direction in order to simulate their interaction. Adjacent nodes in the canister shell and closure
plates are coupled in both x and y directions at the weld locations.

A plot of the finite element model used in this analysis is shown in Figure 2.10.3-63. An
enlarged view front section of the finite element mode! including nodal couplings and boundary
conditions for the front end drop load case is provided in Figure 2.10.3-64. An enlarged view
rear section of the finite element model including nodal couplings and boundary conditions for
the front end drop load case is provided in Figure 2.10.3-65.

id End Boun Conditions

The weight of the canister internals (basket and fuel assemblies) is accounted for by applying
equivalent pressures. The actual weights of the canister basket and fuel assemblies are 22,918 b,
and 43,005 Ib. respectively (Section 2.2). Therefore, the total actual weight of the canister
internals is 65,923 Ib. The weight of the canister internals used in this analysis is conservatively
increased to 66,500 Ib. The canister cavity inner radius at the front internal edge is 32.373 in.
The pressure equivalent to the weight of the internals under normal conditions, Pjs, is,

P, =[66,500/ (1 x 32.375%) ] x 30 gs = 605.862 psi.
For accident conditions,

P, =[ 66,500/ (% 32.375%) ) x 75 gs = 1514.654 psi.
Symmetry displacement boundary conditions are applied along the y-axis of the two-dimensional
axisymmetric model. The front face of the canister is held in the axial direction in order to
simulate the rigid support provided by the transport cask lid. Inertial loads of 30gs and 75gs in

the positive y-direction are applied to the model for the normal and accident condition load cases
respectively.
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R d Boun Conditions

The weight of the canister internals used in this analysis is 66,500 Ib. The canister caviiy inner
radius at the rear internal edge is 33.125 in. The pressure equivalent to the weight of the internals
under normal conditions, Py, is,

Pin=1 66,500/ (7 x 33.125%) ] x 30 gs = 578.737 psi.
For accident conditions,
Pia={66,500/ (m x 33.125%) ] x 75 gs = 1446.845 psi.

Symmetry displacement boundary conditions are applied along the y-axis of the 2-dimensionsal
axisymmetric model. The rear face of the canister is held in the axial direction in order to
simulate the rigid support provided by the transport cask bottom. Inertial loads of 30gs and 75gs
in the negative y-direction are also applied to the model for the normal and accident condition
load cases respectively.

- Thermal Loads

The two temperature distributions applied correspond to the 100° F. and -20° F ambient
temperature environments. The temperature distributions used for the 100° F hot environment
condition and the -20° F cold environment condition are taken from Chapter 3. Temperatures
were applied to the canister modal at several nodes, and a thermal equilibrium analysis was
performed, using the material properties provided in Section 2.10.3.3.1, in order to solve for the
temperature at the remaining nodes.

2.10.3.34 3-Dimensiona! Cross-Section Finite Element Model
Finite Element Model

A 3-dimensional cross-section finite element model is constructed in order to evaluate the |/
canister for the side drop load cases. This model is also used to evaluate the basket, and i$
described in detail in Section 2.10.3.2.3.A.

The 3-dimensional finite element model of the basket, rails and canister is constructed using
SHELL 43 elements. The overall model is shown in Figure 2.10.3-1. The strength of poison
plates is conservatively neglected by excluding these plates from the finite element model.
However, the weight of the aluminum plates is accounted for by increasing the stainless steel
basket plate density. Because of the large number of plates in the basket and large size of the
basket, certain modeling approximations are necessary. Because the rails provide continuous
support along the entire length of the basket during a side drop, only a 3 inch long slice of the
basket, rail and canister is modeled. At the two cut faces of the model, symmetry boundary
conditions are applied (UZ = ROTX = ROTY = 0). The fuel compartment tubes, outer 3 X 3 and
2 % 2 boxes, and rails are included in the model and are shown individually in Figures 2.10.3-2 to
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2.10.3-4. The gap elements (CONTACT 52) are used to simulate the interface between the
basket rails and the inner side of the canister as well as between the outer side of the canister and
inside of the cask are described in detail in Section 2.10.3.2.3.A. The model is used to analyze
the canister for both normal and accident conditions.

onditions

The canister is analyzed for two types of side drops using the ANSYS finite element model
described in Section 2.10.3.2.3 A. First, the canister inside the cask is assumed to drop away
from the transport cask sliding rails. Under this condition, 45°, 60°, and 90° orientation side
drops are assumed to bound all possible orientations. Second, the side drop occurs on the
transport cask sliding rails in the 180° orientation. The lateral load orientation angle is defined in
Figure 2.10.3-S. The load resulting from the fuel assembly weight was applied as pressure on
the plates. In the 90° and 180° orientations, the pressure is applied only on the horizontal plates
while in other orientations, it is divided into components that act on both the horizontal and
vertical plates. The 1g pressures for the different orientations considered are summarized in the

following table.
Fuel Assembly Weight Simulation Based on 1g I.oad
. Drop Orientations Pressure Applied to Horizontal Pressure Applied to Vertical
Plates Plates
P x Sin 6 (psi) P x Cos 0 (pst)
45° 0.4887 - 0.4887
60° 0.5985 0.3456
90° and 180° 0.6911 -

The inertia load due to basket, rails, and canister dead weight is simulated using the density and
appropriate acceleration. The poison plate weight is accounted for by increasing the basket plate

density.

The load distribution for the 45°, 60°, 90°, and 180° analyses are shown on Figures 2.10.3-21 to
2.10.3-23.

2.10.3.3.5 s is Resul

The maximum stress intensities in the canister are extracted from the ANSYS results, from both
models, for all twelve load combinations. These stresses are compared to the normal and
accident condition code allowables. Tables 2.10.3-6 and 2.10.3-7 summarize the maximum
calculated and allowable stress intensities generated in the NUHOMS®-61BT Canister for
. normal and accident conditions respectively.

For the end drop load combinations, both normal and accident condition allowable stresses are |
taken to be the normal and accident condition membrane allowable stresses for SA-240 Type
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304, because the maximum stresses occur in the canister shell region (SA-240, Type 304
material), and stresses in the shield plugs (A-36 material) are small.

For the accident condition side drop load combinations, the maximum calculated elastic stress
intensity generated by temperature and pressure loads are conservatively added to the maximum

. calculated elastic-plastic stress intensity generated by the side drop load cases. The resulting

combined stress intensities are conservatively compared to the accident condition plastic analysis

stress limits.

2.10.3.3.6

Canister Buckling Analysis -

In this section, The analytical method provided in ASME Code Case N-284-1 [11] is used to
determine the adequacy of the NUHOMS®-61BT canister with respect to buckling due to axial

compression and external pressure.

Since the vessel is assumed to be unstiffened, only the theoretical bhuckling calculation for
unstiffened shells or local buckling between stiffeners of stiffened shells applies ({11] Section
1712.1). Code Case N-284-1, Section ~1712.2, Stringer Buckling and General instability, does

not apply since it analyzes the global buckling of a stinger stiffened vessel.

Applied Loads

The canister normal and accident condition buckling loads are summarized in the tables below.

Canister Normal Condition Buckling 1.0ads

Service

Loading Level Load
External A 15 psi. external pressure”
Pressure
1 Foot End A 30g Axial Load
Drop

From Chapter 3, the actual normal condition canister external pressure is 5.4 psig. However, for the
normal condition buckling analysis, 15 psig. is conservatively used.

Canister Accident Condition Buckling Loads

Service

Loading Level Load
External D 22 psi. external pressure”
Pressure
30 Foot End D 75g Axial Load
Drop

From Chapter 3, the actual accident condition canister external pressure is 9.4 psig. However, for the -
accident condition buckling analysis, 22 psig. is conservatively used.
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Material Pro

Properties of Canister Shell and Covers (SA-240 Type 304) at 500° F. [3]

E=258x10°psi. Sy=19.4 ksi. .
S, =63.4 ksi. ) Sim=17.5 ksi.
v=0.3 - p=0.29

Notation
The following notations are taken from ASME Code Case N-284-1 [11], Section -1200.

Subscripts ¢ and 8= axial (meridional) and circumferential directions respectively.
1, = distances between lines of support in the axial direction, use 179.3 in.
R = shell radius, mean radius = [66.25 inner diameter + 67.25 outer diameter] / 4 =33.375 in.
t = shell thickness, 0.5 in.
L

M, =
* JR

e Ca Cg= elastic buckling coefficient under external pressure and axial compression
respectively.

® Ok Ot = local theoretical elastic instability stress in the hoop direction for cylinders under
external pressure and axial compression respectively, psi.

e E=modulus of elasticity of the material at design temperature, 25.8 x10° psi. @ 500° F,
(Ref. 3). o

e ag = capacity reduction factor to account for the difference between classical theory and
predicted instability stresses for fabricated shells.
o, = tabulated yield stress of material at design temperature, 19,400 psi. @ 500° F (Ref. 3).
Chas O, allowable stresses for ¢lastic and inelastic buckling respectively, psi.
FS = factor of Safety, 2 for normal conditions, 1.34 for accident conditions (Ref. 1, Section —
400 (a)).

Co; sive S e to End Dro
The canister wall resists the weight of the shell plus the weight of top end components during a
bottom end drop event. The total weight of these items is 14,950 Ib. (Section 2.2). The
corresponding applied force generated for a 1g end drop, Foua, is,

Faxia = 14,950 Ib. X 1g = 14,950 Ib.

The cross sectional area, A, of the container shell is the following.

A= Z::[D,f -p?]= %[67.25’ —~66.25%]=104.85in.2
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Therefore, the compressive stress applied to the canister shell for 1g end drop is,
0, =P/A=14,9501b./104.85 in.? = 142.58 psi.
- For 303 deceleration due to normal condition load, g, = 142.58 x 30g = 4,278 psi.
For 75g deceleration due to accident condition load, 0, = 142.58 X 75 = 10,694 psi.
1 e to Ext SSu
The hoop stress, Gioop, generated by external pressure is' governed by the followihg formula. =

PR
oy = =

Where P is the external pressure applied, R is the mean radius of the shell, and ¢ is the shell
thickness. For normal condition external pressure of 13 psi., the corresponding hoop stress, Gy,
is,

_ (15)33.375)

- 05 = 1,001 psi.

For accident condition external pressure of 22 psi., the corresponding hoop stress, gy, is,

_ (22)(33.375)

p 0.5 = 1,469 psi.

Shell Buckling due to Compressive Stress

¢ Theoretical Buckling Value

Local Buckling ([11] Section —-1712.1.1 (a)):

l
M,=—t—= 179.3 43.89 in.

* T IR JB3375)05)

=M, >173
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Therefore,

C, =0.605

(25.8x10°)(0.5)
33.375

= 0, =C, Q%Q =0.605 =0.2338x10° psi.

e Capacity Reduction Factor

From Code Case N-284-1, Section ~1511 (a), for local buckling of cylindrical shells, stiffened or
unstiffened under Axial Compression,  is the larger of (1) and (2).

(1) Effect of R/t

R _ 33.375 = 66,75
t 0.5

1.52-0473 1og,o(5J =0.657
! =0.193

300
-—E‘—’L ~0.033=0.193

=ay, =MIN

(2) Effect of Length

My=43.89>10 = o, =0.207

Therefore, au = 0.207.

¢ Plasticity Reduction Factor

The plasticity reduction factor is computed based on the formulae provided in Code Case N-284-
1, Section ~1611 (b) as follows.

- Q04 _ (0.207)(0.2338x10°)
o 19,400

y

A =249
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Since 1.6 < A < Local Buckling ([11], Section -1712.1.1 (b) (2)): 6.25,

131 131
= = =0.34.
CMTI5A  141.15%2.49

Shell Buckling due to External Press

The analytical method provided in ASME Code Case N-284-1 is used to determine that the
NUHOMS-61B Transportable Storage Canister is structurally adequate with respect to buckling
due to external pressure with end pressure included.

¢ Theoretical Buckling Value

(0p=0.5 09)
_ 193 _
1/(R)(r JG3337505)
R_3315 6675 and 165 % =11014
t 0.5 t

=> 3.5< My <1.65 1:-

Therefore,

0.92 0.92
C. = = =0.0213
® Mp-0.636 43.89-0.636

6
=0, =Ca (E;(‘) 0.0213228X10)05) _ g 535 .

33.375

e Capacity Reduction Factor

From Code Case N-284-1, Section —1511 (b), for local buckling of cylindrical shells, stiffened or
unstiffened under Hoop Compression,

aa=0.8
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¢ Plasticity Reduction Factor

The plasticity reduction factor is computed based on the formulae provided in Code Case N-284-
1, Section —-1611 (b) as follows.

Since A <0.67,

Summary of Buckling Results

The calculated buckling results for the end drop and external pressure are summarized in the

following table.
End Drop External Pressure
Item (axial direction) (hoop direction)
Normal Accident Normal Accldent
(30g) (52) (15 psh _{(22 ps)
Calculated Stress 4,278 10,694 1,001 1,469
(psi) :
Factor of Safety 2.0 1.34 20 1.34
F.0.S Amplified Stress 8,556 14,330 2,002 1,969
(psi)
Capacity Reduction Factor 0.207 0.207 0.8 0.8
Elastic Amplified Stress 41,333 69,227 2,503 2,461
(psi)
Plastic Reduction Factor 0.34 0.34 1.0 1.0
Plastic Amplified Stress 121,568 203,609 2,503 2,461
(psi)
Theoretical Buckling Stress 233,800 233,800 8,233 8,233
(psi)
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nteractio: ations for Bucklin 1 ion~1713

o Normal Condition

The combination of axial compression from the 30g end drop with 15 psi normal condition
external pressure is analyzed using the interaction equation provided in Code Case N-284,
Section -1713. o

The combined axial membrane stress is, gp = 4,278 + 1,001/2 = 4,779 psi, and the hoop
membrane stress is, 0p= 1,001 psi. Therefore,

- (@ X0 p) _ (0.207)(0.2338x10°)

=24,198 psi.
= FS 2.0 198 pst
lg=1g=1
td 19= 1.0

Since, K> 0.5 and 0y 2 0.50},, the interaction equations in Section -1713.1.1 (b) apply.

o, -0.50 2
? I L <1.0
0'“ —O.SO'M GM

4,779-0.5x3,293 + 1,001
24,198 -0.5%3,293 | 3,293

2
) =0.231

Therefore, the interaction equation is satisfied.
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e Accident Condition

The axial compression generated during the accident condition end drop is combined with the
normal condition external pressure load using the interaction equation provided in Code Case N-
284-1, Section -1713. Since the accident condition pressure load is generated during the thermal
accident, which occurs subsequent to the 30 foot accident condition free drop, it need not be
combined with any other load case. However, the axial compression from the 75g end drop is
conservatively combined with an external pressure of 22 psi.

The combined axial membrane stress is, 0y = 10,694 + 1,469/2 = 11,429 psi., and the hoop
membrane stress is, 0= 1,469 psi. Therefore,

_ (@ )oy.) _ (0.207)(0.2338x10°)

- 7S T34 = 36,117 psi.
tg=1ty=t
tol b= 1.0

Since, K> 0.5 and 0 > 0.504,, the interaction equations in Code Case N-284-1, Section —-

‘ 1713.1.1 (b) apply.

o,-05 :
¢7 0% 90 ) <10
o, -050, |0,

11,429 - 0.5x4915 +( 1,469

2
=03
36,117 -0.5x4915 4,915) 53

Therefore, the interaction equation is satisfied.

Summary of Buckling Evaluation

From the analysis presented above, it can be seen that all of the stresses generated in the
NUHOMS®-61BT Canister are less than their corresponding allowable buckling stresses, and all
buckling interaction equation requirements are also met. Therefore the canister will not buckle
when subjected to normal or accident condition loads.
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Table 2.10.3-1

Temperature Dependent Material Properties

Component Material Temp. Ultimate Yield Allow, E a
°F S, (ksi) S,(ksi) | Sn(ksi) | (10°psi) (10°%)
Basket, Rail SA-240 70 75.0 30.0 20.0 28.3 8.5
and Stainless
Canister Steel 304 [3] 200 71.0 25.0 20.0 21.6 8.9
300 66.2 224 20.0 27.0 9.2
400 64.0 20.7 18.7 26.5 9.5
500 63.4 19.4 17.5 258 9.7
600 63.4 18.4 16.4 253 9.8
650 63.4 18.0 16.2 251 9.9
Fuel Tube Zircalloy 600 2.73
[12]

Rev. 0 4/01




Table 2.10.3-2
Summary of Basket Normal Condition Stress Analysis

Drop Stress Max. Stress Max. Combined | Allowable
Orientation Component Category Due to 1 foot Thermal Stress Stress
drop (ksi) Stress (ksi) (ksi) (ksi)
Fuel Compartment P 2.7 - 2.7 16.40
& Outer Wrapper | P, . P+ Q 2.7 12.95 15.65 49.20
Plate Insert Weld Shear 5.76 - 5.76 9.84
End Drop Rail Stud ~Shear 5.70 N 5.70 984
Hold Down Ring P, 30 - 3.00 16.40
45° P 6.42 - 642 16.40
Side Drop Basket PPy 22.72 - 22.72 24.60
P Pyt Q 29.85 12.95 42.80 49.20
P, 5.81 - 5.81 17.50
Rails Pn. Py 19.19 - 19.19 26.25
. P, P+ Q 22.22 1.76 23.98 52.50
60° P. 3.14 - 8.14 16.40
Side Drop Basket P..Ps 21.30 - 21.30 24.60
P Ppt Q 29.25 12.95 42.20 49,20
P, 9.49 - 9.49 17.50
Rails Pn.P, 25.03 - 25.03 26.25
P Pyt Q | 30.88 1.76 32.64 52.50
90° P, 7.92 - 7.92 16.40
Side Drop Basket Py Py 13.75 - 13.75 24.60
Py P+ QO 13.75 12.95 26.70 49.20
P, 15.17 - 15.17 17.50
Rails PPy 26.11 - 26.11 26.25
Py Pt O 26.11 1.76 27.87 52.50
180° P 6.32 - 6.32 16.40
Side Drop, Basket Pn.Py 11.98 - 11.98 24.60
Impact on Py Pyt QO 11.98 12.95 24.93 49.20
support P, 13.62 - 13.62 17.50
rails Rails PryPy 18.24 - 18.24 26.25
Pny Pyt O 18.24 1.76 20.00 52.50
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Table 2.10.3-3
Summary of Basket Accident Condition Stress Analysis

Drop Stress Max. Stress Max. Combined | Allowable

Orientation Component Category Due to 1 foot Thermal Stress Stress
drop (ksi) | Stress (ksi) (kesi) _(ksi)
Fuel P, 6.75 - 6.75 44.38
e | PePot @ 675 1295 19.70 57.06
EndDrop | | o isert Shear 14.41 . 1441 26.63
Rail Stud Shear 14.25 ~ 14.25 26.63
Hold Dovm P, 7.5 ' 75 4438

Ring
45° P, 14.54 . 14.54 44.38
Side Drop Basket PuiPp 27.12 - 27.12 57.06
P o Ppt O 27.12 12.95 40.07 57.06
Py 16.52 - 16.52 44.38
Rails PPy 25.27 - 25.27 57.06
Py Pot O 25.27 1.76 27.03 57.06
60° Pn 14.43 R 14.43 4438
Side Drop Basket PnsPp 27.30 - 27.3 57.06
Py Pyt O 27.30 12.95 40.25 57.06
P 20.85 - 20.85 44.38
Rails Pus P 28.72 - 28.72 37.06
Pp, Pyt O 28.72 1.76 30.48 57.06
90° Basket Py 18.02 - 18.02 44.38
Side Drop Py Py 22.78 - 22.78 57.06
Pp Pyt Q 22.78 12.95 35.73 37.06
Py 29.03 - 29.03 4438
Rails PurP, 32.79 - 32.79 57.06
Po Pyt O 32.79 1.76 34.55 57.06
180° P, 17.18 - 17.18 44.38
Side Drop, Basket P,.P, 22.54 - 2254 57.06
Impact on Pn o Pyt QO 22.54 12.95 35.49 57.06
support Pn 19.01 - 19.01 44.38
rails - Rails Pr. Py 28.16 - 28.16 57.06
_PasPit O 28.16 1.76 29.92 57.06
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Table 2.10.3-4
Summary of Hold Down Ring Accident Condition Stress Analysis
Max, Stress Allowable
Drop Orientation Component Stress Category Due to 1 foot Stress
drop (ksi) (ksi)
P, 14.06 4438
Alignment Leg
Side Drop
(All Orientations) Prs Py 36.77 57.06
Alignment Leg e
Weld Py, Py 10.20 57.06
Py 1.52 44.38
Side Drop Hold Down Ring
° Orientati Bod
(90° Orientations) y Po Py 4591 57.06
P, 1.65 44,
Side Drop Hold Down Ring 38
° Orientati Bod
(45" Orientations) Y PoiPs 34.71 57.06
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Table 2.10.3-5
Summary of Loads Used for Different Drop Orientations

Location 1
(Fy=Fcosf, P,=Psinf, F=2901lbs, P=0.8 psi)

1G load (6" Length)
Dro ~ (Weight including all SS & poison 200 G Load Computer Run
Oﬁental:ion plates above the bottom panel, rails, and
8 fuel assemblies ) ; _
(Degree) Axial Load Trans. Load F, (bs) Pops))
Fy (Ibs) P, (psi)
Vertical 290 0 58,000 0
30 251 0.4 50,200 80
45 205 0.565 41,000 113

** This assumption is very conservative for drop orientations other than the vertical drop.

For example, for 30 and 45 degree drops, the bottom panel only supports 6 fuel assemblies -
but was analyzed for 8 fuel assemblies.

' Location 2
(Fy=F c0s0, P, = Psiné, F = 160 lbs, P = 0.8 psi)
1G load (6" Length) - . 200 G Load Computer Run
Dro (Weight including all SS & poison
Orien tal:ion plates above the bottom panel, rails, and
4 fuel assemblies )
(Degree) Axial Load Trans. Load F, (Ibs) P: (psD)
F, (Ibs) P; (psi)
Vertical 160 0 32,000 0
30 139 04 27,800 - 80
45 113 0.565 22,600 113

** This assumption is also very conservative for drop orientations other than vertical drop.
For example, for 30 and 45 degree drops, the bottom panel only supports 3 fuel assemblies
but was analyzed for 4 fuel assemblies.
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Table 2.10.3-6

Summary of Canister Normal Condition Stress Analysis

Load ~ Stress Maximum Stress | Allowable Membrane
Combination Category _ (ksi) Stress Intensity (ksl.) |
External Pressure, | P,+ P, 92 . 187 .
30g Front End | Cold Environment
Drop Internal Pressure, Pn+ P, 9.0 18.7
Hot Environment
External Pressure, P+ Py 11.6 18.7
30g Rear End | Cold Environment
Drop Internal Pressure, P,+P, 103 18.7°
Hot Environment
External Pressure, Py 6.2 18.7
45° Azimuth Cold Environment Pnt+ Py 15.1 28.1
30g Side Drop | Internal Pressure, Py 11.4 18.7
Hot Environment Pr+ Py 204 28.1
External Pressure, Py 64 18.7
60° Azimuth | Cold Environment Pp+ Py 19.3 28.1
30g Side Drop | Internal Pressure, Py 11.6 18.7
Hot Environment Pp+ Py 24.6 28.1
External Pressure, | Py 6.6 18.7
90° Azimuth Cold Environment Pm+ Py 12.4 28.1
30g Side Drop | Internal Pressure, P 11.8 18.7
Hot Environment P+ Py 177 28.1
External Pressure, P 1.2 18.7
180° Azimuth | Cold Environment Pyt Py 150 28.1
30g Side Drop | Internal Pressure, Py 12.5 18.7
Hot Environment Put+Pp 20.2 28.1

*The stress intensities (membrane + bending) generated in the canister during the end drop events are
conservatively compared with the membrane allowable stress, P,, for SA-240, Type 304.
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Table 2.10.3-7 ,
Summary of Canister Accident Condition Stress Analysis

Load Stress Maximum Stress | Allowable Membrane
Combination Category (kst.) Stress Intensity (ksi,)
Hot Environment, Pn+ Py 13.6 4.8 '
75g Front End Internal Pressure
Drop Cold Environment, Pa+ Py 16.8 448
External Pressure
Hot Environment, Pn+ Py 17.8 4.8
75g Rear End Internal Pressure
Drop Cold Environment, Pu+ P, 17.0 448
External Pressure
External Pressure, Py 7.2 4.8
45° Azimuth Cold Environment P+ Py 248 57.6
75g Side Drop | Intemnal Pressure, Py 124 44.8
Hot Environment Py+ P 300 57.6
External Pressure, Py 7.6 44.8
60° Azimuth Cold Environment Pp+ Py 24.7 57.6
75g Side Drop | Internal Pressure, P, 12.9 44.8
Hot Environment Pu+ Py 30.0 57.6
External Pressure, Pp 8.3 44.8
90° Azimuth Cold Environment P+ P 22.0 57.6
75g Side Drop | Internal Pressure, Py 13.6 44.8
Hot Environment Pa+ Py - 21.2 57.6
External Pressure, Pp 8.7 44.8
180° Azimuth | Cold Environment Py + Py 24.9 57.6
75g Side Drop | Internal Pressure, Py 13.9 4.8
Hot Environment P+ Pp 30.1 57.6

*The stress intensities (membrane + bending) generated in the canister during the end drop events are
conservatively compared with the membrane allowable stress, P,, for SA-240, Type 304.
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( . Figure 2.10.3-1

&v' Basket Cross Section Finite Element Model
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NUHOMS 61B Basket, Finite Element Model
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Figure 2.10.3-2
Basket Cross Section Finite Element Model — Fuel Compartments
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NUHOMS 61B Basket, Finite Element Model, Inner Boxes
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Figure 2.10.3-3
Basket Cross Section Finite Element Model — Outer Wrap
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NUHOMS é61B Basket, Finite Element Model, Outer Boxes
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( . Figure 2.10.3-4
Ly

Basket Cross Section Finite Element Model — Support Rails

NUHOMS 61B Basket, Finite Element Model, Support Rails
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Figure 2.10.3-5
Basket Side Drop Orientations
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Figure 2.10.3-6
Gap Sizes between Basket Rails and Canister Inner Surface
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Figure 2.10.3-7
Gap Sizes between Canister Outer Surface and Transport Cask Inner Surface

73007444~

S5.00———

0000*}00607
i )
0014~ .0129"

Rev. 0 4/01



e"'. Figure 2.10.3-8
&wj s

Finite Element Model — Canister & Gap Elements

NUHOMS 61B Basket, Finite Element Model, Outer Shell & Gaps
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(’ Figure 2.10.3-9
. Finite Element Model — Canister & Gap Elements, Enlarged View

NUHOMS 61B Basket, Finite Element Model, Outer Shell & Gaps
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Figure 2.10.3-10
Basket Temperature Distribution at the Middle Section
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Figure 2.10.3-11
Basket Temperature Distribution at the Top Section
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& Figure 2.10.3-12

Basket Temperature Distribution at the Bottom Section
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Figure 2.10.3-13
Basket % Section Finite Element Model for Thermal Stress Analysis
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& Figure 2.10.3-14

Basket % Section Finite Element Model with Nodal Couplings and Boundary Conditions
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Figure 2.10.3-15

Thermal Stress Analysis Geometry
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(;/. Figure 2.10.3-16

Support Rail Temperature Distribution at the Middle Section
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& Figure 2.10.3-17

Support Rail Temperature Distribution at the Top Section
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’ Figure 2.10.3-18

Support Rail Temperature Distribution at the Bottom Section
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’ Figure 2.10.3-19

Basket Rail Type 1 Finite Element Model
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’ Figure 2.10.3-20

Basket Rail Type 2 Finite Element Model
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Figure 2.10.3-21

45° Orientation Side Drop — Loading Condition
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Figure 2.10.3-22
60° Orientation Side Drop — Loading Condition
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Figure 2.10.3-23
90” and 180° Orientation Side Drop — Loading Condition

ANSYS 5.6
JUN 17 2000
11:55:16
ELEMENTS
TYPE NUM

2V =1
DIST=36.96

XF =1l6.8

2F =-1.5
PRECISE HIDDEI

B2 HOBH

NUHOMS 61B Basket, 90deg Orientation, Loading Conditions

Rev. 0 4/01
s A




(’ Figure 2.10.3-24

45° Orientation Side Drop — Basket, P,, (75.5g)
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Figure 2.10.3-25

45° Orientation Side Drop — Basket, P,, + P (75.5g)
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‘ . Figure 2.10.3-26

{\’“ 45° Orientation Side Drop - Rails, P,, (75.5g)
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{ . Figure 2.10.3-27
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45° Orientation Side Drop — Rails, P+ P, (75.5g)
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Figure 2.10.3-28
60° Orientation Side Drop — Basket, P,, (75.5g)
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Figure 2.10.3-29
60° Orientation Side Drop — Basket, P,, + P, (75.5g)
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Figure 2.10.3-30
60° Orientation Side Drop — Rails, P,, (75.5g)
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@ Figure 2.10.3-31

60° Orientation Side Drop — Rails, P,, + P, (75.5g)
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’ Figure 2.10.3-32

90° Orientation Side Drop — Basket, P,, (75.5g)
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Figure 2.10.3-33
90° Orientation Side Drop — Basket, P,, + P, (75.5g)
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Figure 2.10.3-34
90° Orientation Side Drop — Rails, P,, (75.5g)
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& Figure 2.10.3-35

90° Orientation Side Drop - Rails, P,, + P, (75.5g)
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Figure 2.10.3-36
180° Orientation Side Drop — Basket, P,, (75g)
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Figure 2.10.3-37
180° Orientation Side Drop — Basket, P,, + Py (75g)
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Figure 2.10.3-38
180° Orientation Side Drop — Rails, P, (75g)
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Figure 2.10.3-39
180° Orientation Side Drop - Rails, P,, + Py (75g)
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Figure 2.10.3-40

Hold Down Ring Alignment Leg Finite Element Model with Boundary Conditions
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(‘, Figure 2.10.3-41

Hold Down Ring Finite Element Model with 90° Drop Orientation Boundary Conditions

ANSYS 5.6
o JUL 18 2000
) 10:05:31

u

ACEL

zv =1
DIST=35.2
Z-BUFFER

L
T

oo, SR,
NUHOMS 61B BASKET HOLDDOWN RING INELASTIC ANALYSIS-75G,90 DEG

Rev. 0 4/01




Qu_. Figure 2.10.3-42

Hold Down Ring Finite Element Model with 45° Drop Orientation Boundary Conditions
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Figure 2.10.3-43
Small Basket Section Finite Element Model Locations
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Figure 2.10.3-44
Small Basket Section Finite Element Model with Boundary Conditions
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Figure 2.10.3-45

NUHOMS 61B Basket Model Geometry
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Figure 2.10.3-46
Vertical Drop Buckling Analysis, Location 1
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Figure 2.10.3-47
30° Drop Buckling Analysis, Location 1
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Figure 2.10.3-48
45° Drop Buckling Analysis, Location 1
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Figure 2.10.3-49
Vertical Drop Buckling Analysis, Location 2
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Figure 2.10.3-50
30° Drop Buckling Analysis, Location 2

NUHOMS61B Small Model Bucklng Analysis, location 2, 30 deg.
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’ Figure 2.10.3-51

45° Drop Buckling Analysis, Location 2
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Figure 2.10.3-52
Allowable Collapse Load Determination, Location 1, Vertical Drop
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Figure 2.10.3-53

Allowable Collapse Load Determination, Location 1, 30° Drop
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Figure 2.10.3-54

Allowable Collapse Load Determination, Location 1, 45° Drop
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Figure 2.10.3-55

Allowable Collapse Load Determination, Location 2, Vertical Drop
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‘ Figure 2.10.3-56

Allowable Collapse Load Determination, Location 2, 30° Drop
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Figure 2.10.3-57
Allowable Collapse Load Determination, Location 2, 45° Drop
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;L. Figure 2.10.3-59

Support Rail Type 1 Finite Element Model with Boundary Conditions
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Figure 2.10.3-60
NUHOMS 61B Basket Rail Buckling Analysis, Case 1

ANSYS 5.6
FEE 2 2000
12:31:12
NODAL SOLUTION
STEP=1
SUB =67

: TIME=.6575
SINT (AVG)
BOTTOM

DMX =.008274
SMN =235.563
SMX =218B79
235.563
2640
5045
7450
9855
12260
14665
17069
19474
21879

CHE ]

BASKET 61B Rail- BUCKLING ANALYSIS

Rev. 0 4/01

R




NUHOMS 61B Basket Rail Buckling Analysis, Case 2
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& Figure 2.10.3-61

ANSYS 5.6
FEB 2 2000
12:48:44
NODAI, SOLUTION
STEP=1
; SUB =82
TIME=,802
SINT (AVG)
BOTTOM
DMX =,018221
SMN =1028
SMX =24883
1028
= 3678
o] 6329
e B98O :
) 11630 -
14281 |
e 16932 |
3 19582 |
mm 22233 §
24883 |
|
{
BASKET 61B Rail- EBUCKLING ANALYSIS
0
|
Rev. 0 4/01 ;;




Figure 2.10.3-62

Support Rail Type 1 Allowable Collapse Load Determination
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@ Figure 2.10.3-63
NUHOMS-61B Canister 2-Dimensional Finite Element Model

NUHOMS 61-B, Canister, Element Plot
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& Figure 2.10.3-64

NUHOMS-61B Canister 2-Dimensional Finite Element Model,
Including Nodal Couplings and Front End Drop Boundary Conditions, Front Closure

NUHOMS 61-B, Canister, Element Plot
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Figure 2.10.3-65
NUHOMS-61B Canister 2-Dimensional Finite Element Model,
Including Nodal Couplings and Front End Drop Boundary Conditions, Rear Closure

NUHOMS 61-B, Canister, Element Plot
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APPENDIX 2.104

NUHOMS®-MP197 CASK LEAD SLUMP ANALYSIS

2.104.1 Introduction

The purpose of this analysis is to determine the amount of lead slump that occurs in the
NUHOMS®-MP197 cask during a hypothetical accident condition end drop. The load cases
considered in this calculation are hypothetical accident condition lid and bottom end drops. The
impact loads are combined with thermal loads corresponding to a 100° F ambient environment
and a -20° F ambient environment.

During a hypothetical accident condition end drop, permanent deformation of the lead gamma
shield may occur. The lead gamma shield is supported by friction between the lead and cask
shells, in addition to bearing at the end of the lead column.

A nonlinear finite element analysis is performed in order to quantify the amount of lead slump
generated during an end drop event. A 2-dimensional axisymmetric ANSYS [1] finite element
mode! is constructed for this purpose. The results of the finite element analysis provide both
stresses and displacements generated during the end drop event. The displacement results are
used in this section to determine the maximum size of the axial gap that develops between the
lead gamma shield column and the structural shell of the cask. The effect of this cavity size on
the shielding ability of the transport package is evaluated in Chapter 7. Both stress and
displacement distributions computed by the finite element analysis are used to perform a
buckling evaluation of inner containment shell of the NUHOMS®-MP197 cask in Appendix
2.10.5.

2.104.2 inite Element Model

2.104.2.1 Approach

A 2-dimensional axisymmetric ANSYS [1] finite element model, constructed primarily from .
PLANEA2 elements, is used in this analysis. LINK1 elements are used to model the lid and RAM
port cover bolts. Pre-load stresses of 87 ksi. and 25 ksi. are applied to the lid and RAM port
cover bolts respectively. Gap elements are used to model the interaction between the lead gamma
shield and the cask inner and outer shells. The coefficient of sliding friction for lead on mild steel
varies from 0.3 for lubricated surfaces to 0.95 for dry surfaces [7]. A lower bound coefficient of
static friction of 0.25 is conservatively used for the buckling analysis.

In order to determine the amount of lead slump settling, an elastic plastic analysis is required.
The material properties of the lid, bottom, inner shell, and outer shell of the transport cask are
modeled with bilinear stress-strain curves, while the lead material is modeled with a multilinear
stress-strain curve. ‘
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The neutron shield, shield shell, trunnions and bearing block are not included in the model. The
effect of the unmodeled weight is accounted for by increasing the density of the outer shell in the
neutron shield region. The modified density of the outer shell in this region is computed in the

- following way.

The weight of the section of the outer shell, W, that will be given an increased density is,

Wo= m{ [41.00 in. (outer shell o.r.)]* - [38.5 in. (outer shell i.r.)]* } X 144.0 in. (section
length) % 0.29 (density) = 26,075 Ib.

The weight of the entire FEM prior to density modification, Wy, is 128,050 Ib. (Section 2.2). The
actual calculated weight of the transport cask, Wy, is 150,027 1b. (Section 2.2). However, a
conservative weight of 150,320 1b. is used. Therefore, the modified density used in this analysis,

Doy i8

W, +W, -W,) 26,075+ (150320 ~128,050)
7(41.00° —38.50%)x144 7(41.00% —38.50%)x144

. 2.10.4.2.2 aterial Properties

The maximum temperature of the transport cask during transport in the 100° F ambient
environment is 302° F (Chapter 3, Table 3-1). Properties of NUHOMS®-MP197 cask materials
are taken at 300° F for both hot and cold environment cases, which is conservative. The transport
cask material properties are as follows.

P, = =0.5381b.in.”

hell (SA-240 16) @ 300°F. [1] [2] [3])

E =27.0x10° psi.

Sy =23.4 ksi.

S, = 72.9 ksi.

o5eer = 8.5%10° in./in. °F"
aooer = 9.2x10°8 in/in. °F!
v=03

p=0.29

Elongation, e = 40%

£ @ S, =23,400/27.0x10° = 0.000867 in. in"".
Tangent Modulus, Er = (72,900 — 23,400)/(0.40 ~ 0.000867) = 124,020 psi.
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. id Material (SA-693 Type 630, Condition H1 300° F. [1] [2] [3]

E = 27.2x10° psi.
Sy = 101.8 ksi.
S, = 140.0 ksi. -

. ayeep = 5.89x10% in.fin. °F

a0 = 5.90x10° infin, °F!
v=0.3

p=029 .

Elongation, e = 14%

€@ S, = 101,800/27.2x10° = 0.003743 in. in™",
Tangent Modulus, Er = (140,000 — 101,800)/(0.14 — 0.003743) = 280,353 psi.

Lead (B-29) @ 300°F. [4] {5] [6]

E = 2.06x10° psi.

v=0.45

p=041

ayeer = 16.07x10°¢ in.fin, °F!
Oso0cr = 17.34%10°¢ inJin. °F!

Multi-linear Stress/Strain Curve:

Strain : Stress
0.000485 1000
0.030 1,700
0.100 2,380
0.300 2,720
0.500 3,060
nner Shell e, Bottom Clo late (SA-240 Type XM-19 or SA-182 -

19) @ 300°F. {1} [2] (3]

E = 27.0x10° psi.

S, = 43.3 ksi.

S, =94.2 ksi.

ayeor = 8.2x10°% inJin. °F!
osoer = 8.8x10° inJ/in. °F!
v=0.3

p=029

Elongation, e = 35%

£ @ S, =43,300/27.0x10° = 0.001604 in. in’'.
Tangent Modulus, Er = (94,200 — 43,300)/(0.35 — 0.001604) = 146,100 psi.
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2.104.2.3 Boundary Conditions
id E op Boundary Conditions

The weights of the transport cask internals and bottom impact limiter are accounted for by
applying equivalent pressures. The actual weights of the transport cask internals and bottom
impact limiter, including the thermal shield, are 88,390 Ib. and 14,085 Ib. respectively (Section
2.2). The weights of the transport cask internals and bottom impact limiter, used in this analysis,
are conservatively increased to 88,500 1b. and 14,200 Ib. respectively. The pressure equivalent to
the weight of the internals, P, is,

P, = 88,500/ [ & x 34.00% (cavity inner radius) ] = 24.3689 psi.

The pressure equivalent to the weight of the bottom impact limiter, including the thermal shield,
Py, is, :

Py = 14,200 / [ 10 x 40.507 (cask outer radius) ] = 2.7577 psi.

The reaction pressure at the top end of the cask in the lid region is made equivalent to the weight
of the lid plus the weight of the internals. The reaction pressure at the top end of the cask in the
flange region is made equivalent to the weight of the entire model plus the weight of the bottom
impact limiter minus the weight of the lid. The reaction pressure at the lid, Ry, is,

- 88,500 + 7(34%)(4.50)(0.29)

R,
! 7(347)

= 25.67 psi.

The reaction pressure at the flange, Ry, is,

== 150320 +14,200 - 7(347)(4.50)(0.29)
T 71(37.34 —34.007) + (40.50? - 37.65)]

= 110.32 psi.

These reaction pressures are applied to the finite element model and then adjusted slightly for
each load case in order to balance the reaction forces at the boundary conditions.

Symmetry displacement boundary conditions are applied along the y-axis of the 2-dimensionsal
axisymmetric model. A single node along the y-axis of the model at the bottom (non-impact) end
of the cask is held in the axia! direction. An inertial load of 100gs in the negative y-direction is
also applied to the model. A plot of the finite element model and boundary conditions for the lid
end drop load case is provided in Figure 2.10.4-1.
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tt rop Bo Condition

The weights of the transport cask internals and top impact limiter are also accounted for by
applying equivalent pressures. The actual weight of the top impact limiter is 13,782 1b. The
weight of the top impact limiter used in this analysis is conservatively increased to 13,900 Ib.

" The pressure equivalent to the weight of the intemals, P;, is,

P;= 88,500/ [ 70 x (34.00% ~ 8.75%) (cavity inner radius) ] = 26.10 psi.
The pressure equivalent to the weight of the top impact limiter, Py, is,

_ 13,900
7[31.347 +(40.50° - 37.65%)]

Pu =2.74 psi.

The reaction pressure at the bottom end of the cask in the central region is made equivalent to the
weight of the bottom plus the weight of the internals. The reaction pressure at the bottom end of
the cask in the outer region is made equivalent to the weight of the entire model plus the weight
of the top impact limiter minus the weight of the bottom. The reaction pressure in the center
region, R,, is,

_ 88,500 +7(34%)(6.50)(0.29)
- 7(34%)

"R, = 26.25 psi.

The reaction pressure at the outer edge, R,, is,

150,320 +13,900 - 7(34°)(6.50)(0.29) _

Re 7(40.50% —34.00%)

103.45 psi.

These reaction pressures are applied to the finite element model and then adjusted slightly for
each load case in order to balance the reaction forces at the boundary conditions.

Symmetry displacement boundary conditions are applied along the y-axis of the 2-dimensionsal
axisymmetric model. A single node along the y-axis of the model at the lid (non-impact) end of
the cask is held in the axial direction. An inertial load of 100gs in the positive y-direction is also

- applied to the model. A plot of the finite element model and boundary conditions for the bottom

end drop load case is provided in Figure 2.104-2.
Thermal L oads

Two thermal load cases are applied to each drop orientation load case, yielding a total of four
load combinations. The two temperature distributions applied correspond to the 100° F. and -20°
F ambient temperature environments. The temperature distributions applied to the finite element
model for both the 100° F hot environment condition and the -20° F cold environment condition
are taken from Chapter 3.
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2.104.3 FEA Results

In order to quantify the axial length of the cavity that develops as a result of lead slump, the
difference between the maximum axial deflections of adjacent lead and structural shell nodes, at
the load step corresponding to 75 gs, is detenmncd This difference is taken to be the maximum
cavnty length caused by lead slump.

The following table summarizes the axial gap between the lead and cavity after all four load
combinations analyzed. Nodal displacement distributions for the four load combinations are
shown Figures 2.10.4-3 through 2.10.4-6.

Load Combination Gap
75g Lid End Drop, Oin.
Hot Environment
75g Lid End Drop, 0.235 in.
Cold Environment
75g Bottom End Drop, Oin.
Hot Environment
75g Bottom End Drop, 0.107 in.
Cold Environment -

2.104.4 Conclusions

The table above shows that the maximum longitudinal gap, caused by lead slump, is 0.235
inches, and occurs during accident condition lid end drop, in the cold environment. The table
above, as well as the displacement plots (Figures 2.10.4-3 through 2.10.4-6) also show that in the
hot environment, differential thermal expansion between the lead shield and the structural shells
precludes gap formation during both lid and end drops. The effect of the gap on the shielding
ability of the NUHOMS®-MP197 cask is analyzed in Chapter 6.
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@ Figure 2.10.4-1

NUHOMS®-MP197 cask 2-Dimensional Finite Element Model
with Lid End Drop Boundary Conditions
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L_. Figure 2.10.4-2

NUHOMS®-MP197 cask 2-Dimensional Finite Element Model
with Bottom End Drop Boundary Conditions
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Q, Figure 2.10.4-3

Displacement Pattern — Lid End Drop, Hot Environment Load Case

1 ANSYS 5.6
DEC 1 2000
10:16:07
NODAL SOLUTION
TIME=.15
USUM (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.231137
SMX =.231137
0
Bl o560
Bl 51364
.077046
.102728

R

[0

B 50
Bl 154001
£
2
{5

.1797173
.205455
.231137

NUHOMS-61B 2D Axisymmetric FEM, Lid End Drop, Hot

Rev. 0 4/01




Displacement Pattern — Lid End Drop, Cold Environment Load Case

Figure 2.10.4-4
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& Figure 2.10.4-5

Displacement Pattern — Bottom End Drop, Hot Environment Load Case
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Figure 2.10.4-6

Displacement Pattern — Bottom End Drop, Cold Environment Load Case

NUHOMS~-61B 2D Axisymmetric FEM, Bottom End Drop, Cold

ANSYS 5.6
DEC 1 2000
10:37:54
NODAL SOLUTION
TIME=.75
USUM (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.159175
SMN =.434E-03
SMX =.159175
.434E-03
Bl 007
.03571
.053348
.070986
.086624
.106262
.123899
B 141537
B .55

Rev. 0 4/01




APPENDIX 2.10.5

TABLE OF CONTENTS
Page
2.10.5 NUHOMS®-MP197 CASK INNER CONTAINMENT

BUCKLING ANALYSIS ...ccctvivermmecirassesssrrsessarsssssssssessassanessessesssssssssssasessonsssssss 2.10.5-1
2.10.5.1  INUPOQUCHION ..ceveieerierieesensenresesssssssssnssasssessessonsssassstssnessassansssnssssnsssnsassosses 2.10.5-1
2.10.5.2  Material PTOPETLIES .....cccvrrecereercrsnnnorssisasssscsessesssncsessassansersrassssesanssessssases 2.10.5-2
2.10.5.3 Allowable Buckling Stress Determination.........ccoeceecnenereesacscersnssssans 2.10.54
2.10.54 Finite Element MOdEl......cccoceevirviivenneneiinneseeisesssnessesssesssnssssssssesssassnsss 2.10.5-10
2.10.5.5  FEA RESUIS....cccovcvirreerirereirertensssnensesssessnossesssesstssssssssessassssssssssssssssasasss 2.10.5-13
2.10.5-6  CONCIUSIONS c.vreeverirrrersaicrsensssnsssansiarssassessesssnesssnsossersssnosasasssnasessossssnsnns 2.10.5-16

2.10.5-7  REFCIENCES cetereeereirscrrnsreciosssresncessssasrossescesssessraesorsesssssasesssssssssanssansnssess 2.10.5-17

LIST OF FIGURES

2.10.5-1 NUHOMS®-MP197 cask 2-Dimensional Finite Element Model with Lid End
Drop Boundary Conditions

2.10.5-2 NUHOMS®-MP197 cask 2-Dimensional Finite Element Model with Bottom
End Drop Boundary Conditions

2.10.5-3  Stress Intensity — Lid End Drop, Hot Environment

2.10.5-4  Stress Intensity — Lid End Drop, Cold Environment

2.10.5-5 Stress Intensity — Bottom End Drop, Hot Environment

2.10.5-6 Stress Intensity — Bottom End Drop, Cold Environment

2.10.5-7 Collapse Load Determination — Lid End Drop, Hot Environment

2.10.5-8 Collapse Load Determination — Lid End Drop, Cold Environment

2.10.5-9 Collapse Load Determination — Bottom End Drop, Hot Environment

2.10.5-10 Collapse Load Determination — Bottom End Drop, Cold Environment

2.10.5-i Rev. 0 4/01



APPENDIX 2.10.5

NUHOMS®-MP197 CASK INNER CONTAINMENT BUCKLING ANALYSIS

2.105.1 . uctio

The purpose of this analysis is to evaluate the structural adequacy of the NUHOMS®-MP197
cask inner shell with respect to bucking. The load cases considered in this calculation are
hypothetical accident condition lid and bottom end drops. The impact loads are combined with

_thermal loads corresponding to a 100° F ambient environment and a -20° F ambient

environment, The analysis is based on the methodology provided in ASME Code Case N-284-1
[1] and the Collapse Load Analysis described in ASME B&PV Code Appendix F [2].

During a hypothetical accident condition end drop, permanent deformation of the lead gamma
shield may occur. The lead gamma shield is supported by friction between the lead and cask
shells, in addition to bearing at the end of the lead column. During fabrication, a small gap may
develop between the lead gamma shield and the cask structural shells due to differential thermal
expansion of the dissimilar materials during cooling after the lead pour. The gap between the
lead and cask shells reduces the stresses in the cask shells during the postulated end drop, while
maximizing the amount of permanent deformation in the lead column (i.e. lead slump).
Therefore, for the purpose of analysis, the lead is conservatively assumed to be initially in
contact with both the cask inner and structural shells.

A nonlinear finite element analysis is performed in order to evaluate the buckling capacity of the
inner shell of the transport cask. A 2-dimensional axisymmetric ANSYS [3] finite element model
is constructed for this purpose. The results of the finite element analysis provide both stresses
and displacements generated during the end drop event. The resulting stress distribution is
compared with the allowable buckling stresses in both the hoop and the axial directions as
dictated by ASME Code CASE N-284-1 [1]. The resulting deformation is used to perform a
collapse load analysis described in ASME B&PV Code Appendix F [2).
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2.10.5.2 ateri i

The maximum temperature of the transport cask during transport in the 100° F ambient
environment is 302° F (Chapter 3, Table 3-1). Properties of NUHOMS®-MP197 cask materials

are taken at 300° F for both hot and cold environment cases, which is conservative. The transport
cask material properties are as follows.

Quter Shell (SA-240 Type 316) @ 300° F. [4] [5] (6]

E = 27.0x10° psi.

S, = 23.4 ksi.

Sy =T72.9 ksi.

asoop = 8.5%10°8 in.fin. °F!
Giooer = 9.2x10°¢ in.in. °F!
v=0.3

pP= 0.29

Elongation, e = 40%

£ @ S, = 23,400/27.0x10° = 0.000867 in. in™.
Tangent Modulus, Er = (72,900 — 23,400)/(0.40 ~ 0.000867) = 124,020 psi.

id Material (SA-693 Type 630, Condition H1 @ 300° F. [4] (5] (6]

E =217.2x10° psi.

Sy = 101.8 ksi.

S, = 140.0 ksi.

oer = 5.89%10¢ infin. °F!
asgoep = 5.90x10°¢ infin. °F}
v=0.3

p=029

Elongation, e = 14%

£ @ S, = 101,800/27.2x10° = 0.003743 in. in"",
Tangent Modulus, Er= (140,000 — 101,800)/(0.14 — 0.003743) = 280,353 psi.
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‘ . Lead (B-29) @ 300° F. [7] [8] 9]

E =2.06x10° psi.
v=045
p=041
. ohoep = 16.07x10° infin. °F!
Gso0r = 17.34%10°8 in.fin. °F!

Multi-linear Stress/Strain Curve:

Strain Stress
0.000485 1,000
0.030 1,700
0.100 2,380
0.300 2,720
0.500 3,060

11, Flange, Bottom Closure Plate (SA-240 -19 0 -182 T -

19) @ 300°F. {4] [5] [6]

E =27.0x10° psi.
: S, =433 ksi.
Su =94.2 ksi.
ohoor = 8.2x10°8 in.fin. °F'
Oso0or = 8.8x107 in./in. °F!
v=0J3
p=029
Elongation, e = 35%

£ @ S, =43,300/27.0x10° = 0.001604 in. in”.
Tangent Modulus, Er = (94,200 — 43,300)/(0.35 — 0.001604) = 146,100 psi.
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2.10.5.3 Allowable Buckling Stress Determination

The following analysis, based on ASME Code CASE N-284-1 [1], is used to determine the

‘allowable ax1al and hoop buckling stresses.

2.105.3.1 Notation

The following notaﬁon is taken from Reference 1, Section —1200.

Subscripts ¢ and 6= axial (maridional) and circumferential directions respectively.
I, = distances between lines of support in the axial direction, use 193.50 in.
R = shell mean radius = 68.00/2 in. (inner radius) + 1.25 in. (shell thickness) = 35.25 in.
t = shell thickness, 1.25 in.
14 1o = thickness of elements of a stiffener, in. (defaults to ¢ for unstiffened vessels).
ly

M, =
* J®o

Cn, Co= elastic buckling coefﬁclem under external pressure and axial compression
respectively.

OheL, Oger = local theoretical elastic instability stress in the hoop direction for cylinders under
external pressure and axial compression respectively, psi.

E = modulus of elasticity of the material at design temperature, 27.0x10° psi. @ 300°F [5].
Qg = capacity reduction factor to account for the difference between classical theory and
predicted instability stresses for fabricated shells.

o, = tabulated yield stress of material at design temperature, 43,300 psi. @ 300° F [5].

O:a, Oha, allowable axial and hoop stresses for elastic buckling respectively, psi.

Oxc, O, allowable axial and hoop stresses for inelastic buckling respectively, psi.

0y 0Op= calculated axial and hoop membrane stress components respectively, psi.

FS = factor of Safety, 2 for normal conditions, 1.34 for accident conditions ([1], Section -
1400 (a)).

K = the ratio of the axial membrane force per unit length to the hoop compressive membrane
force per unit length, 0324/ Og1s
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. 2.10.5.3.2 e Hoo S inatio

The analytical method provided in ASME Code Case N-284-1 is used to determine the allowable
buckling stress with respect to external pressure of the NUHOMS®-MP197 cask inner shell.

Since the vessel is assumed to be unstiffened, only the theoretical buckling calculation for
unstiffened shells or local buckling between stiffeners of stiffened shells applies ([1], Section
1712.1). Reference 1, Section ~1712.2, Stringer Buckling and General instability, does not apply
since it analyzes the global buckling of a stiffened vessel.

ical Buckli ue

Local Buckling, external pressure, with no end pressure ([1], Section -1712.1.1 (b) (1)):

= e = e = 29.15 in.

R_3325 189, 165 —:3 = 46.53

. =3.0<Mp <1.65 if—

Therefore,

092 _ 092

= = =0.0329
¥ M,-117 29.15-1.17

(27.0x10°)(1.25)
35.25

= Og, =0, =Cy %(Q = 0.0329 = 31,481 psi.

i i ctor

From Reference 1, Section —1511 (b), for local buckling of cylindrical shells, stiffened or
unstiffened under Hoop Compression,

aa=0.28.
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lasticity Reducti cto

The plasticity reduction factor is computed based on the formulae provided in Reference 1,
Section -1611 (b) as follows.

a0a, _ (0.8)(31,481)
o 43,300

y

A= =0.582

Since A <0.67,
ne=1.
Allowable Buckling Stress

Elastic buckling interaction equations ([1], Section -1713.1.1 (b)) for normal conditions, hoop
compression only:

= e A 212,593 psi.

For accident conditions,
0.= 12,593 psi. X (2.0 normal condition F.S. / 1.34 accident condition F.S.) = 18,796 psi.
Inelastic buckling interaction equations for hoop compression only ([1], Section -1713.2.1):
Orc = 16 Org (1)(12,593) = 12,593 psi.
For accident conditions,

O = 12,593 psi. X (2.0 normal condition F.S. / 1.34 accident condition F.S.) = 18,796 psi.
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. 2.10.5.3.3 lowable Axial S mination

The analytical method provided in ASME Code Case N-284-1 [1] is used to determine the
NUHOMS®-MP197 cask allowable buckling axial stress.

Theoretical Buckling Value
Local Buckling ({1], Section —~1712.1.1 (a)):

b __ 19350 15 in
* JRe JE5250 25
=My 2 1.73
Therefore,
Cy=0.605
6
= 0,, =C, B0 _ 605 (27'0’;:)2 5)(1'25) = 579,255 psi.

‘ Capacity Reduction Factor

From reference 1, Section 1511 (a), for local buckling of cylindrical shells, stiffened or
unstiffened under axial compression, @y is the larger of (1) and (2).

(1) Effect of R/t
R_35. 25 _ 282
t 125
R
1.52-0.473 log,o(-t-) =0.834
=a, =MIN 3000, =0.448
(2) Effect of Length

My210 = ag =0.207

Therefore, oy = 0.448.
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lasticit ucti 0
The plasticity reduction factor is computed based on the formulae provided in Reference 1,
Section —1611 (a) as follows.

' A= a0 _ (0448)(579,255)
o 43,300

y

=5.993

Since 1.6 < A <6.25,

1.31

=0.1660.
1+1.15A

Ne=

Allowable Buckling Stress

Elastic buckling interaction equations ([1], Section —1713.1.1 (a)) for normal conditions, axial
compression only:

_lo, XOpr) _ (0.448)(579,255)

' o =129,753 psi.
® e

For accident conditions,

0..= 129,753 psi. x (2.0 normal condition F.S. / 1.34 accident condition F.S.) = 193,661 psi;
Inelastic buckling interaction equations for axial compression only ([1}, Section -1713.2.1):
O, =Ng0,, =(0.1660)(129,753) = 21,539 psi.
For accident conditions,

O.= 21,_539 psi. X (2.0 normal condition F.S. / 1.34 accident condition F.S.) = 32,148 psi.
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‘ 2.10.5.3.4

f Allowable Buckli

The following table summarizes the allowable inelastic hoop and axial stresses for the transport
cask inner shell for both normal conditions of transport and hypothetical accident conditions.

Normal Hypothetical Accident
Conditions of Conditions
Transport
Maximum Allowable
Hoop Stress (psi.) 12,593 18,796
Maximum Allowable
Axial Stress (psi.) 21,539 32,148
2.10.5-9
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2.10.54 Finite Element Model

2.10.54.1 Approach

A 2-dimensional axisymmetric ANSYS [3] finite element model, constructed primarily from
PLANEA42 elements, is used in this analysis. LINK1 elements are used to model the lid and RAM
port cover bolts. Pre-load stresses of 87 ksi. and 25 ksi. are applied to the lid and RAM port
cover bolts respectively (Appendix 2.10.2). Gap elements are used to model the interaction
between the lead gamma shield and the cask inner and outer shells. The coefficient of sliding
friction for lead on mild steel varies from 0.3 for lubricated surfaces to 0.95 for dry surfaces [4].
A lower bound coefficient of static friction of 0.25 is conservatively used for the buckling
analysis.

In order to perform a collapse load analysis, as per ASME B&PV Code Appendix F [2], an
elastic plastic analysis is required. The material properties of the lid, bottom, inner shell, and
outer shell of the transport cask are modeled with bilinear stress-strain curves, while the lead
material is modeled with a multilinear stress-strain curve,

The neutron shield, shield shell, trunnions and bearing block are not included in the model. The
effect of the unmodeled weight is accounted for by increasing the density of the outer shell in the
neutron shield region. The modified density of the outer shell in this region is computed in the
following way.

The weight of the section of the outer shell, W,,, that will be given an increased density is,

Wos= 7 { [41.00 in. (outer shell 0.r.)] — [38.5 in. (outer shell i.r.)}* } x 144.0 in. (section
length) % 0.29 (density) = 26,075 1b.

The weight of the entire FEM prior to density modification, Wy, is 128,050 Ib. (Section 2.2). The
actual calculated weight of the transport cask, Wy, is 150,027 1b. (Section 2.2). However, a
conservative weight of 150,320 Ib. is used. Therefore, the modified density used in this analysis,

Pms 18

p o Wat @ -W,) __ 26075+(150320-128,050)

= n_ = =0.5381b.in.”
7(41.00% -38.50°)x144  7(41.00% —38.50%)x 144 "
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2.10.54.2  Lid End Drop Boundary Conditions

The weights of the transport cask internals and bottom impact limiter are accounted for by
applying equivalent pressures. The actual weights of the transport cask internals and bottom
impact limiter, including the thermal shield, are 88,390 b, and 14,085 1b. respectively. The
weights of the transport cask internals and bottom impact limiter, used in this analysis, are
conservatively increased to 88,500 Ib. and 14,200 Ib. respectively. The pressure equivalent to the
weight of the internals, P;, is,

P; = 88,500/ [ 7 x 34.00° (cavity inner radius [2]) ] = 24.3689 psi.

" The pressure equivalent to the weight of the bottom impact limiter, including the thermal shield,
Py, is,

Py = 14,200 / [ 7 x 40.50% (cask outer radius [2]) ] = 2.7577 psi.

The reaction pressure at the top end of the cask in the lid region is made equivalent to the weight
of the lid plus the weight of the internals. The reaction pressure at the top end of the cask in the
flange region is made equivalent to the weight of the entire model plus the weight of the bottom
impact limiter minus the weight of the lid. The reaction pressure at the lid, R}, is,

_ 88,500 + 7(34°)(4.50)(0.29)
- n(34%)

R = 25.67 psi.

The reaction pressure at the flange, Ry, is,

' R, _150320+14,200 - 7(347)(4.50)(0.29)
I 71(37.34 —34.00%) + (40.50% —37.65%)]

= 110.32 psi.

These reaction pressures are applied to the finite element model and then adjusted slightly for
each load case in order to balance the reaction forces at the boundary conditions.

Symmetry displacement boundary conditions are applied along the y-axis of the 2-dimensionsal
axisymmetric model. A single node along the y-axis of the model at the bottom (non-impact) end
of the cask is held in the axial direction. An inertial load of 100gs in the negative y-direction is
also applied to the model. A plot of the finite element model and boundary conditions for the lid
end drop load case is provided in Figure 2.10.5-1.
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2.10.54.3 ot Drop Boun itions

The weights of the transport cask internals and top impact limiter are also accounted for by
applying equivalent pressures. The actual weight of the top impact limiter is 13,782 Ib. The
‘weight of the top impact limiter used in this analysis is conservatively increased to 13,900 Ib.
The pressure equivalent to the weight of the internals, P;, is,

P, = 88,500/ [ 1 x (34.00% — 8.75%) (cavity inner radius) ] = 26.0973 psi.
The pressure equivaient to the weight of the top impact limiter, Py, is,

_ 13900
7[37.34” +(40.50” - 37.65%)]

Pu = 2.7362 psi.

The reaction pressure at the bottom end of the cask in the central region is made equivalent to the
weight of the bottom plus the weight of the internals. The reaction pressure at the bottom end of
the cask in the outer region is made equivalent to the weight of the entire model plus the weight
of the top impact limiter minus the weight of the bottom. The reaction pressure in the center
region, R,, is,

- 88,500 + ﬁ(342 )(6.50)(0.29)

R
¢ 7(34%)

= 26.25 psi.

The reaction pressure at the outer edge, R,, is,

- 150,320 + 13,900 — (34 )(6.50)(0.29) _

R = 103.45 psi.
° 7(40.50° - 34.00°) psi

These reaction pressures are applied to the finite element model and then adjusted slightly for
each load case in order to balance the reaction forces at the boundary conditions.

Symmetry displacement boundary conditions are applied along the y-axis of the 2-dimensionsal
axisymmetric model. A single node along the y-axis of the model at the lid (non-impact) end of
the cask is held in the axial direction. An inertial load of 100gs in the positive y-direction is also
applied to the model. A plot of the finite element model and boundary conditions for the bottom
end drop load case is provided in Figure 2.10.5-2.

2.10.544  Thermal Loads

Two thermal load cases are applied to each drop orientation load case, yielding a total of four
load combinations. The two temperature distributions applied correspond to the 100° F. and -20°
F ambient temperature environments. The temperature distributions applied to the finite element
model for both the 100° F hot environment condition and the -20° F cold environment condition
are taken from Chapter 3.
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2.10.5.5 FEA Results

Stress intensities and displacement patterns for the four load combinations are shown Figures
2.10.5-3 through 2.10.5-6.

2.10.5.5.1 olla termination

As per paragraph F-1340 [2], the acceptability of a component may be demonstrated by collapse
. load analysis. The allowable collapse load shall not exceed 100% of plastic analysis collapse
load ([2], F-1341.3). The plastic analysis collapse load is defined as that determined by plastic
analysis according to the criteria given in II-1430 ([2), F-1321.6(c)).

Using the methodology described in II-1430 ([2], F-1321.6(c)) (see Figures 2.10.5-7 through
2.10.5-10), the allowable collapse loads are determined. Since the load-displacement curve taken
from ANSYS does not cross the line of slope @, for all load combinations, up to the 100 g load
step, the collapse load is determined to be >100 gs.

2.10.5.5.2 i i tresse

The maximum axial and hoop stresses, in the inner shell, at the load step corresponding to 75 gs,
is extracted from the ANSYS results files for all four load combinations. These stresses are
compared to the allowable axial and hoop stresses computed above using the methodology -
provided in ASME Code Case N-284-1 [1]. '
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2.105.5.3  Summary of Results

The following table summarizes the maximum allowable collapse load and the maximum
calculated and allowable hoop and axial stresses generated in the inner shell for all four load

combinations analyzed.
Load Collapse Stress Category | Maximum Allowable
Combination Load Stress Buckling
(psi.) Stress (psi.) |
) Axisl 24,756 32,148
75g Lid End Drop, >100 gs Stress
Hot Environment Hoop 10,677 18,796
Stress
Axial 17,808 32,148
75g Lid End Drop, > 100 gs Stress
Cold Environment Hoop 5,386 18,796
Stress
Axial 26,603 32,148
75g Bottom End Drop, >100 gs Stress
Hot Environment Hoop 12,594 18,796
Stress
Axial 22,645 32,148
75g Bottom End Drop, >100 gs Stress
Cold Environment - Hoop 15934 18.796
Stress
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. 2.10.5.54 Elastic Buckling Stress Interaction Ch

Code Case N-284, Section —1713.1 [1] details the methodology used to evaluate the combination
of elastic axial and hoop stresses through the use of interaction equations. These relationships
must be satisfied for all n;.

Since the combination of the 30 foot end drop with the normal condition temperature load is
considered an accident condition, a Factor of Safety (FS) of 1.34 is used ([1), Section —1400 (c)).

For all load combinations evaluated above, the calculated axial stress is greater than the
_ calculated hoop stress. Therefore, for all load combinations, the ratio of axial to hoop stress, K2

0.5. Consequently, the following equation is considered.

0.50,, :i = (0.5)(18,796 ;‘%) = 9,398 psi.
, .

An interaction check is required, since the calculated axial stress, 0y, is greater than the above
expression for all load combinations.

Consequently, the following interaction equation must hold ({1}, -17131.1 (b)).

t
o, —O.SGM% 2
: +( "’) <10
0. -0.50,“% O ha

(4

The left hand side of this interaction equation is tabulated below for the four load combinations
considered.

Load Interaction Check

Combination

Lid End Drop, 0.406<1.0 ¥
Hot Environment

Lid End Drop, 0.128<1.0 ¥
Cold Environment
Bottom End Drop, 0542<1.0 ¥
Hot Environment
Bottom End Drop, 0791<1.0 vV
Cold Environment

The interaction inequality holds for all load combinations.
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‘ 2.10.5.5.5 astic Buckli . ion Check

Code Case N-284, Section —1713.2 [1] details the methodology used to evaluate the combination
of inelastic axial and hoop stresses through the use of interaction equations. These relationships
must be satisfied when any of the values of 7, < 1. However, no interaction equations are given
for meridional (axial) plus hoop compression, because it is conservation to ignore interaction of
the two stress components when buckling is inelastic [1].

2.10.5.6 Conclusions

Based on the following results, the inner shell of the NUHOMS®-MP197 cask will not buckle
during the accident condition end drop:

¢ The allowable collapse load, determined using the methodology described in ASME B&PV
Code Appendix F [2], is greater than 100 gs, for all load combinations.

¢ The maximum calculated hoop and axial stresses in the inner shell, generated by the 75 g end
drop, are less than the allowable axial and hoop stresses computed above using the
methodology provided in ASME Code Case N-284-1 [1], for all load combinations.

. e All interaction relations, provided. in ASME Code Case N-284-1 [1], for combination of axial
and hoop stresses are also satisfied. _
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