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INA = lb + Ic, -Ih = 237.061 in 4 

The bolt (#1) most distant from the neutral axis is selected for calculation of stresses.  

YWELD STRENGTH CRITERIA 

Tension stress on bolt #1 due to the bending moment, Mby, is 

MbyY'- (1,600,000)(7.083) 
7bIy INA 237.061 

where Mby =(Fy ) D = (390,000 )(1.5 +25) = 1,560,000 in lb.  

Y' = 7.083 in.  

The bolt maximum pre-load torque (Tmax) is 550(12) in-lb, which produces a tensile stress (ai) in 

addition to the bending stress: 

a1i - Frnx 39,111 = 45,691 psi 
At 0.856 

where: 

At = 0.856 in.2 (1 1/8-in, bolt tensile area) 

F• a• x T•• 50(12) 39,111 lbs kd 0.15(1.125) 

k = 0.15 for lubricated threads 

d = 1.125 in. (nominal bolt diameter) 

Shear stresses on the bolts do not show up due to the presence of the trunnion base plate.  

The total tensile stress (ayr) in bolt #1 is then: 

UT = Yby +c•a = 46,610.3+45,691 92,301 psi 

The allowable stress, Sy, at 350'F is 139,500 psi.  

The margin of safety is 

M..y Sy I 139,500 psi - = +0.51 

(FT 92,301 psi
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ULTIMATE STRENGTH CRITERIA 
Tension stress on bolt #1 due to the bending moment, Mbu, is 

bl Mbu Y (2,60,000)(7.083) = 7,684.0 psi 

INA 237.061 

where Mbu = D (650,000)(15 + 25) = 2,600,000 in lb.  

Y' = 7.083 in.  

The total tensile stress (aYT) in bolt #1 is then 

ST= ablu + oi = 77,684 +45,691= 123,375 psi

March 2001 

Revision UMST-01B

The allowable stress, Su, at 350'F is 172,100 psi.  

The margin of safety is

S 172,100 psi M.S.. = -I_ = I = +0.39, 
OT 123,375 psi 

In the upper bolts, where the trunnion flange is in compression, the bolt tensile load is the 
preload. The maximum tensile load (Fiax) is 39,111 pounds.  

The minimum tensile load (Firin) is 

Fimn = T~__ 490(12) = 34,844 lb 
kd 0.15(1.125)
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2.6.7.5 Impact Limiters 

The Universal Transport Cask design includes removable upper and lower impact limiters to 

ensure that the design impact loads on the cask are not exceeded for any of the defined load 

conditions. These impact load conditions include the cask falling 1-ft or 30-ft and landing: (1) 

horizontally on its side on both impact limiters , (2) vertically on one impact limiter at either 

end, or (3) obliquely (including C.G. over the comer) on one impact limiter at either end.  

The impact limiters decelerate the cask by applying a force in the direction opposite to the motion 

of the cask. The deceleration force is generated by crushing the redwood and balsa wood materials 

of the impact limiter between the cask and the unyielding surface. The energy absorbed during 

crushing is net force, the vector sum of the cask weight (downward) and the deceleration force 

(upward) multiplied by the distance crushed. The amount of energy that an impact limiter 

absorbs is calculated for various cask impact orientations, from vertical (0°) to horizontal (90').  

The impact limiter analysis is based on the assumptions that the cask impacts upon an unyielding 

surface and that the impact limiter remains in position on the cask during all impact events (The 

qualification of the impact limiter attachment is presented in Section 2.6.7.5.7).  

2.6.7.5.1 Description of Impact Limiters 

Each of the impact limiters on the Universal Transport Cask consists of 2 energy-absorbing 

materials: (1) redwood and (2) balsa wood. The wood is enclosed in a thin stainless steel shell 

to maintain the wood orientation during an impact. Figures 2.6.7.5-1 and 2.6.7.5-2 show the 

locations on the cask and the primary cross-section dimensions of the impact limiters. The 

upper and lower impact limiters are configured similarly to each other, except that the upper 

limiter has pockets for the lifting trunnions and a larger inside diameter. The approximate radius 

used for the backed area of the bottom impact limiter is 41.3 inches. The approximate radius of 

the backed area of the top impact limiter is 42.6 inches.
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The outside diameter of the Universal Transport Cask upper and lower impact limiters is 124.0 

inches and the height is 43.0 inches. The overlap between the cask body and the impact limiters 
is 11.0 inches. Sixteen 1.25-inch diameter retaining rods, attach each impact limiter to the end of 
the cask. The attachments are described in detail in Section 2.6.7.5.7. The height of the redwood 
in the end section of the impact limiter is 30.0 inches. A ring of balsa wood forms part of the end 
section of the impact limiter. The balsa wood ring dimensions are: inside diameter = 99.2 inches, 

outside diameter = 123.75 inches, and height - 21.6 inches. The bottom region of the 
impact limiter is a 1.5-inch thick layer of balsa wood that absorbs most of the kinetic energy in a 

1-ft end-drop impact and limits the impact force for normal conditions of transport (1-ft drop).  
The low crush strength balsa wood is necessary because the impact area is considerably greater in 
a flat end impact than in any other drop orientation. The redwood and the balsa wood side ring 
absorb most of the energy in a comer impact and all of the energy in a side impact.  

The different segments and sections comprising each limiter are bonded to each other with 
DAP-Weldwood resorcinol adhesive.  

For each of the impact load conditions in this analysis, the impact limiters remain in position on 
the cask and absorb the energy of the impact; thus, they limit the impact loads to the calculated 

values shown in Table 2.6.7.5-6.  

2.6.7.5.2 Load Conditions 

The specific loading conditions for the impact limiters are defined by 10 CFR 71.71(c)(7), 
10 CFR 71.73(c)(1) and Regulatory Guide 7.8, as follows: 

1. 1-ft drop of the cask impacting at any angle from vertical (flat end) to comer (cask 

center of gravity directly above point of impact).  

2. 1-ft drop of the cask in a horizontal orientation (side impact).  

3. 30-ft drop of the cask in an end, side, comer, or oblique orientation.  

On the basis of these loading conditions, the Universal Transport Cask impact limiters are 

designed for the 30-ft cask drops but with consideration of the effects of the 1-ft drops. The 

maximum impact forces and the maximum crush depth for the 1-ft and 30-ft cask drops are
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obtained from the LS-DYNA [33] analyses of the cask drops. LS-DYNA is an explicit finite 

element program capable of perforning three-dimensional nonlinear analysis of structures 

containing nonlinear material behavior such as plastic deformation of steel or crushing of wood.  

LS-DYNA is described in Section 2.10.1.2.  

2.6.7.5.3 Tests of Impact Limiter Specimens 

A series of static and dynamic crash tests were performed to define the crush properties of the 

redwood and the balsa wood to be used in the impact limiters.  

Static Tests 

The static crush tests represent the crush strength of the wood for either static loading or low 

strain rate crush, which would be associated with the impact velocities for a I-foot drop. The 

redwood force-deflection data was obtained at room temperature for the perpendicular to grain 

using 44 samples and parallel to grain crush direction using 44 samples and for the parallel to 

grain crush direction 45 samples. These crush tests were used to define an acceptable range for 

the density for redwood of 23.5 +/- 3.5 lb/ft3. An average crush stress-strain curve was obtained 

for each direction of crush using a least squares straight line fit. To account for the effect of low 

temperatures (-20'F) for redwood as well for temperatures at 1520 F, the test data was ratioed by 

the temperature effect shown in Figure 8 of NUREG/CR-0322 [34]. To account for fabrication 

tolerances and provide bounding maximum crush strength for the redwood, the cold properties 

are factored by 1.10. To obtain the bounding ninimum crush strength, the hot properties are 

factored by 0.9. The static crush strength data for redwood is presented in Table 2.6.7.5-L.  

For balsa wood (balsa) static properties, Figure 16 of JPL Technical Report No. 32-944 [35] 

shows the average crush strength of the balsa in the parallel to grain direction at room 

temperature to be 1,550 psi for a density of 10 lb/ft3. The static balsa properties at -409 F.and 

152°F are obtained by factoring the room temperature crush stress-strain curve for balsa basedgon 

the temperature effect contained in Figure 15 of the JPL Technical Report. The static crush 

strength data for balsa is presented in Table 2.6.7.5-2.  

Dynamic Tests 

Dynamic crush tests are performed to establish the dynamic properties for the redwood and balsa.  

As in the static crush tests, the density of the redwood samples are restricted to be 23.5 +I2 3.5
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lb/ft3. While static testing was not performed for balsa by NAC, the density for balsa in the tests 

was restricted to 8.5 +1- 1.5 lb/ft3.  

The stress-strain curves for balsa and redwood are determined for two directions, perpendicular, 
and parallel to the grain. The test program conducted at room temperature was comprised of 
using 9 to 10 samples at each of five strain rates, which ranged from 25 strain/sec to 375 
strain/sec. The force-deflection data for the samples having the same strain rate (for the same 
crush direction for the same wood) were averaged to produce a composite curve. The composite 
curve was reduced to a series of straight-line segments while retaining the maximum acceleration 
of the composite curve and the same area under the stress-strain curve. To account for the effect 
of temperatures, an additional series of tests was conducted at -40'F and at 200'F for three strain 
rates ranging over the same range employed for the room temperature evaluation. In performing 
the evaluation, the predominant strain rate is the 25 strain/sec for which the properties are 
presented in Tables 2.6.7.5-3 and 2.6.7.5-4 for the redwood and the balsa, respectively.  

2.6.7.5.4 Specification for Universal Transport Cask Impact Limiters 

The redwood material used for the Universal Transport Cask impact limiters must meet density, 
crush strength (converted from the force-deflection curve) and moisture content specifications.  
The density of any single redwood board shall be 23.5 ± 3.5 lb/ft3 . The density of any 15' or 30' 
pie-shaped section of redwood shall be 22.3 ± 1.2 lb/ft3. Each 150, pie-shaped section of 
redwood in the side segment of the impact limiter shall have an average static crush strength 
value (in the parallel-to-the-grain direction) of 5,898 ± 620 psi at 0.4 in./in. strain and 70'F.  
Each 30-degree, pie-shaped section of redwood in the end segment of the impact limiter shall 
have an average crush strength value (in the perpendicular-to-the-grain direction), of 1,190 ± 130 
psi at 0.4 in./in, strain and 70'F. The moisture content of any single board shall be greater 
than 5% but less than 15%. The average moisture content for the lot of redwood shall be less 

than 12%.  

The balsa wood to be used in the Universal Transport Cask impact limiters shall meet the 
specifications of MIL-S-7998A [38]: (1) density between 7 and 10 lb/ft3, and (2) moisture 
content between 5 and 15% for any one piece with an average of not more than 12% for any lot 
of balsa wood.
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2.6.7.5.5 Impact Limiter Analysis 

The primary areas of analytical evaluation required in an impact limiter analysis are (1) crush 

depth, (2) maximum acceleration, and (3) attachment to the cask. The crush depth and maximum 

acceleration are dependent on the crush strength of the crushable material, the area engaged in 

crushing, the geometry of the impact limiter, and the energy to be dissipated.  

The LS-DYNA general purpose explicit finite element computer program is used to analyze an 

impact limiter for an impact event to determine the dynamics of the event, the acceleration 

generated during that event, and the depth of crush. A detailed description of this program is 

provided in Section 2.10.1.2.  

The impact limiter finite element model was built using the ANSYS pre-processor and 

LS-DYNA's Finite Element Model Builder. The impact analyses were performed using 

LS-DYNA. The model is constructed of 8-node brick and 4-node shell elements. Using the 

symmetry planes that exist for the various drop orientations, the model was simplified so that 

only a half model was necessary for the analyses. The finite element model used in the analyses 

corresponds to the full-scale cask body and impact limiters. The complete finite element model 

is shown in Figure 2.6.7.5-3. Figure 2.6.7.5-4 shows only the steel shells and gussets that contain 

the wood. The cask body section of the model consists of a single shell using an elastic material.  

The properties of the elastic modulus of the shell section of the cask body were adjusted so that 

the cross-sectional properties of the finite element model were equal to those of the full-scale 

design of the UMS transport cask. As shown in Figure 2.6.7.5-3, the model contains a detailed 

representation of the trunnion and the cut out in the top impact limiter. The impact limiters are 

attached to the cask ends by beam elements corresponding to the attachment bolts for the impact 

limiter. The redwood and the balsa wood are modeled as an isotropic foam material. The stress

strain curves used as input into the LS-DYNA model were obtained by dynamic crush testing of 

the wood specimens.  

To account for the deformation of the Type 304 stainless steel shells and gussets, these 

components were modeled. with an elasto-plastic material - LS-DYNA material Type 24.  

("PiecewiseLinear_Plasticity"). The required input data for the stainless steel consists of the 

stress-strain data presented in Table 2.6.7.5-5.
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BoundM Conditions and Initial Conditions 

LS-DYNA "Surface-toSurface" contact interfaces are employed between the cask body and the 
impact limiter shells. The unyielding surface is modeled as being flat using the 
"RigidwallGeometric_Flat" option in LS-DYNA. Symmetry boundary conditions are imposed 
on the nodes in the X-Z plane. Initial velocities of 96.3 in./sec and 527.4 in/sec were applied to 
the entire model to represent the 1-foot and 30-foot drops, respectively. A uniform gravitational 
field corresponding to 386.4 in/sec2 is also applied in the direction of the drop.  

There are three orientations considered in the evaluation of the 1-foot and the 30-foot drops: end 
drop, center of gravity (CG) over corner and side drop. The end drop results in the maximum 
axial accelerations. To establish the bounding axial accelerations, as well as the maximum axial 
crush depth, two end drop conditions are analyzed. To obtain the maximum acceleration, the top 
end drop is performed using -40F material properties. This condition corresponds to the wood 
having maximum crush strength in conjunction with the largest backed area. To obtain the 
maximum crush depth for the end drop orientation, the bottom end drop is performed using the 

material properties at 200'F. The bottom end of the transport cask has a smaller area than the top 
end and the use of 200°F material properties corresponds to the minimum crush strength.  

The corner drop (CG over coner) results in the largest crush depth of the limiter. The side drop 
results in the maximum acceleration in the lateral. direction on the cask.  

Based on the validation study provided in Section 2.6.7.5.8, the side drop condi tion bounds any 
slap down for cask designs in which L/r < 2. Therefore, only the side drop analysis is performed 
to determine the bounding lateral accelerations and crush depths. The bounding side drop 
accelerations are determined using the cold material properties (-400F). The bounding side drop 
crush depths are determined using the 200'F material properties.  

2.6.7.5.6 Anaisis Results 

To obtain results from LS-DYNA, nodes of interest are used to record output data. These nodes 
are located at the plane of symmetry on the outer surface of the cylinder at the end of the cask 
cavity. For the side drop, the nodes record the lateral acceleration, and for the end drop, the 
nodes record the axial acceleration. For the CG over comer orientation, the recorded acceleration 
corresponds to the direction of drop. The nodal output is in the form of displacement and 
acceleration time' histories. However, the acceleration time histories 'contain high frequency
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2.6.7.5.7 Impact Limiter Attachment Analyiis 

The following design criteria apply to the method of attaching the impact limiters to the cask 

body.  

1. The impact limiters must remain attached to the cask body during normal handling 

and transport. Satisfaction of this criterion ensures that the limiters will be in a proper 

position to perform their impact-limiting function in the event of a free drop (normal 

or accident).  

2. In a free drop (normal or accident), the limiter (or limiters) making initial contact with 

the unyielding surface must remain in position on the cask for the full duration of the 

initial impact. Satisfaction of this criterion ensures that the limiter(s) will be able to 

properly perform the impact-limiting function.  

3. In a free drop (normal or accident) involving an initial impact on a single impact 

limiter, the limiter on the opposite end of the cask must remain attached to the cask 

during the initial impact. Satisfaction of this criterion ensures that the limiter will be
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in a proper position to perform its impact-limiting function in a subsequent secondary 

impact following the initial impact.  

Sections 2.6.7.5.7.1 through 2.6.7.5.7.3 demonstrate that each of these criteria is satisfied.  

2.6.7.5.7.1 Impact Limiter Attachment During Normal Handling and Transport 

Attachment of the impact limiters to the cask body during normal handling and transport 

operations is ensured by demonstrating that the attachment hardware does not yield under normal 
handling and transport conditions. The worst-case loading associated with normal handling and 

transport is a 7.5 g-load corresponding to the peak longitudinal shock loading expected as the 

result of rail transport (as specified by the Field Manual of the AAR [31]).  

The design load, P, on the attachment is P = (7.5)(,8,W) = 3J5 lb, where 8 lb is the 

weight of each impact limiter.  

Analysis of Retaining Rods 

Sixteen 1.25-in. diameter retaining rods are equally spaced on a bolt circle diameter of I 

inches for the upper limiter and 71.1 inclhe for the lower limiter. The attachment geometry of 
the impact limiters is shown in Figure 2.6.7.5-,. The retaining rods are SA
stainless steel with a yield strength of 39 ksi •d3at 

200'F (Table 2.3.5-3).  

The load on each retaining rod resulting from a longitudinal shock load of 7.5 g is given as 

P 6 ',J4*5/16 = ,14 lb per retaining rod.  

The tensilegdte area is 0.969 i in the thread1ed r tejqnsile stres o 

St = 4,ZJ750,969 - , psi 

Each retaining s - 7 -lbs resultingj p g 5 fl 

920 (,7s.•)2 - t =h etain 

MS== I
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Analysis of Retaining Rod Anchorage 

The nut of the retaining rod is bearing on a washer that has a diameter of 5.0 in. and a thickness 

of 0.50 in. The washer is bearing on the bearing plate portion of the impact limiter shell, which 

bears on the redwood material.  

The load on each of the 16 retaining rods resulting during the normal transportation condition is 

4,147 + 2,560 = 6,707 lb . The bearing area between the bearing plate and the redwood 

material is: 

A = (7rL4)(5.02 - 3.02) = 12.57 in2.  

The bearing pressure is: 

p = 6,707112.57 = 534 psi 

The perpendicular-to-the-grain compressive stress in the redwood at 2.5% strain is 750 psi. The 

margin of safety for compression of the redwood is 

MS= (750/534) - 1 = + 0.41.  

The washer is made of Type 304 stainless steel and has a 1.31-inch diameter hole in the center.  

It is analyzed by assuming that it is simply supported along a circle having a diameter equal to', 

the edge of the hole in the bearing plate ( 3.00 in.). The total load of 6,707 lb is distributed 

along the edge of the nut, which has an average diameter of 1.939 in. From Roark, Table 24, 

Case la, [28], the stress on the washer is:

[LO { l-j+- [ i- = 24.4 ksi 
a 2 r. 4 aSmax =

where:

a = 1.50 in.  

t = 0.50 in.  

ro= 0,9695 in.

b = 0.655 in.  

v = 0.31 

W = (6,707/(2t x 0,9695)) = 1,01 lblin.
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The yield strength of Type 304 stainless steel is 25.0 ksi at 200'F. The margin of safety is 
calculated MS = 25.0/24.4 - 1 = + 0.02.  

The positive margins of safety show that the attachment of the impact limiters is adequate during 
normal conditions of transport.  

Evaluation of Impact Limiter Attachment for Vibration 

During normal conditions of transport, the impact limiter attachment may be subjected to 
vibration induced from the combination of component natural frequency and a dynamic load 
forcing function dependent on the transport media. Design of the impact limiter attachment 
eliminates the potential for the postulated vibration loading to loosen the impact limiter 
attachment. Lock nuts are installed in back of each of the retaining rod attachment nuts to 
prevent them from becoming loose. Locking wires installed between sets of two retaining rods 
eliminate rotation of the impact limiter retaining rods relative to their anchorage. The 
combination of these two design features eliminates the potential for the impact limiter 
attachment to become loose as a result of postulated vibration loading during transport.  

2.6.7.5.7.2 Response of Impacted Limiters During Initial Impact of Package with Ground 

The second criterion applicable to the impact limiter attachments requires that the impact limiter 
making initial contact with the unyielding surface must remain in position on the cask for the full 
duration of the initial impact. To satisfy this criterion, the impact limiter(s) being crushed must 
not separate from the cask, although the attachment hardware (mounting plate and bolts) may fail 
during the impact event.  

The ability of the NAC-STC impact limiter to remain in position during an impact was 
demonstrated with reference to several static compression tests of the NAC-STC, during which 
the only attachment mechanism was a strip of duct tape. All of the compression tests were 
performed by using eighth-scale models of the impact limiters. The results of these tests are 
applicable to the Universal Transport Cask.  

Analytic evaluations are performed to further justify that the initially impacted Universal 
Transport Cask impact limiter remains in position during an impact event and properly perform 
its function. Results of evaluations indicate that the attachment hardware is not expected to fail
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and that the cask and impact limiter "do not separate even if the attachment does fail. A 

significant resistance to the applied separation moment exists as a result of a combination of 

crushing of the limiter at the cask interface and also as a result of frictional resistance that exists 

at the interface. This total resistance is calculated to be greater than the applied separation 

moment.  

2.6.7.5.7.3 Response of Secondary Impact Limiter During Initial Impact of Package 

The final criterion to be satisfied is that for a free drop (normal or accident) involving an initial 

impact on a single impact limiter. The limiter on the opposite end of the cask (secondary limiter) 

must remain attached to the cask during the initial impact, thus ensuring that the secondary 

limiter is in position to absorb the secondary impact. The secondary limiter remains in position 

for the full duration of the secondary impact and performs its impact-limiting function.  

Attachment is ensured by demonstrating that the attachment hardware (mounting plate and 

retaining rods) does not fail during the initial impact.  

During a free drop of the cask (normal or accident) involving an initial impact on a single impact 

limiter, i.e., flat end, center of gravity over corner, or any oblique drop, the ground exerts an 

upward force on the impact limiter that strikes it. The impact limiter in turn exerts an upward 

force on the cask body, thus decelerating the cask body. The cask body exerts an upward force 

on the secondary impact limiter and decelerates it. This scenario is repeated during a rebound of 

the whole package: the ground exerts an upward force on the impact limiter that strikes it; the 

impact limiter that strikes the ground exerts an upward force on the cask body and the cask body 

exerts an upward force on the secondary impact limiter, thereby accelerating the whole package 

upwards. When the entire package is in the air, its components (the impact limiter, the cask 

body, and the secondary impact limiter) move with the same acceleration and velocity; no other 

force acts among them. Thus, it is evident that during a free-drop impact on the first impact 

limiter, no separation force exists between the cask body and the second impact limiter. The 

absence of separation forces ensures that the second impact limiter stays in position to absorb the 

second impact.  

Analysis of the impact limiter mounting plate and retaining rods demonstrates that the impact 

limiter attachments provide significant resistance to any unspecified separation force on the 

impact limiter. This analysis provides further evidence that the secondary impact limiter will 

stay attached to the cask body to absorb the second impact.
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Figure 2.6.7.5-1 Universal Transport Cask with Impact Limiters
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Figure 2.6.7.5-2 Cross-Section of Lower Impact Limiter
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Figure 2.6.7.5-3 LS-DYNA Finite Element Model
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Figure 2.6.7.5-4 Impact Limiter Shell LS-DYNA Finite Element Model

z
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Figure 2.6.7.5-5 Acceleration Time History for the Cold Condition 30-Foot Top End Drop
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Figure 2.6.7.5-6 Acceleration Time History for the Cold Condition 30-Foot Top Comer 
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Figure 2.6.7.5-7 Acceleration Time History for the Cold Condition 30-Foot Side Drop 
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Figure 2.6.7.5-8 Impact Limiter Attachment Geometry 
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Table 2.6.7.5-1 Redwood Static Stress-Strain Properties

Stress (psi) 

Strain Hot Cold Hot Cold 
in/in) (Parallel (Parallel (Perpendicular (Perpendicular 

(in/in) to Grain) to Grain) to Grain) to Grain) 

0.000 0 0 0 0 
0.025 7750 11310 750 1100 
0.038 5990 8110 840 1190 

0.250 6010 8420 1210 1800 
0.440 5670 8160 1610 2450 

0.500 5760 8310 2100 3210 

0.630 6510 10430 5470 8760 
0.690 11570 16780 10110 14660 

1.000 33200 48150 30340 44010

Table 2.6.7.5-2 Balsa Static Stress-Strain Properties

Stress (psi) 
Strain Hot Cold Hot Cold 

(Parallel (Parallel (Perpendicular (Perpendicular 
to Grain) to Grain) to Grain) to Grain) 

0.000 0 0 0 0 
0.020 1850 2475 130 173 

0.130 1676 2242 117 157 
0.400 1550 2073 109 145 
0.750 1550 2073 109 145 

1.000 10000 13376 700 936
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Hot (Parallel to Cold (Parallel to Hot (Perpendicular Cold (Perpendicular 

Grain) Grain) to Grain) to Grain) 

Strain Stress Strain Stress Strain Stress Strain Stress 

(in/in) (psi) (in/in) (psi) (in/in) (psi) (in/in) (psi) 

0.00 0 0.00 0 0000 0 0.00 0 

0.10 1109 0.10 1376 0.10 1318 0.10 1894 

0.40 1506 0.40 1566 0.40 2168 0.40 3190 

0.80 2497 0.80 3702 0.80 4249 0.80 6030
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Table 2.6.7.5-4 Balsa Stress-Strain Properties (25 e/sec)

Hot Cold 
Hot Cold (Perpendicular (Perpendicular 

(Parallel to Grain) (Parallel to Grain) to Grain) to Grain) 

Strain Stress Strain Stress Strain Stress Strain Stress 
(inlin) (psi) (in/in) (psi) (in/in) (psi) (in/in) (psi) 

0.000 0 0.000 0 0.000 0 0.000 0 
0.067 1398 0.224 2350 0.069 101 0.069 207 

0.606 900 0.625 2116 0.630 270 0.630 550

Table 2.6.7.5-5 Properties for the Impact Limiter Stainless Steel Shells 

Property Value 

Mass Density, p 7.51E-04 lb-sec2/in4 

Modulus of Elasticity, E 27.9E6 psi 

Poisson's Ratio, v 0.30

Stress-Strain Curve for Type 304 Stainless Steel 

STRESS (psi) STRAIN (in/in) 

23,809 0.000041 
28,033 0.001180 

29,500 0.003180 
31,970 0.007180 

36,900 0.015100 

42,300 0.039200 
85,080 0.230000
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Table 2.6.7.5-6 Summary of Peak Accelerations and Maximum Crush Depths 

Drop Orientation Peak Acceleration (g) Design Basis Maximum Crush (in) 
and Top Bottom Acceleration Top Bottom 

Conditions Limiter Limiter (g) Limiter Limiter 

1-Foot Side Drop-Cold 13.5 13.2 20 1.1 1.4 
Side Drop-Hot 12.3 10.0 20 1.2 1.7 
Top End Drop-Cold 12.4 - 20 2.0 

Bottom End Drop - 9.6 20 - 2.0 
Hot 

Comer Drop (240) 4.5 4.5 20 5.1 5.1 
Cold 

Comer Drop (240) 3.9 3.9 20 6.1 6.1 
Hot 

30-Foot Side Drop-Cold 56.2 53.1 60 10.7 13.4 
Side Drop-Hot 55.6 48.1 60 11.7 15.0 
Top End Drop-Cold 57.8 - 60 10.0 
Bottom End Drop - 40.7 60 - 11.0 

Hot 

Comer Drop (240) 36.5 36.5 60 18.6 18.6 
Cold 

Comer Drop (240) 35.3 35.3 60 20.2 20.2 
Hot

Table 2.6.7.5-7 Quarter-Scale Model Impact Limiter Analysis Results 

Test Results
Comparison to Drop

Quarter-Scale Model LS-DYNA 

NAC-STC-' Drop Test Accelerometer Prediction for Accelerations 
Filtered Results (g) Desig BaSis Transport Cask Filtered Results (g) Accelerations 

Drop Orientation Top Bottom Top Bottom (g) 

End Drop 222 N/A 222 N/A 224.4 
Side Drop 205 204 211 216 220.0 

Comer Drop 117 N/A 130 N/A 220.0 
Slap-down (750) 181 180 188 181 220.0 

1. NAC Storable Transport Cask (NAC-STC), NRC Docket 71-9235.
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2.6.7.6 Closure Analysis 

The Universal Transport Cask closure lid and the bolts are required to satisfy two criteria: (1) 

calculated maximum stresses must be less than the allowable stress limit (the material yield 

strength is conservatively selected), and (2) lid deformation or rotation at the 0-rings must be 

less than the elastic rebound of the O-rings. Using consistently conservative assumptions, the 

NUREG/CR6007 [9] analysis of the cask closure system demonstrates that the cask closure 

assembly satisfies the performance and structural integrity requirements of 10 CFR 71.71(c)(7) 

for normal conditions of transport. The NUREG/CR-6007 analysis is summarized in the 

following paragraphs.  

NUREG/CR-6007 provides formulas for calculating bolt forces generated by all regulatory 

(normal and hypothetical accident) transportation loading. Specifically, the report deals with the 

bolt stress analysis of a circular, cylindrical cask with a flat, circular, closure lid.  

To ensure positive closure, the cask has 48 bolts 2-8 UN-2A socket head cap screws fabricated 

from SB-637, grade N07718. Material properties are taken at 275°F for the cask lid, closure 

bolts, and cask wall. A maximum temperature gradient of 3°F through the thickness of the cask 

lid is used as well. For evaluation purposes, a maximum internal pressure of 80 psi is used.  

Accelerations are based on the impact limiter analysis for normal conditions of transport.  

Therefore, an acceleration of 20 g (1-foot drop) is taken to be the worst case. The 20 g load is 

also used for the vibration case. A factor of 1.1 is used for the dynamic load. The following 

calculations are a summary of the NUREG/CR-6007 evaluation based on the calculated preload 

of 111,680 lb/bolt.  

The preload on the cask lid closure bolts considers the following factors: (1) an internal pressure 

force on the inner lid of 80 psi; (2) the O-ring compression force; and (3) the inertial weight of 

the lid, canister, basket, and fuel due to the 30-ft accident comer drop conditions. Based on the 

above considerations, a preload of 111,680 pounds/bolt is conservatively selected for the cask lid 

closure bolts. A minimum torque value of 3,738 foot-pounds, develops a tensile preload force of 

111,680 pounds/bolt based on the following relationship:
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T=F [ + [461 2E2 cos (x 

where: T = applied torque in inch-pounds 

F = preload force in pounds 

d = bolt diameter= 2.0 in 

b = bolt head diameter = 3.75 in. (at the bottom of the bolt head) 
dm = mean diameter of threads = 1.9188 in 

a = one-half the thread angle = 300 

= coefficient of friction = 0.15 

N = 8 threads per inch 

L = 1/N 

Therefore, the minimum torque, T, required to develop the preload of 111,680 pounds/bolt is 

determined as: 

T = F(O.4017) ÷12 

T = 3,738 foot-pounds 

An installation torque of 3,900 +100 foot-pounds is specified to ensure that the minimum 
required torque of 3,739 foot-pounds is achieved.  

Maximum stresses in the closure bolt result during the top-end corner drop (23.35' from axial 
plane of cask) assuming the closure bolts support the full weight of the cask lid and contents.  
This is conservative since during a top-end drop, the cask lid is fully supported by'the impact 
limiter; thus, the closure bolts do not carry any weight. For the following evaluation, only worst 
case forces and stresses are reported.  

The tensile force per bolt, Fapt, due to preload and thermal is: 

Fapt- PL+Pt = 134,8:77 pounds 

where PL = 111,0 pounds, reload 

Ph = 23,197 pounds resulting from thermal expansion
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The tensile force per bolt, Faai, from all other credible loads is: 

Faa P = Po+P +P 20 + P= 59,573 pounds 

where PO = 667 pounds, load resulting from O-ring compression and operation 

Pi = 6,549 lb, load resulting from internal pressure 

P20 = 48,662 lb, load due to 20 g top-end comer impact.  

= = 3,695 pounds, load resulting from 20 g vibration.  

Since Fa...pt is greater than Fa.a, the total tensile bolt load, Fa, is equal to Fapt 

Fa = 134,877 pounds 

The shear load is 

Fs = Pi + Pth + P20 '+P;= 37,242pounds 

where Pi = 15,245 pounds, load resulting from internal pressure 

Pth= -57,647 pounds, load resulting from temperature difference between the cask 

lid and upper forging 

P20 = 1,465 pounds, load resulting from 20 g top-end corner drop 

PV 3,695 pounds, load resulting from 20 g side vibration load 

The bending moment is 

Mb = -675 inch-pounds, due to thermal load (other loads do not 

contribute due to cask lid design).  

and the load resulting from torsion is 

Mt= 22,440 inch-pounds.
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These loads and moments translate into the following stresses: 

The tensile stress in the bolt is: 

1.2732Fa = 48,679 psi 
a 2 

where D = 1.878 in., minimum bolt diameter. The shear stress is 

1.2732F 13,44lpsi 

Where D = 1.878 in., minimum bolt diameter.  

The bending stress is 

10.186Mb - 1,038 psi 

Ob D D3 

where D = 1.878 in., minimum bolt diameter.  

The stress resulting from torsion is 

509 3 M = 17,249 psi 

where D = 1.878 in., minimum bolt diameter.  

For normal conditions, Table 6.1 of NUREG/CR-6007 requires that the average tensile stress is 

less than Sm (where Sm = 2/3 Sy), or 

Gt(ave) = Oa = 48,679 psi <Sm = 94,350 psi.  

Table 6.1 also requires that the average shear, which is comprised of the average direct shear (z) 

be less than 0.6 Sm. This is expressed as 

Gs(ave) = 1 = 13,441 psi < 0.6 Sm = 56,610 psi.
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For the combined state of stress that includes tension plus shear, the square of the computed 

average tensile stress divided by the allowable tensile stress plus the square of the average shear 

stress divided by the allowable shear stress must be less than 1. This is expressed as 

48,679/2 (213,441 2 

+I + ,1 =0.33<1.  
y94,350) 56,610) 

For the combined state of stress that includes tensile, shear, and bending; the bolts must have a 

maximum stress intensity less than 1.35 Sm (when the minimum tensile strength is greater than 

100,000 psi). Therefore, the maximum stress intensity is 

(totalV= Ca + Cby2 + 4(T +)2] = 78,989 psi < 1.35 Sm= 127,372 psi.  

The margin of safety for ASME SB-637, Grade N07718 closure bolts is 0.61.

2.6.7.6.1 Bolt Fatigue Evaluation

For the 2.00-inch closure bolts the fatigue life of 944 cycles is obtained from ASME Code 

Section I1, Appendix 1, Table 1-9.1, Figure 1-9.4 [17].  

The maximum stress, S, on the cask closure bolts is: 

4.OF 4.0(142,691) 
S 206,053psi (206.053=ksi) 

A 2.77

where:

F = Fi + Fth = 119,494 + 23,197 = 142,691 lb

12T 

L d2 lt1  (d2+b11+ 
27r 2cosac. 4 9

= 119,494 lb (maximum preload force)

T = 4,000 ft-lb (maximum initial torque, see Section 2.6.7.6) 
F= 23,197 lb (thermal load, see Section 2.6.7.6) 

A = 2.77 in2, the cross-sectional tensile area of the bolt 
4.0 = the stress reduction factor per NB-3232.3(c)
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The number of cycles (N) is ([17], Table 1-9.1): 

logo/' 143 I~jijl /log( -103.03J .  

NN log 0 1000 ) 1 41 ) 
N•500j) or N0 .10 0 =944 cycles 

where 

the maximum nominal stress (206.053 ksi) < 2.7Sm = 254.7 ksi, and the alternating stress 
(SaIt) is: (206.053 - 0)(0.5) = 103.027 ksi 

= 500 cycles 

Nj= 1000 cycles 

Si= 143 ksi 

Sj= 100 ksi 

2.6.7.7 Neutron Shield Analysis 

The Universal Transport Cask neutron shield is evaluated for two distributed-load conditions: a 1
foot end-drop event and a 1-foot side-drop event. For each of these conditions, the solid neutron 
shielding material applies a load on the neutron shield shell. The weights of the neutron shield shell 
and fins are included in the analysis. The neutron shield geometry is shown in Figure 2.6.7.7-1.  

2.6.7.7.1 End Plate 1-Foot End-Drop Analysis 

The primary loading on the neutron shield shell and end plates is the weight of the NS-4-FR 
neutron shielding material. The neutron shield is also evaluated for the impact loading of the 
NS-4-FR during a 1-foot bottom-end-drop event.  

p = dBL+dpt, = 11 psi 

where: 

dB = 0.0607 lb/in 3, the density of NS-4-FR 
L = 178.56 in, height of NS-4-FR material 

dp = 0.291 lb/in 3, density of Type 304 stainless steel 
t = 0.5 in, plate thickness
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The deceleration of the package during a 1-foot end-drop event is 20g. The impact load on the 

plate is calculated as PI = p(20) = 220 psi.  

The material properties (conservatively taken at 300'F) for the Type 304 stainless steel shell, fins 

and bottom plate are: 

Su = 66,000 psi 

SY = 22,500 psi 

S, = (0.5)Sy = 11,250 psi 

Allowable Stresses 

The allowable stress intensity for normal condition loading is (Regulatory Guide 7.6): 

Sallow = Axial + Bending = 1.5 Sm = 30,000 psi, 

Where Sm is equal to 20,000 psi for Type 304 stainless steel.  

Calculated Stresses 

From Table 26, Case 1 [28]: 

S,= b2 =12,028 psi 

where: 

P = P, = 220 psi 

a = 11.49 inch and b = 4.5 inch 

t = 0.5 inch 

3= 0.675 

The margin of safety is: 

30,000 
MS= -1= +1.49 

12,028
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For the reaction in the welds, conservatively assuming all welds are quarter-inch fillets: 

(P)(b)(a) (220)(4,5)(11.49) 3561b/in 
(2)(b + a) (2)(4.5 +11.49) 

The allowable shear/inch is (0.707)(0.25)(Ss), or 1,988 lb/in. Therefore the Margin of Safety is: 

MS= 1,988 -1=4.58 
356
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Figure 2.6.7.7-1 Neutron Shield Geometry
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2.6.7.7.2 Side-Drop Analysis 

This analysis assumes that the cask is subjected to a 1-foot side-drop event. The side-drop impact 

force is limited by the upper and lower impact limiters. For this analysis, an impact force 

equivalent to a 20-g side impact is used. The cask is stopped by the impact limiter before the 

neutron shield contacts the impacted surface. Therefore, the impact force is distributed through 

the cask body from the impact limiters. The impact deceleration force of the weight of the 

neutron shielding material is reacted by the neutron shield shell and fins, which transfer the load 

to the cask body. The NS-4-FR neutron shielding material is assumed to act as an internal 

pressure on the shell.  

Because the structural function of the neutron shield shell and radial heat transfer fins is to 

support the NS-4-FR radial neutron shield, ASME Code Section III, Subsection NT [19] is used 

as the governing structural criterion for the evaluation of the welds connecting the radial heat 

transfer fins to the neutron shield shell and cask outer shell.  

In addition to assuming the conservative load combination resulting from cold impact loads and 

discontinuity thermal expansion between the NS-4-FR and radial fin from hot, steady-state 

conditions, an additional 3-psi pressure is assumed to have been created from potential gas loss 

from the NS-4-FR subjected to extended service in a high end temperature environment.  

Following the methodology of the ASME Code, Section Eli criteria and cask design practice, the 

load on the weld joints has been categorized into the following service-level conditions 

Service Level B 

1. Pressure developed on the neutron shield shell from differential radial thermal expansion 

of the NS-4-FR neutron shield is relative to the Type 304 stainless steel radial heat 

transfer fin. The thermal expansion is 

TE = (cu x L X AT) Xs_4_• - (O x L x AT) 304 ss 

= (4.72 x 10- ')(11.49)(75) - (8.79 x 10-6)(1 1.49)(75) 

= 0.033 in.
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where 

NS--FR = 4.72 x 10-1 in/in/°F, coefficient of thermal expansion at 158'F 

cX3111 = 8.79 x 10-6 in/in/°F, coefficient of thermal expansion at 200'F 

L = Length of the section 

AT = 150 - 75 = 75°F, average temperature differential 

Considering differential thermal expansion and 3% initial compression of the HT800 
expansion foam on the inside surface of the neutron shield shell, a compressive load 

develops. The total compression is 

Compression = 3% (0.125) + 0.033 = 0.037 in 

The equivalent compression of the foam is 

% Compression - × 100 = 29.6%.  
0.125 

Interpolating the manufacturer design information presented in Table 4.2-1, the 
equivalent pressure load developed on the neutron shield shell is 12.1 psi.  

2. Potential pressure developed from extended service of the NS-4-FR neutron shield at 

high-end temperatures is defined as 3 psi for this evaluation.  

Service Level C 

1. Service Level B loads plus dynamic induced load from a postulated one foot side impact 

(20 g).  

Considering the mass of the neutron shield shell and NS-4-FR, the effective pressure load 

becomes
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P = MA = (0.346)(20) = 6.9 psi 

where, from the dimensions provided in Fig. 2.6.7.7-1 

M= [(4.5)(0.0607) + (0.25)(0.291)] x 1 = .346 lb, the mass of a 1 in2 unit area, 

A= 20 g, the acceleration during a side drop.  

Service Level D 

1. Service Level B loads plus dynamic induced load from a postulated 30-foot side impact 

(60 g). Considering the mass of the neutron shield shell and the NS-4-FR, the effective 

pressure load becomes 

P = (0.346)(60) = 20.8 psi.  

The following evaluation is presented for two different load orientations of the fin welds. Case 1 

represents the loads induced as a result of loading applied to the neutron shield and Case 2 

represents loading applied to the radial heat transfer fin.  

Case 1-Neutron Shield Shell Loading

Implementing the design criteria for noncontainment support structures presented in NF-3250, 

normal operation load service level stress in the weld region connecting the neutron shield shell 

to the radial heat transfer fin is evaluated using a conservative simplification of the plate and 

shell structure to that of a uniformly loaded beam having unit depth.  

The maximum tension stress from Service Level B is: 

6m 
S - 17,867 psi 

t2
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where m -
w 2  _ 186.1 in. - lb 

12

t = 0.25 in.  

and w = 12.1+3 =15.1psi 

I = 12.16 in.  

Allowable stress limits defined in NF-3256.2 and Table NF-3522 (b)-i for full penetration 
groove welds define acceptable stress for this condition load as 

Sall = 1.33 x 1.5 x 17,200 = 34,314 psi 

Thus, the margin of safety is 

34,314 
MS = 1 = +92.  

17,867 

The maximum tension stress for Service Level C load is: 

6m 
S - 2 6 ,02 4 psi 

t2 

wl2 
where m = w 271.1 in.- lb 

12 

t = 0.25 in.  

and w = 15.3 + 6.9 = 22.0 psi 

1 = 12.16 in.
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Allowable membrane plus bending stress limits defined in NF-3256.2 for Service Level C limits 

is 

Sai = 1.5 x 1.5 x 17,200 = 38,700 psi 

Thus, the margin of safety is 

38,700 
MS = 1 = +0.49.  

26,024 

The maximum tension stress for Service Level D load is 

6m 
- 2 = 31,850 psi 

As directed by NE-3256.2 for Service Level D, qualification of the structure is based on ASME 

Code Section 111, Appendix F, [17] Paragraph F-1340, "Acceptance Criteria Using Plastic System 

Analysis." 

Considering plastic failure of fixed-end beams with uniformly distributed load, the plastic 

moment then becomes (from [28] Table 15, Case 2d): 

w1
2 

m - = 331.8 in.-lb 
16

where w = 15.1 +20.8 = 35.9 psi

I = 12.16 inch 

t = 0.25 inch 

Paragraph F-1340 defines the allowable primary membrane plus primary bending stress intensity 

as the lesser of 1.5 (2.4Sm) and 1.5 (0.7S,). Implementation of this criterion limits Service Level 

D stress to 68.8 ksi.
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MS 68,800 1 = + 1.16.  
31,850.3 

In addition to the evaluation of the maximum local bending stress in the weld region, shear stress 
is evaluated as follows: 

wl 

Service w 2t Allowable MS 
Level (psi) (psi) Stress (psi) 

B 15.10 367 1.33 (.4 Sy) = 12,700 + Large 
C 22.00 535 1.5 (.4Sy)= 14,000 + Large 

D 36.10 878 0.42 (Sj)= 28,900 + Large 

where 1 = 12.16 

t= 0.25 

Case 2-Heat Transfer Fin Loading 

Following a similar method as used in the evaluation of the neutron shield shell, the heat transfer 
fin is evaluated by using a uniformly loaded beam with a fixed end at the cask outer shell surface 
and a simple support at the neutron shield shell. Because Level B load is developed from radial 
thermal growth of the NS-4-FR and postulated off gas pressure, Service Level B does not load 
the fin in the lateral direction. Tension stress developed in the fin from these radial loads is 
70 psi, which is insignificant.  

Lateral load from Service Level C produces the following stress: 

6m 
S 2 = 2,135 psi 

W1
2 

where mz . - - 35.3 in.-lb 
8 

w = (0.0607)(11.49)(20) = 13.95 lb
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= 92.11 82.61 _0.25 = 4.5 in.  
2 

t = 0.315 in. (8 mm) 

From the preceding evaluation of the neutron shield shell, the service level C allowable is 

38,925 psi. Therefore, 

MS - 38,925-1 =Large.  
2,135 

Lateral load for Service Level D produces the following stress: 

6m 
S 2 = 8,540 psi 

w1
2 

where m .... - = 141.23 in.-lb 
6 

w = (0.0607)(11.49)(60) = 41.85 lb 

I = 4.5 in.  

t = 0.315 in. (8 mm).  

Using the acceptance criteria for an elastic system analysis provided in the ASME Code Section 

IlI, Appendix F, Paragraph F-1332.2, (1.5 x 1.2Sy or 1.5 x 1.55Sm<1.5 x .7SI).  

SAl = 45,000 psi 

MS = 45,000 1I= 4.27 
8,540
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In addition to the evaluation of the maximum local bending stress in the weld region, shear stress 

is evaluated as follows:

Service 
Level 

C 
D

where

w 
(psi) 

13.95 
41.85

2t 
(psi) 

6,126 
377

Allowable 
Stress (psi) 

14,400 
28,900

MS

+ Large 
"+ Large

I = 4.5 in.

t = 0.25 in.  

Therefore, the heat transfer load path through the welds connecting the neutron shield skin to the 

radial heat transfer fins is maintained for all transport package normal and accident condition 

loads.  

2.6.7.8 Uuoer Rin2/Outer Shell Intersection Analysis

When the cask is lifted at the lifting trunnions bending stresses are induced in the upper ring and 

outer shell intersection region of the cask body. These stresses are evaluated by means of a 

closed-form ring solution (from [29], pp. 390-393). The support provided by the bolted cask lid 

is conservatively neglected in this analysis.  

The geometry and loading of the equivalent ring are defined as follows: 

F = lifting force (not including weight of impact limiter) 

- 260,000 - 130,000 lb 

2 

q = dead weight load per unit length 

W = width of equivalent ring = 3.45 in.  

r = mean radius of the equivalent ring = 40.905 in.
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a = moment arm for the equivalent ring = 45.63 - 40.905 = 4.725 in.  

On the basis of a total weight of 260,000 lb, q is calculated as: 

q (7r)(40.905)(2) = 260,000 * q = 1,011.6 lb/in.  

The moment and torque on the equivalent ring are given by 

M T= sin_2 qr f -t2 sin 0) 

T = T,,2osO qr2 0+ 2 cos0-2) 

where theta, 0, is measured from the trunnion (0 0) in plane perpendicular to the centerline of 

the cask (0 •_ 0•_ 180).  

To = (F)(a) = (130,000)(4.725) = 611,997 in-lb.  

Substituting for To, q, and r, 

M = 3.06x10 5 sin0 -1.693x10651-(I- sin0) 

T = 3.06x105cosO+1.693x106"(0+cos0 - 2).  

The normal stress is treated as bending resulting from the moment acting over a cross section.  

cr -M~h/) _0.00511 M 

I 

where h = 18.44 in
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Wh' _ 3.45 x 18.44 3 

12- 12 14 = 1802.7 in4 
12 12 

The shear stress is (Roark's, 6 th Edition, Table 20, Case 4) 

3T Fb b> Yb 3 

= 3a- 2 1+0.6 09 5 + 0.8 86 b' - 1.802ý ) +0.910 b)= 0.0176T 8ab2I aa)a a

where h 18.44 a = -- = 8.22 in, length of longer side, 
2 2

w 3.45 b = - - = 1.725 in, length of shorter side.  
2 2 

The maximum stress intensity, where the moment and torque are functions of s, is calculated as 

,2 
SI = 2 = 2ý/(6.528x10-6)M2+(3.10x10-4)T2 

F4+ 

Resultant values of the stress intensity are evaluated in Table 2.6.7.8-1. The minimum margin of 

safety is 

MS = 30,000 1 = +0.06 

28.309

where Sm = 20,000 psi

Sallow = 1.5 Sm = 30,000 psi.
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Table 2.6.7.8-1 Resultant Stress Intensity Values in the Equivalent Ring

Angle ( 

(degrees) 

0.0 

5.0 

10.0 

15.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

90.0

Moment 

(in-lb) 

-1.693(10)6 

-1.435(10)6 

-1.178(10)' 

-9.255(10) 
6.788(1O)' 

-4.398(10)' 

82.7503(10)' 

7.860( 10)3 
2.13 1(10)' 

4.038(10)5 
5.786(!10)5 

7.3 61 (10)' 

8.75 1(10)' 
19.945(10)' 

1.094(10)' 

1.171(10)6 

1.227(10)6 

1.26i(10)6 

1.272(10)6

(1) The Angle is measured from the centerline of the trunnion.
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Torque 
(in-lb) 

3.060( 10)5 

4.425(10)' 

5.564(10)' 

6.482(10)5 

7.181(10)5 

7.669(10)5 

7.952(10)' 

8.039(10)5 

7.942(10)5 

7.671(10)5 
7.242(10)5 
6.667(10)' 

5.962(10)' 

5.145(10)5 

4.232(10)5 

3.243(10)' 

2.194(10)5 

1.107(10)5 

0.0000

SI 

(psi) 

13,819 

17,219 

20,498 

23,310 

25,525 

27,098 

28,021 

28,309 

27,987 

27,093 

25,671 

23,775 

21,466 

18,817 

15,917 

12,892 

9,952 

7,531 

6,502
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2.6.8 Comer Drop 

The Universal Transport Cask is composed of materials other than fiberboard or wood, and the 
weight of the package exceeds 220 lb (100 kg). Therefore, according to 10 CFR 71.71(c)(8), this 

test is not applicable to the Universal Transport Cask.  

2.6.9 Compression 

According to 10 CFR 71.71(c)(9), this test is not applicable to the Universal Transport Cask 

because the package weight is greater than 11,000 lb (5,000 kg).  

2.6.10 Penetration 

According to 10 CFR 71.71(c)(10), a penetration test involving a 13-lb (6-kg) penetration 

cylinder dropped from a height of 1 m is required for evaluation of packages during normal 
conditions of transport. However, Regulatory Guide 7.8 states that "the penetration test of 71.71 

is not considered by the NRC staff to have structural significance for large shipping casks (except 
for unprotected valves and rupture disks) and will not be considered as a general requirement." 
Because the Universal Transport Cask has no unprotected valves or rupture disks that could be 
affected by normal conditions of transport, a penetration test is not performed.
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2.6.11 Fabrication Stresses 

The process of manufacturing the Universal Transport Cask can introduce thermal stresses in the 

inner and outer shells as a result of pouring molten lead between them. These thermal stresses 

are evaluated in this section to provide assurance that the mrnufacturing process does not 

adversely affect the normal operation of the cask or its ability to survive an accident. According 

to Regulatory Position 7 of Regulatory Guide 7.6, any residual stresses in the containment vessel 

shell resulting from inelastic strain associated with the secondary local bending stresses, which 

are due to the lead pour thermal gradient, must be considered in the total stress range for normal 

and accident load conditions. Residual stresses in the containment vessel and the outer shell 

induced by shrinkage of the lead shielding after the lead pouring operation are relieved early in 

the life of the cask because of the low creep strength of lead.  

For the lead pour process, the initial temperature of the cask shells is controlled between 550'F 

and 650'F, and the lead temperature before pouring is between 698°F and 790'F. The cask is 

initially heated, at a rate not to exceed 90°F/hour, by using heaters inside the inner shell and 

heating rings around the outside of the outer shell. Heat-up is time-controlled consistent with 

uniform increases in shell temperatures. The heating procedures ensure that the cask surface 

temperature does not exceed 800'F during the molten lead pouring process. The shell 

temperatures are measured by thermocouples attached to the shell surfaces. A portable 

thermometer is also used to measure temperature at any location. To minimize the time that the 

cask is at elevated temperatures, cask heating begins only after all preparations have been 

completed.  

The lead is poured after the cask reaches the specified temperatures. Molten lead is poured 

continuously through a filling tube with its open end maintained under the lead surface. The 

pouring time is kept as short as possible. During pouring, the interior heaters and exterior 

heating rings are continuously energized.  

The cooling process consists of sequentially turning the exterior heating rings and interior heaters 

off, starting from the lowest point, and of spraying the cask with water from the outside. A layer 

of molten lead is maintained until the upper surface starts to solidify. This process allows the 

molten lead to fill the open space below it created by the lead shrinkage as it cools. The basic 

requirements and procedures for the Universal Transport Cask lead pour operations are described 

in Section 8.3.3.

2.6-107



SAR - UMS® Universal Transport Cask March 2001 
Docket No. 71-9270 Revision UMST-01B 

2.6.11.1 Lead Pour 

2.6.11.1.1 Cask Shell Geometry 

At 70'F, the Type 304 stainless steel shell geometry is: 

Inner Shell 

Inside Diameter (di-70) = 67.61 in.  

Outside Diameter (do-70) = 71.61 in.  

Shell Thickness (ti) = 2 in.  

Outer Shell 

Inside Diameter (Di-70) = 77.11 in.  

Outside Diameter (Do-70) = 82.61 in.  

Shell Thickness (To-70) = 2.75 in.  

2.6.11.1.2 Stresses Resulting from Lead Pour 

The hydrostatic pressure produced by the column of lead is: 

q =ph = 73.8 psi 

where p = 0.41 lb/in 3 (lead density) 

h = 180 in (maximum height of lead column) 

For this analysis, it is assumed that the lead at a maximum temperature of 790'F, and the shell 

initially at 650'F, reach an equilibrium temperature of 750 0F. At 750 0F, key shell geometric 

dimensions are: 

d,- 750 = do_70 (I+ 1a AT) =72.09 in.  

Di-750 = D . 7(1±+ a AT) =77.62 in.  

ti_75o = ti_70( 1 + a AT) = 2.01 in.
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where (x = 9.76 x 106 in/in/0 F at 750'F (stainless steel) 

AT = 750 - 70 = 680'F.  

The hydrostatic pressure of the molten lead subjects the inner shell to an external hydrostatic 

pressure, and the outer shell to an internal hydrostatic pressure. The hydrostatic pressure will 

vary from a maximum of 73.8 psi at the bottom of the inner shell to 0 psi at the top of the lead 

cylinder.  

Using Reference [28] Table 29, Case 6, the deformation at the bottom of the inner shell, y1, is 

found to be -1.955x10-3 in.  

The maximum circumferential membrane stress in the inner shell is: 

YBE 
S =a Y - R -1323 psi 

where E = 24.4X106 psi at 750'F 

R = 72.09/2 = 36.045 in.  

This stress will exist only as long as the lead is molten and will produce no plastic deformation of 

the inner shell. When the lead solidifies and begins to cool, it will shrink and exert a uniform 

external pressure on the inner shell because lead's coefficient of expansion is larger than that of 

stainless steel.  

2.6.11.2 Cooldown 

2.6.11.2.1 Hoop (Circumferential) Stresses 

Lead decreases in volume during solidification. As the lower lead region solidifies, the molten 

lead above fills the shrinkage void between the solidifying lead and the inner and outer shells.  

Using the coefficients of expansion for stainless steel and lead, the outer diameter of the steel 

shell and the inner diameter of the lead cylinder (assuming it is free to shrink) can be determined 

at 620'F (the melting point of lead) and at 70TF (normal conditions). Because the lead has a 

higher coefficient of expansion than stainless steel, a shrinkage force will develop between the 

steel shell outer surface and the lead inner surface. At 620'F, the outside diameter of the inner 

shell, and the inside diameter of the lead as it begins to solidify is:
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doshell 6 20 = doshel70(1 + a AT) = 71.61(1 +9.56x 10-6(620 -70)) = 71.98 in.  

where dosheilo = 71.61 in.  

O'hedl = 9.56 x 10-6in./in./I F (at 620'F) 

If the lead were cooled without restraint to 70'F, the inner diameter of the lead cylinder would 
shrink to: 

dilead 70 = d ilead620I(1 - a AT)= 71.98(1- 20.2 x 10-6(620- 70))= 71.18 in.  

where 

dilead620 = doshel1620= 71.98 in, 

C4ead = 20.2 x 10-6 in./in./°F 

The interference between the lead cylinder and the inner shell is (71.61-71.18)/2 = 0.215 in. To 
fully accommodate this interference, the lead must be deformed 0.215 in.  

For 5 = 0.215 in., the maximum circumferential stress, Semax, in the inner shell is: 
S (E) 

SSnax - R - 13.8 psi 

where R = 71.18/2 = 35.6 in.  

E = EIead70 = 2.28Xi03 psi 

From Reference [28], Table 29, Case 12, the radial deformation of the inner shell under a 
uniform external radial pressure of 13.8 psi is determined for values of x, the distance from the 
open end of the inner shell, at 0.15 ft increments and the results are tabulated in Table 2.6.11.2-1.  
Examination of the data in Table 2.6.11.2-1 shows that the maximum radial deformation and 
circumferential stress, Se, occur at x = 13.65 ft.  

The maximum circumferential membrane stress in the inner shell is:
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yE 
Somax - R - -255.3 psi 

where y = the radial deformation, -3.299x10-4 in.  

E =28.3x106 psi 

R =71.61/2 = 35.805 in.  

Axial Stresses 

Axial stresses also develop in the lead shell and inner shell during fabrication as a result of the 

unequal shrinkage of the lead and steel shells. Assuming that the lead bonds to the inner shell 

during the cooldown process after completion of lead pouring, the strain in the lead, when cooled 

to 70'F, is: 

Mlead = (Ulead- O-hel])AT = 0.0060 in/in.  

where O(Ied = 20.2 x 10-6 in/in/IF 

CU.shel = 9.56 x 10'6 in/in/0 F 

AT = 620- 70 = 550'F 

Slead = •E = 0.006 x 2.28x 106 = 13,680 psi 

The calculated stress is above the yield point of lead (ranging from 20 psi at 620'F to 640 psi at 

70'F). The axial load placed on the steel inner shell by shrinkage of the lead is therefore limited 

by the yield strength of lead. The maximum load is: 

Plead = 640 x (38.562 - 35.8052)71 = 411,930 lb.  

The corresponding compression stress in the inner shell to maintain equilibrium is: 

- P - -411,930 
shell A ; ((35.805)2 - (33.805)2) -942 psi 

This value is conservative because the yield strength of lead is very low at elevated temperatures 

(505 psi at 200'F; 380 psi at 300'F), therefore, the creep rate is high. Also, complete bonding of
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the lead to the stainless steel inner shell is not expected to occur. Because it is based on the yield 
strength of lead at 70'F, this case bounds all others to be considered for axial loading.  

2.6.11.2.3 Effects of Temperature Differential During Cooldown 

The preceding analyses assume that the inner and outer shells and the lead are always at the same 
temperature at any time during the cooldown process. This assumption may not be true under 
actual conditions. However, because of the high thermal conductivity of the stainless steel and 
the lead, and because of the time-controlled cooldown process, the temperature differential 
between any two of the above shells is kept to a minimum. To determine the effect of 
temperature differential on the stresses in the shells, a temperature differential of 100°F is used.  

If the inner shell is cooler than the lead, the interference between them as well as the 
corresponding interface pressure and hoop stresses are less than for the case of equal 
temperatures. Hence, the preceding analysis is conservative.  

If the inner shell is hotter than the lead shell, an analysis is required. Assume the temperature of 
the inner shell to be 170'F and that of the lead to be 70'F. The inner radius of the stress-free lead 
shell at 70'F is 35.59 in.; the outer radius of the inner shell at 170'F is: 

r, = 35.805 [1 + (8.54 x 106)(100)] = 35.836 in.  

The interference between the inner shell and the lead is 35.836 - 35.59 = 0.246 in. To fully 
accommodate this interference, the lead must undergo a deformation of 0.246 in.  

9(E) 
For S =0.246 in., S- R =15.6 psi 

where R = 71.18/2 in. = 35.59 in.  

E = 2.28x×10 psi (at 70OF)
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Using the same method as in the previous section, the radial deformation of the inner shell at x 

13.65 ft., the point of maximum deflection, is found to be -3.293x10.4 in.  

The maximum circumferential membrane stress in the inner shell is: 

yE -3.293x10-4(27.8x106) -255.5 p 
Smx - R - 35.836 

The axial stress in the inner shell also increases when the inner shell is 100°F hotter than the lead 

shell. As shown previously, the axial load on the inner shell is limited by the yield strength of 

the lead. Therefore, the previously computed axial load is the bounding case for this analysis.  

Temperature differentials between the inner and outer shells are of no consequence, because the 

axial restraint between them is welded in place after cooldown, when the cask is at a uniform 

ambient temperature. Welding of the outer shell and the bottom inner forging to the bottom 

outer forging after cooldown is, therefore, a necessary fabrication step.  

2.6.11.3 Lead Creep 

As discussed in Section 2.6.11, cooling of the lead shell and inner shell introduces acceptably 

low hoop and axial stresses in the inner shell. Because lead demonstrates a significant creep rate 

at both room and elevated temperatures, these small stresses will be relieved early in the life of 

the cask, and will be further relieved during the thermal test of the cask.
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Table 2.6.11.2-1 Stress Analysis Results for Uniform Pressure Loading of Inner Shell Due 
to Lead Pouring

X Hoop stress, G2 (psi) Radial Deflection, y 
(ft) (in.)
0.00 

0.15 

0.30 

0.45 

0.60 

0.75 

0.90 

1.05 

1.20 

1.35 

1.50 

1.65 

1.80 

1.95 

2.10 

2.25 

2.40 

2.55 

2.70 

2.85 

3.00 

3.15 

3.30 

3-45 

3.60 

3.75 

3.90 

4.05 

4.20 

4.35 

4.50 

4.65 

4.80

-247.1 

-247.1 

-247 1 

-247.1 

-247.1 

-247.1 

-247.1 

-247-1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031
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Table 2.6.11.2-1 Stress Analysis Results for Uniform Pressure Loading of Inner Shell Due 

to Lead Pouring (Continued)

X Hoop stress, C2 (psi) Radial Deflection, y 

ft) (in.)

4.95 

5.10 

5.25 

5.40 

5.55 

5.70 

5.85 

6.00 

6.15 

6.30 

6.45 

6.60 

6.75 

6.90 

7-05 

7.20 

7.35 

7.50 

7.65 

7.80 

7.95 

8.10 

8.25 

8.40 

8.55 

8.70 

8.85 

9.00 

9.15 

9.30 

9.45 

9.60 

9.75

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247A1 

-247.1 

-247.1 

-247.1

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0-00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031
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Table 2.6.11.2-1 Stress Analysis Results for Uniform Pressure Loading of Inner Shell Due 

to Lead Pouring (Continued)

X Hoop stress, C2 (psi) Radial Deflection,y 

(ft) (in.)
9.90 

10.05 

10.20 

10.35 

10.50 

10.65 

10.80 

10.95 

11.10 

11.25 

11.40 

11.55 

11.70 

I 1.85 

12.00 

12.15 

12.30 

12.45 

12.60 

12.75 

12.90 

13.05 

13.20 

13.35 

13.50 

13.65 

13.80 

13.95 

14.10 

14.25 

14.40 

14.55 

14.70 

14.85 

15.00

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-247.1 

-246.9 

-246.9 

-246.9 

-246.9 

-246.9 

-246.7 

-246.7 

-246.7 

-246-7 

-246.9 

-247.1 

-247.6 

-248.2 

-249.1 

-250.4 

-251.7 

-253.2 

-254.5 

-255.3 

-255.1 

-253.2 

-248.6 

-240.7 

-227.9 

-209.9 

-185.9 

-156.5 

-123.5
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-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00031 

-0.00032 

-0.00032 

-0.00032 

-0.00032 

-0.00032 

-0.00032 

-0.00032 

-0.00032 

-0.00031 

-0.0003 

-0.00029 

-0.00027 

-000024 

-0.0002 

-0.00016
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2.6.12 PWR Transportable Storage Canister Analysis - Normal Conditions of Transport 

In this section, the Transportable Storage Canister assembly containing PWR fuel is evaluated for 

the normal conditions of transport. The principal components of the canister assembly are the 

canister, the fuel basket assembly, the shield lid, and the structural lid. The canister and the 

canister shell, bottom plate, and lids are shown in Figures 2.6.12-1 and 2.6.12-2.  

Spacers are used to properly locate the canisters containing Class 1 and 2 PWR fuel in the cask 

cavity. The analysis of the spacers is presented in Section 2.6.16. The geometries and materials 

of construction of the canister, baskets, and spacers are described in Section 1.2.1.2.  

2.6.12.1 Analysis Description 

The Transportable Storage Canister contains and confines the spent fuel in the fuel basket. The 

canister is the defined confinement boundary for its contents during transport and storage 

operations, but the canister is not considered to provide containment during transport operation; 

the Universal Transport Cask provides the containment boundary for transport. The canister in 

the transfer cask serves as the handling component for its basket and contents during loading, 

closure, and transfer from the pool to storage or to the transport vehicle.  

Three canisters of varying lengths are designed to accommodate the three classes of PWR fuel.  

The design parameters of the canisters are provided in Table 1.2-3. For this analysis, the canister 

is modeled with the heaviest fuel (Class 2).  

The structural design criteria for the canister is from the ASME Code Section mI, Subsection NB.  

Consistent with this criterion, the structural components of the canister are shown to satisfy the 

allowable stress limits presented in Tables 2.1.2-2 and 2.1.2-3 as applicable. The allowable 

stresses used in this analysis are based on a temperature of 380'F for all locations in the canister, 

unless otherwise indicated. These allowables are conservative for all sections in the canister with 

the exception of Sections 5 and 6 (see Figure 2.6.12.3-1 for section locations).  

For the canister structural lid weld (Section 13, Figure 2.6.12.3-1), base metal properties are used 

to define the allowable stress limits since the weld filler rod tensile properties are greater than the 

base metal. Also, the allowable stress is multiplied by a stress reduction factor of 0.8 per ISG-4 

[49].
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Figure 2.6.12-1 
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PWR Transportable Storage Canister
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\,_ PWR Fuel 
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'Fuel Tubes
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Figure 2.6.12-2 PWR Transportable Storage Canister Shell and Lids

Canister Shell-

Shield Lid

Structural Lid
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The maximum temperature in the canister shell central region is 399°F as determined in the 
thermal analysis presented in Section 3.4.2. This increase in temperature reduces the allowable 
Sm for Type 304L stainless steel from 16.0 ksi to 15.8 ksi. A review of the margins of safety for 
all cases evaluated indicates that the minimum margin for Sections 5 or 6 is 4.3 for the side-drop 
with pressure (Table 2.6.12.6-3). Using the allowable stress based on a temperature of 399°F 
reduces this minimum margin of safety to 4.23. Because this change in margin of safety is small, 
the increased peak temperature in the center of the canister has a negligible impact on the 

presented minimum margins.  

The canister is analyzed by using the ANSYS [32] finite element computer program for the 1-ft 
free-drop condition in the top and bottom end, side, and top and bottom corner impact 
orientations. In addition, the effects of normal operating internal pressure and thermal stresses 
resulting from exposure of the cask to the hot (100°F ambient and solar insolance) and cold 
(-40'F ambient) normal conditions are evaluated. The worst-case stresses from these analyses 

are presented in Section 2.6.12.4.  

2.6.12.2 Finite Element Model Description - PWR Canister 

To evaluate the PWR Transportable Storage Canister for normal conditions of transport, ANSYS 
is used to construct and analyze a finite element model of the canister and its contents. The 
contents modeled consist of the fuel basket support disks and weldments. The fuel assemblies, 
fuel tubes, aluminum heat transfer disks, tie-rods, and related hardware are not explicitly 
modeled but rather are accounted for by applying pressure loads to the support disk slots as 

appropriate.  

The finite element model of the canister is constructed by using ANSYS solid (SOLD45) 

elements. The model represents a one-half (180') section of the canister and fuel basket. The 
basket support disks are modeled with three-dimensional shell (SHELL63) elements. The model 
uses gap-spring elements to simulate contact between adjacent components. Interaction between 
the basket and canister is accomplished by using three-dimensional gap elements (CONTAC52) 
along the periphery of the support disks. Contact between the canister and the cask inner shell is 
also modeled by using CONTAC52 gap elements. Contact between the canister structural lid 
and shield lid is modeled by using COMBIN40 combination elements in the axial degree of 
freedom. Simulation of the backing ring is accomplished by using a ring of COMBIN40 spring
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gap elements connecting the shield lid and the canister in the axial direction at the lid lower 

outside radius. In addition, CONTAC52 elements are used to model interaction between the 

structural lid and canister shell and the shield lid and canister shell just below the respective lid 

weld joints. The size of the CONTAC52 gaps are determined from the nominal dimensions of 

contacting components. The COMBIN40 elements used between the structural and shield lids 

and for the backing ring are assigned small gap sizes of 1(10 8)- in. All gap-spring elements are 

assigned a stiffness of 1(10 8) lb/in. Table 2.6.12.2-1 lists the element types assigned to specific 

gaps of the model. Table 2.6.12.2-2 lists the material properties used for the model.  

Boundary conditions are applied to enforce symmetry at the cut boundary of the model. All 

nodes on the cask shell side of the canister-to-cask gap elements are fixed in all degrees of 

freedom. In addition, the axial and in-plane rotational degrees of freedom of the basket nodes are 

fixed.  

Figure 2.6.12.2-1 is a plot of the entire canister finite element model including the support disks.  

An isolated view of the canister shield and structural lids portion of the model is presented in 

Figure 2.6.12.2-2, and an enlarged view of the model in the structural lid and shield lid weld 

regions is shown in Figure 2.6.12.2-3. The canister bottom plate portion of the model is shown 

in Figure 2.6.12.2-4.  

The loading for the normal operating condition is based on 1-ft drops in conjunction with the 

internal pressure loading (to the canister). Drop orientations considered are the top and bottom 

end, side, and top and bottom corner-drops. In the end-drop orientation, the fuel contents load is 

transferred to the canister end and directly to the transport cask end through the cavity spacer.  

This corresponds to a compressive stress in the canister ends that is present in the finite element 

model. The canister shell is designed to be flush with the top surface of the structural lid with the 

worse case tolerance stack-up. This ensures that the content weight will be transferred through 

the lids to the transport cask during a top end or top corner drop condition. For the side-drop 

condition, the loads from the canister contents weight are transferred through the support disks 

into the canister wall, which is backed by the cask inner shell. Because the canister wall and the 

inner shell have different radii, a gap exists between the two surfaces. This gap results in the 

load passing only through regions in which the canister shell deflects to contact the inner shell.  

This load pattern is reflected in the side-drop analysis. For the corner-drop orientation, both the 

end-and side-load reactions with the cask inner shell are present.
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The modeled contents weight includes 37,080 lb for all fuel assemblies (24 Class 1 PWR fuel 
assemblies), the fuel tube weight (3,417 Ib), the aluminum heat transfer disk weight (1,946 lb), 
the disk spacer weight (1,879 lb), and the tie rod and nut and washer weights (783 + 94 Ib). The 
weight of the support disks and weldments is accounted for by their being physically modeled.  
The PWR Class 1 configuration results in the largest load per support disk. The modeled 
canister length is 173.75 inches.  

For the side and corner-drops, the weights of the fuel assemblies (W±fe), aluminum heat transfer 
disks (Wht dis"), fuel tubes (WtubJ), tie rods (Wrws), nuts/washers (Wut), and spacers (Wspacers) 
are included in the model by applying a pressure load (F,1o,) to the slot openings of the modeled 
support/weldment disks. This pressure load is calculated according to the following equation: 

F Wel= +Whtdsks+W,+Wr. +W. +WspacersNxg , o N s lo t x W , 1o , x N d i k s 

where, 

...= number of slot openings in each supportlweldment disk, 
WSlot = width of each slot opening in each support/weldment disk, 

Ndi•s = number of support/weldment disks, and 
g = the associated g-loading for the drop height of interest.  

For basket orientations other than 0', the components of this resulting pressure load are applied 
to two faces of the slot opening. Additionally, for the coner-drops, the component resulting 
from accounting for the drop angle is used as the pressure load on the disk slot openings. For the 
PWR canister drop analyses, with 24 slot openings, a slot opening width of 9.272 inches, and a 
total of 34 support/weldment disks (32 support disks and 2 weldment disks), the resulting base 
pressure load used is: 

F~lot 37,080+ 1,946 +3,417 +783 +94 +1,879 xg=5.974xg 
24 x 9.272 x 34 

For the end drops, a uniform pressure representing the total weight of the fuel and fuel basket 
(52,369 lb) is applied to the canister shield lid (for top end-drop) or canister bottom plate (for
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bottom end-drop). For the corner-drops, the component of this uniform pressure resulting from 

accounting for the drop angle is applied to the appropriate elements.  

Changes were made to the fuel and fuel basket weight calculations after the finite element 

analyses were performed. These changes resulted in a total fuel and fuel basket weight of 52,565 

lb. The total weight of the fuel and fuel basket analyzed in the PWR canister models is 52,369 

lb. The revised calculations result in an increase in fuel and fuel basket weight of less than 1%; 

therefore, the modeled configuration will provide adequate stress results. Additionally, the 

length of the PWR Class I canister length was increased from 173.75 in. to 175.05 in. This is an 

increase of less than 1% and would also not sufficiently affect the results presented from these 

analyses.  

The operational conditions also contain loads developed from the temperature distribution in the 

canister. These are included in the canister model analyses. The thermal analyses are described 

in Section 3.4.  

The canister is analyzed for basket orientations of 00 and 45'. The angles describe the 

orientation of the basket elements with respect to the symmetry plane of the model. A value of 

0' orients the ligaments in the basket elements parallel and perpendicular to the symmetry plane; 

a value of 45' orients the basket ligaments at +/- 450 from the symmetry plane. To accurately 

predict the canister response to impact, both orientations are run for the side, top-over-center-of

gravity, and bottom-over-center-of-gravity drop orientations. Top-end and bottom-end drops 

with varying basket orientations are not required since the basket disks are not included in these 

runs (their presence is accounted for by using applied pressure loads to the inner surface of the 

top or bottom).
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Figure 2.6.12.2-1 PWR Canister Assembly Finite Element Model
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Figure 2.6.12.2-2 Canister Structural and Shield Lid Finite Element Mesh
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Figure 2.6.12.2-3 Structural and Shield Lid Weld Regions Finite Element Mesh 

Weld regions 

S• Gap elements between lids and canister shell 

- Gap elements between shield lid and structural lid
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Figure 2.6.12.2-4 Canister Bottom Plate Finite Element Mesh
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Table 2.6.12.2-1 Gap and Element Type Definition - Canister Model

Component 

Axial Gaps from Canister Bottom Plate to Cask Shell (CONTAC52) 
Radial Gaps from Canister Side to Cask Shell (CONTAC52) 

Axial Gaps from Structural Lid Top to Cask Shell (CONTAC52) 

Axial Gaps Between Structural and Shield Lid (COMBIN40) 
Radial Gaps Between Shield Lid and Canister Inner Surface (CONTAC40) 
Radial Gaps Between Shield Lid and Canister Inner Radius (CONTAC52) 

Axial Gaps Between Shield Lid and Canister Wall to Simulate Backing 

Ring (COMBIN40) 
Radial Gaps Between Basket and Canister Inner Surface (CONTAC52)

Table 2.6.12.2-2 Material Definition - Canister Model

2.6-128

Component Material 

Canister Shell and Structural Lid 304L Stainless Steel; ASME SA240 

Top and Bottom Weldments 304 Stainless Steel; ASME SA240 

Shield Lid 304 Stainless Steel; ASME SA240 

Support disk 17-4 PH, ASME SA693 Type 630 

Stainless Steel
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2.6.12.3 Thermal Expansion and Thermal Stresses Evaluation of Canister for PWR Fuel 

A thermal stress evaluation performed by using ANSYS determines the differential thermal 

expansion and the associated thermal stresses that result from a heat load of 20 kW. In assessing 

the thermal stresses, the following three extreme conditions are possible: 

Condition Ambient Temperature Solar Insolance Applied 20 kW Fuel Load 

to Cask Surface 

1 100°F Yes Yes 

2 -40°F No Yes 

3 -40°F No No 

The temperatures employed in the thermal stress analysis are obtained by applying temperatures 

at 36 key locations on the canister shell and ends as thermal boundary conditions to the thermal 

equivalent model of the structural canister model. These temperatures are taken from the thermal 

evaluation described in Section 3.4. The structural finite element model described in Section 

2.6.12.2 is used in this analysis. The equivalent thermal model is obtained by changing the 

structural element (SOLID45, which has three global displacements for degrees of freedom) to a 

SOLID70, which has temperature degrees of freedom at the individual nodes. The temperature

dependent thermal conductivity for the canister material is employed in the thermal conduction 

analysis. The temperatures generated in this analysis are used in the thermal stress analysis to 

evaluate the properties at temperature, as well as the stresses resulting from thermal expansion.  

Using this method, two separate cases: (Conditions I and 2) are evaluated: a hot case (100'F 

ambient with solar heat load and maximum decay heat) and a cold case (-40'F ambient and 

maximum decay heat). Condition 3 is not evaluated because the entire assembly would be at 

-40'F for the conditions described.  

According to the ASME Code, Section IEl, Subsection NB, the allowable stress criteria are based 

on the evaluation of linearized stresses across critical cross sections through the canister wall.  

For the evaluation of the thermal stresses, the criteria for the stresses is based on peak stresses.  

The stress values taken from the analyses are the nodal stresses at the surface. The sections used 

in this evaluation are shown in Figure 2.6.12.3-1. Sections are evaluated every 9' around the 

circumference for each of the locations shown. The thermal stresses reported in Tables
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2.6.12.3-1 and 2.6.12.3-2 correspond to the maximum stresses for any circumferential section, 
for each of the locations shown in Figure 2.6.12.3-1.  

For Condition 1 or 2, the canister is hotter than the cask body and will undergo more thermal 
expansion than the cask body. To conservatively determine the minimum gap between the 
canister and the cask body resulting from thermal expansion, only expansion of the canister is 
considered. The canister is considered to be at 399'F (maximum shell temperature for thermal 
heat condition) and the cask inner shell temperature is assumed to be 70'F. Using the outer 
diameter of the canister of 67.06 in. and the coefficient of expansion for Type 304L stainless 
steel of 9.19 (10)-6 at 400'F, the canister inner shell gap is reduced by (9.19 (10)-6)(67.06 
in.)(3290 F) = 0.203 in. Because the nominal diametrical canister-inner shell gap is 67.61-67.06 
0.55 in., the canister shell does not bind with the inner shell as a result of thermal expansion.  

The maximum canister shell temperature is 399'F. This temperature is conservative to use for 
the axial expansion since a temperature gradient exists along the length of the canisters (i.e., the 
canister is cooler on the ends). The thermal expansion coefficient of Type 304L stainless steel at 
400'F is 9.19 (10)l 6 in/in-0 F. The longest canister configuration is PWR Class 3 with a length of 
191.95 in. The increase in length of the canister is then 

1 = Io cc AT 

Al = 191.95 (9.19 (10)-6 in/in-0 F) (399 - 70) = 0.58 in.  

The canister length increases to 191.95 + 0.58 = 192.53 in.  

The minimum cask shell temperature is conservatively assumed to be 150'F (the peak inner shell 
temperature is 367.7'F; the upper forging minimum temperature is 237.5°F). The thermal 
expansion coefficient of Type 304 stainless steel at 70'F is conservatively used since the 
expansion coefficient increases with temperature 8.46 (10)-6 in/in-0 F. The cask cavity nominal 
length is 192.5 in. The increase in length of the cask cavity is then 

Al = 192.5 (8.46 (10)-6 in/in-0 F) (150 - 70) = 0.13 in.
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The cask cavity length increases to 192.5 + 0.13 = 192.63 in. The resulting axial gap is 192.63 

192.53 = 0.1 in. Therefore, the canister and cask will expand axially and not bind during normal 

transport conditions.
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Figure 2.6.12.3-1 Identification of Sections for Evaluating Linearized Stresses in Canister 
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Table 2.6.12.3-1 PWR Canister Linearized Q Stresses - Thermal Only (Hot 1) 

Q Stresses (ksi) 

Angle of 

Section Peak Stress SI 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) 

1 180 0.2 0.1 2.1 -0.1 0 -0.1 2.2 

2 9 -0.3 -1.2 0.7 -0.1 0 0.2 1.9 

3 9 -0.1 -1.1 0.9 -0.1 0 0.2 1.9 

4 0 0 -0.2 0.1 0 0 0 0.3 

5 0 0 -0.8 0.7 0 -0.2 0 1.5 

6 0 0 -0.6 0.3 0 0.1 0 0.9 

7 0 0 -0.6 0.1 0 0 0 0.6 

8 90 1 1.6 0 0 0 0 1.6 

9 162 0.1 -1.6 -0.5 -0.1 0 0.2 1.7 

10 90 0.3 1.7 -0.2 -0.2 0 0 1.9 

11 81 -0.5 -1.4 0.2 -0.1 -0.1 -0.1 1.6 

12 162 -0.3 0.6 -0.1 -0.1 0.1 -0.2 1.1 

13 81 -0.4 0.1 -0.7 0 -0.1 0 0.8 

14 0 -8.1 -1.4 -7.9 0.8 0.8 0.5 7.3 

15 180 0.4 0 -0.1 -0.8 0 1.7 3.8 

16 180 -0.2 0 0.1 -0.7 0 -1.2 2.7
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Table 2.6.12.3-2 Linearized Stresses - Thermal Only (Cold 2)

2.6-134

Q Stresses (ksi) 

Angle of 
Section peak stress SI 

Location location Sx Sy Sz Sxy Syz Sxz (ksi) 

1 180 0.2 0.1 2.4 -0.1 0 -0.2 2.4 
2 9 -0.3 -1.2 0.9 -0.1 0 0.2 2.1 
3 9 -0.1 -1.1 1 -0.1 0 0.2 2.1 
4 0 0 -0.3 0.1 0 0 0 0.4 
5 0 0 -0.9 0.8 0 -0.2 0 1.7 

6 0 0 -0.7 0.4 0 0.1 0 1.1 
7 0 0 -0.7 0.1 0 0 0 0.8 
8 90 1.1 1.8 0 0 0 0 1.8 
9 162 0.1 -1.6 -0.5 -0.1 0 0.2 1.7 

10 90 0.4 2 -0.2 -0.2 0 0 2.2 
11 81 -0.6 -1.5 0.2 -0.1 -0.1 -0.1 1.8 
12 162 -0.3 0.6 -0.1 -0.1 0.2 -0.2 1.1 

13 81 -0.5 0.1 -0.8 0 -0.1 0 0.9 
14 0 -9.1 -1.7 -8.8 0.7 0.9 0.5 8 
15 180 0.4 0 -0.1 -0.7 0 1.5 3.4 
16 180 -0.2 0 0.1 -0.6 0 -1 2.4

I
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2.6.12.4 Stress Evaluation of PWR Canister for 1-Foot End-Drop Load Condition 

A structural analysis performed by using ANSYS evaluates the effect of a 1-ft end-drop impact 

for both the bottom and top-end orientations of the PWR canister. The ASME Code, Section mEI, 
Subsection NB requires that stresses arising from operational loads be assessed on the basis of 

the primary loads. The primary loads for the 1-ft drop result from the deceleration of the canister 

and its contents and the 25-psig pressure load internal to the canister. The applied deceleration is 

20 g for both orientations. The inertial load of the canister is addressed by the deceleration factor 

applied to the canister density. The weight of the contents is represented by a pressure load on 

the inner end surface of the canister. Displacement constraints are applied to the plane of 

symmetry and the gap elements attached at the canister end to represent the top or bottom of the 

transport cask.  

To determine the effect of the 25-psig pressure load, the top-end and bottom-end orientations 

with and without the pressure load are analyzed.  

The locations of the linearized stresses are shown in Figure 2.6.12.3-1. The summary for Pm and 

Pm + Pb stresses due to the internal pressure of 25 psig are summarized in Table 2.6.12.4-2 and 

2.6.12.4-3, respectively. Results from the end-drops are summarized in Tables 2.6.12.4-4 

through 2.6.12.4-7 for the conditions that produce the minimum margin of safety. Table 

2.6.12.4-1 provides a summary of critical section stresses for the top and bottom end-drop 

conditions. The margins of safety in these tables are calculated as: 

MS = (allowable stress/SI) -1.
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Table 2.6.12.4-1 PWR Canister Critical Sections for the Pressure Only and 1-Foot End
Drop Load Condition

2.6-136

Critical Minimum Margin 
Condition Stress Section Table of Safety 

Pressure (only) Pm 2 2.6.12.4-2 + 3.32 
Pressure (only) Pm + Pb 3 2.6.12.4-3 + 0.71 
Top-End Drop Pm 2 2.6.12.4-4 + 4.04 

Inertia 

Top-End Drop Pm + Pb 3 2.6.12.4-5 + 1.1 

Inertia 

Bottom-End Pm 4 2.6.12.4-6 + 4.33 

Drop + Pressure 

Bottom-End Pm + Pb 2 2.6.12.4-7 +5.71 

Drop + Pressure
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Table 2.6.12.4-2 PWR Canister Pm Stresses - Internal Pressure

Pm Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 0 0.2 2.4 1 -0.3 0 0.1 2.4 16 5.75 

2 0 1.6 -1.6 -2 -0.3 0 -0.2 3.7 16 3.32 

3 0 0.3 0 -2.7 0.3 0 -0.2 3.3 16 3.83 

4 0 0 0.6 1.3 0 0 0.1 1.3 16 10.98 

5 0 0 0.6 1.3 0 0 0.1 1.3 16 11.02 

6 0 0 0.6 1.3 0 0 0.1 1.3 16 11.02 

7 0 0 0.6 1.3 0 0 0.1 1.3 16 11.02 

8 0 0 0.6 0.7 0 0 0.1 0.7 16 22.64 

9 180 0 0.5 0.3 -0.1 0 0 0.5 16 33.63 

10 180 -0.3 0.3 0.2 0.1 0 0 0.6 16 25.71 

11 0 0.3 -0.1 0.2 0 0 0 0.4 16 37.08 

12 0 -0.1 -0.4 0 -0.1 0 0 0.5 16 33.99 

13 9 0 0.3 0.2 0 0 0 0.3 12.8* 41.67 

14 90 0.2 -0.2 0.2 -0.1 0.2 0 0.6 16 23.81 

15 90 0 0 0 0 0 0 0 16 1025.99 

16 0 0 0 0 0 0 0 0 16 365.18 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-3 PWR Canister Pm + Pb Stresses - Internal Pressure 

Pm + Pb Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 
1 0 1.9 5.9 0.2 0 0 -0.1 5.7 24 3.24 
2 0 0.8 -11.2 -5.1 -0.8 0 -0.4 12.2 24 0.97 
3 0 0.7 -13.3 -6.5 0.1 0 -0.5 14 24 0.71 
4 0 0 0.6 1.3 0 0 0.1 1.4 24 16.74 
5 0 0 0.7 1.3 0 0 0.1 1.4 24 16.73 
6 0 0 0.7 1.3 0 0 0.1 1.4 24 16.73 
7 0 0 0.6 1.3 0 0 0.1 1.4 24 16.73 
8 180 0 0.7 0.7 0 0 -0.1 0.7 24 31.59 
9 180 0.1 0.9 0.5 -0.1 0 0 0.9 24 26.24 
10 180 -0.1 1.4 0.6 0 0 -0.1 1.5 24 14.58 
11 0 0.2 -1 -0.1 0.1 0 0 1.2 24 19.74 
12 0 -0.4 -0.8 -0.1 -0.2 0 0 0.7 24 34.13 
13 180 -0.4 0 0 -0.1 0 0 0.4 19.2* 47.00 
14 90 7.6 -0.2 7.6 -0.1 0.2 0 7.8 24 2.06 
15 90 -0.6 0 -0.6 0 0 0 0.6 24 40.86 
16 81 0.3 0 0.3 0 0 0 0.3 24 74.05 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-4 PWR Canister Pm Stresses - 1-Foot Top End Drop 

Pm Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 

1 0 -0.1 -2 -0.7 0.3 0 0 1.9 16 7.31 

2 0 -1.3 1.2 1.8 0.3 0 0.2 3.2 16 4.04 

3 0 -0.3 0 2.5 -0.2 0 0.2 3 16 4.38 

4 144 0 -0.7 0 0 0 0 0.7 16 20.58 

5 153 0 -0.9 0 0 0 0 0.9 16 16.18 

6 162 0 -1.1 0 0 0 0 1.1 16 13.28 

7 180 0 -1.3 0 0 0 0 1.3 16 11.21 

8 180 0 -1.2 0 0 0 0 1.3 16 11.57 

9 180 0 -0.9 -0.2 0 0 0 1 16 15.82 

10 144 -0.1 -0.9 -0.1 0 0 0.1 0.9 16 17.09 

11 135 -0.1 -0.9 -0.1 0 0 0.1 0.9 16 17.3 

12 144 0 -0.7 -0.1 0 0 0 0.7 16 21.43 

13 180 0 -0.7 -0.1 0 0 0 0.7 12.8* '17.29 

14 90 -0.2 0 -0.2 0.1 -0.1 0 0.4 16 44.06 

15 144 0 -0.3 0 0 0 0 0.4 16 44.54 

16 0 0 -0.4 0 0 0 0 0.4 16 40.07 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-5 PWR Canister Pm + Pb Stresses - 1-Foot Top End Drop

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.
Note: All of the allowable stress values presented in this table are based on SA240, Type 304L stainless 
steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in the central 
portion of the canister shell reach 399°F-resulting in slightly lower allowable stress values and 
subsequently slightly lower margins of safety for sections 5 and 6 than those presented in the table.  
However, this difference is negligible as discussed in Section 2.6.12.1.
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Pm + Pb Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 
1 0 -1.4 -4.7 0.1 0 0 0.1 4.8 24 3.99 
2 0 -0.6 9 4.3 0.7 0 0.4 9.8 24 1.45 
3 0 -0.5 10.8 5.6 0 0 0.5 11.4 24 1.1 
4 162 0 -0.8 0 0 0 0 0.8 24 30.8 
5 162 0 -0.9 0 0 0 0 0.9 24 24.77 
6 144 0 -1.1 0 0 0 0 1.1 24 20.42 
7 171 0 -1.3 0 0 0 0 1.3 24 17.3 
8 180 0.1 -1.2 0 -0.1 0 0 1.3 24 17.37 
9 45 -0.1 -1.1 -0.1 0 0 -0.1 1.1 24 21.59 
10 180 0 -1 -0.2 0 0 0 1 24 22.45 
11 135 -0.1 -1 -0.1 0 0 0.1 1 24 23.42 
12 180 0 -0.7 -0.1 -0.1 0 0 0.7 24 31.5 
13 180 0 -0.8 -0.1 0 0 0 0.7 19.2* 26.43 
14 90 -6.8 -0.1 -6.8 0.1 -0.1 0 6.7 24 2.57 
15 81 0.1 -0.3 0.1 0 0 0 0.4 24 55.49 
16 0 0 -0.4 0 0 0 0 0.4 24 59.08
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Table 2.6.12.4-6 PWR Canister Pm Stresses - 1-Foot Bottom End Drop, Internal Pressure

Pm Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 180 0 -0.6 0 0.1 0 0 0.6 16 24.4 

2 180 0.3 -1.9 -0.3 0.1 0 0 2.2 16 6.24 

3 180 0.1 -1.9 -0.3 -0.1 0 0 2 16 7.08 

4 180 0 -1.7 1.3 0 0 -0.1 3 16 4.33 

5 180 0 -1.5 1.3 0 0 -0.1 2.8 16 4.69 

6 180 0 -1.3 1.3 0 0 -0.1 2.6 16 5.11 

7 180 0 -1.1 1.3 0 0 -0.1 2.4 16 5.58 

8 180 0 -0.7 0.7 0 0 -0.1 1.4 16 10.31 

9 18 -0.1 -0.5 -0.4 -0.1 0 -0.1 0.4 16 36.52 

10 180 0.4 -0.3 -0.2 -0.1 0 0 0.7 16 21.21 

11 0 -0.5 0.1 -0.2 0 0 0 0.6 16 27.29 

12 99 -0.1 0.5 0.1 0 -0.1 0 0.6 16 27.09 

13 0 0 -0.5 -0.3 0 0 0 0.4 12.8* 31.00 

14 0 0.1 -0.4 0.1 0 0 0 0.4 16 34.57 

15 108 0 0 0 0 0 0 0.1 16 302.05 

16 0 0 0 0 0 0 0 0.1 16 286.36 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-7 PWR Canister Pm + Pb Stresses - 1 Foot Bottom End Drop, Internal 

Pressure 

Pm + Pb Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 
1 180 0.2 -0.4 0.1 0.1 0 0 0.7 24 34.19 
2 180 0.2 -3.4 -0.7 0.1 0 0.1 3.6 24 5.71 
3 180 0.1 -3.3 -0.6 -0.1 0 0 3.3 24 6.16 
4 0 0 -1.7 1.3 0 0 0.1 3 24 6.95 
5 0 0 -1.5 1.3 0 0 0.1 2.8 24 7.5 
6 0 0 -1.3 1.3 0 0 0.1 2.6 24 8.11 
7 0 0 -1.1 1.3 0 0 0.1 2.4 24 8.82 
8 27 0.2 -0.9 0.5 0 0 0.2 1.5 24 14.94 
9 108 -0.5 -1.1 -0.1 0 0.1 0.1 1.1 24 21.15 
10 99 -0.7 -1.6 0.1 0 0 0.1 1.8 24 12.44 
11 0 -0.2 1.3 0.2 -0.1 0 0 1.5 24 14.78 
12 99 0.2 0.9 0.5 0 -0.2 0.1 0.8 24 29.14 
13 0 0.5 0 0 -0.1 0 0 0.5 19.2* 37.40 
14 0 0.1 -0.4 0.1 0 0 0 0.5 24 49.26 
15 90 0.8 0 0.8 0 0 0 0.8 24 28.07 
16 0 -0.4 0 -0.4 0 0 0 0.4 24 56.39

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.
Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.5 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot End Drop 

Load Condition 

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the 

primary loads in Section 2.6.12.4 to produce a combined thermal stress plus end-impact loading.  

The stress evaluation is performed according to the ASME Code, Section III, Subsection NB.  

The most critical sections are listed in Table 2.6.12.5-1. The stresses reported in this table 

correspond to the nodal stress at the surface. The minimum margin of safety is +2.44 when 3 Sm 

is used as the stress criterion. Tables 2.6.12.5-2 through 2.6.12.5-5 tabulate the peak stresses for 

both the hot and cold conditions for both the top-and bottom-end-drop cases for the conditions 

that result in the minimum margin of safety. For both top and bottom orientations, the minimum 

margins occur without the addition of pressure. The margins of safety are calculated as: 

MS = (allowable stress/SI) -1.
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Table 2.6.12.5-1 PWR Canister Critical Sections for the Combined 1-Foot End Drop and 

Thermal Load Condition

2.6-144

Minimum 
Critical Margin of 

Condition Stress Section Table Safety 

Top-End Drop + P+Q 14 2.6.12.5-2 +2.44 
Thermal (cold) 

Top-End Drop + P+Q 3 2.6.12.5-3 +2.6 
Thermal (hot) 

Bottom-End Drop P+Q 14 2.6.12.5-4 +7.47 
+ Thermal (cold) 

Bottom-End Drop P + Q 14 2.6.12.5-5 + 8.44 
+ Thermal (hot)
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Table 2.6.12.5-2 PWR Canister Pm + Pb + Q Stresses - 1-Foot Top End Drop, Thermal Cold 

Pm + Pb + Q Stresses (ksi) 

Section Angle of 

Location Peak Stress SI Allowable Margin 

Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 90 1.3 -5.8 -1.8 0 0 0 7.2 47.9 5.67 

2 45 3.4 10.6 3.4 0.4 -0.6 3.5 10.8 47.9 3.46 

3 9 -0.1 -10.9 0.8 -0.6 0 0.2 11.8 47.9 3.08 

4 0 0 -1.2 0 0 0 0 1.2 47.9 37.94 

5 0 0 -2.1 0.6 0 -0.2 0 2.8 47.9 16.12 

6 0 0 -2.3 0.2 0 0 0 2.5 47.9 18.39 

7 0 0 -2.6 0 0 0 0 2.6 47.9 17.46 

8 9 -0.2 -3.4 -0.3 0 0.1 0 3.3 47.9 13.67 

9 162 0.1 -3.1 -0.7 -0.2 -0.1 0.3 3.3 47.9 13.63 

10 0 -0.1 -2 -0.5 0.1 0 0 1.8 47.9 25.05 

11 171 0 -3.3 -0.8 0 0 0.1 3.3 47.9 13.51 

12 0 0.4 -0.9 0 0.2 0 0 1.3 47.9 35.99 

13 0 0.2 -1 -0.1 0 0 0 1.2 38.32* 30.93 

14 0 -15.7 -1.8 -15.4 0.1 -1 0.1 14 47.9 2.44 

15 81 0.1 -0.3 0.1 0 0 0 0.4 47.9 116.3 

16 0 0.1 -0.5 0.1 0 0 0 0.6 47.9 85.61 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.5-3 PWR Canister Pm + Pb + Q Stresses-I-Foot Top End Drop, Thermal Heat

Pm + Pb + Q Stresses (ksi) 
Angle of 

Section Peak Stress SI Allowable Margin 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 90 1.2 -5.9 -1.8 0 0 0 7.1 47.9 5.77 
2 45 3.3 10.5 3.3 0.4 -0.6 3.5 10.8 47.9 3.44 
3 9 -0.1 -11 0.7 -0.6 0.1 0.1 11.8 47.9 3.08 
4 0 0 -1.1 0 0 0 0 1.2 47.9 40.01 
5 0 0 -2 0.5 0 -0.2 0 2.5 47.9 17.84 

6 0 0 -2.1 0.2 0 0 0 2.3 47.9 20.04 
7 0 0 -2.4 0 0 0 0 2.4 47.9 19.03 

8 9 -0.2 -3.2 -0.3 0 0.1 0 3 47.9 14.85 
9 162 0.1 -3 -0.7 -0.1 -0.1 0.3 3.2 47.9 14.01 
10 162 -0.3 -2 -0.5 -0.2 -0.1 0.1 1.8 47.9 26.36 
11 171 0 -3 -0.7 0 0 0.1 3 47.9 14.76 
12 0 0.3 -0.9 -0.1 0.2 0 0 1.2 47.9 37.66 
13 0 0.2 -0.9 -0.1 0 0 0 1.1 38.32* 33.84 
14 0 -14.8 -1.6 -14.6 0.1 -0.9 0 13.3 47.9 2.6 
15 81 0.1 -0.3 0.1 0 0 0 0.4 47.9 116.41 
16 0 0.1 -0.5 0.1 0 0 0 0.5 47.9 87.74 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.5-4 PWR Canister Pm + Pb + Q Stresses -1-Foot Bottom End Drop, Thermal 

Cold 

Pm + Pb + Q Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 

1 9 0.1 -2.1 1.2 -0.3 0.1 0.2 3.4 47.9 13.23 

2 9 -0.3 -4.5 0.3 -0.1 0.1 0.1 4.8 47.9 9.04 

3 9 -0.1 -4 0.6 0 0.1 0.1 4.6 47.9 9.38 

4 0 0 -3.2 0 0 0 0 3.2 47.9 14.02 

5 0 0 -3.5 0.6 0 -0.2 0 4.1 47.9 10.6 

6 0 0 -3 0.2 0 0.1 0 3.2 47.9 13.91 

7 0 0 -2.6 0 0 0 0 2.7 47.9 17.02 

8 9 -0.2 -2.7 -0.2 0 0.2 0 2.6 47.9 17.55 

9 162 -0.2 -3.3 -1.4 0.1 0.1 0.4 3.3 47.9 13.69 

10 0 0.4 -3.9 -1.5 0 0.1 -0.1 4.3 47.9 10.22 

11 0 -0.5 2.7 0.7 -0.1 0.1 0.1 3.2 47.9 13.86 

12 18 1.1 1.7 0.3 0.4 0.1 -0.1 1.6 47.9 28.65 

13 0 -1.4 -2 -1 0.3 0 0 1.2 38.32* 30.93 

14 0 -11.2 -5.5 -10.9 0 0.1 0.1 5.7 47.9 7.47 

15 81 1.7 0 1.4 0 0 0 1.7 47.9 27.66 

16 72 -0.7 0 -0.6 0 0 0 0.7 47.9 68.32 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.5-5 PWR Canister Pm + Pb + Q Stresses - 1-Foot Bottom End Drop, Thermal 

Heat 

Pm + Pb + Q Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 
1 9 0.1 -1.9 1.1 -0.3 0.1 0.2 3.1 47.9 14.36 
2 9 -0.3 -4.5 0.1 -0.1 0.1 0.1 4.6 47.9 9.45 
3 9 -0.1 -4 0.4 0 0.1 0.1 4.4 47.9 9.79 
4 0 0 -3.1 0 0 0 0 3.1 47.9 14.64 
5 0 0 -3.3 0.6 0 -0.2 0 3.9 47.9 11.41 
6 0 0 -2.8 0.2 0 0.1 0 3 47.9 14.76 
7 0 0 -2.5 0 0 0 0 2.5 47.9 17.96 
8 9 -0.2 -2.6 -0.2 0 0.2 0 2.4 47.9 18.74 
9 162 -0.2 -3.2 -1.3 0.1 0.1 0.4 3.1 47.9 14.46 
10 162 0 -3.8 -1.4 -0.1 0.1 0.5 4 47.9 10.93 
11 9 -0.5 2.5 0.5 -0.1 0.1 0.1 3.1 47.9 14.68 
12 162 0.6 1.9 0.2 -0.4 0 0.1 1.8 47.9 25.24 
13 0 1 -0.2 0.2 -0.1 0 -0.1 1.2 38.32* 30.93 
14 0 -10 -4.9 -9.7 0 0.1 0 5.1 47.9 8.44 
15 72 1.7 0 1.4 0 0 0 1.6 47.9 28.14 
16 72 -0.7 -0.1 -0.6 0 0 0 0.7 47.9 68.12 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.6 Stress Evaluation of PWR Canister for 1-Foot Side Drop Load Condition 

The stresses in the PWR canister that result from a 1-ft side-drop are determined by using 

ANSYS. In the local regions of the lids and bottom plate, the loads are transmitted through the 

canister shell into the cask body inner shell. Outside of the lid and bottom plate regions, stress 

develops in the canister shell as a result of the basket loading the canister wall. The difference in 

the radii of the basket, canister, and cask body implies that the contact angle between the 

components is dependent on the loading. For this reason, the finite element model described in 

Section 2.6.12.2 contains a half model of the basket. Gap elements between the basket and the 

canister allow the interface to be dependent on the loading. The interface between the canister 

and the cask body inner shell is also represented by gap elements.  

The load resulting from the contents is applied to the basket by means of pressure acting in the 

plane of the disks. The weight is assumed to act over the effective width of 9.272 in., in which 

the disk is 0.5 in. thick. This weight is distributed over the 32 support disks plus two end 

weldments. A deceleration factor of 20 g applied to the weights provides the loading for the 

basket assembly. In addition to the contents load, a 25-psig pressure is applied to the inner 

surface of the canister.  

Analyses of the canister are performed for basket orientations of 00 and 45'. The angles describe 

the orientation of the basket elements with respect to the symmetry plane of the model. A value 

of 0' orients the ligaments in the basket elements parallel and perpendicular to the symmetry 

plane, a value of 45°orients the basket ligaments at +/- 450 from the symmetry plane. To assess 

the impact of the basket orientation on the canister response during impact, both basket 

orientations are run for the side-impact loading.  

The methodology used to evaluate the stresses for the side-drop are similar to that used for the 

end-drop (Section 2.6.12.4) with following exceptions. Sections 9, 10, and 11 at the 00 

circumferential position (see Figure 2.6.12.3-1) are not included in the evaluation. These regions 

are characterized as a bearing stress since they result from the canister shell bearing against the 

cask inner shell. Section 2.6.12.11 provides an assessment of the canister shell bearing stresses.  

Sections 9, 10, and 11 at all other angular locations are included in the evaluation. Also, 

Sections 12 and 13 at 00 are treated as local membrane stresses. According to the ASME Code 

Section III, Paragraph NB-3213.10, a stressed region may be considered local if the distance over 

which the membrane stress intensity exceeds 1.1 Sm does not extend more than 1.0 times the
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square root of RT in the meridional direction, where R is the minimum midsurface radius of 
curvature and T is the minimum thickness in the region considered. For Section 13, the 

minimum thickness is that of the canister shell (0.625 in.) and the midsurface radius of the shell 

is 33.2175 in. The resulting distance is 4.56 in. A section located 4.56 in. from Section 13 in the 

meridional direction results in a membrane stress intensity of 6.7 ksi, which is below Sm. This 

section conservatively encompasses Section 12 since it is located 1.56 in. from this section. The 
stresses at adjacent circumferential sections (i.e., at 90) for Sections 12 and 13 are also included 

in the tables for comparison. The critical section stresses are reported in Table 2.6.12.6-1 for the 

Pm and Pm + Pb stresses.  

Results are calculated for 1-ft side-drop with internal pressure both the 0' and 450 basket 

orientations. Tables 2.6.12.6-2 and 2.6.12.6-3 present the worst-case margins for the side-drop 

which occurs with the conditions noted. The minimum margin occurs for membrane without 

pressure and with pressure for membrane plus bending. The minimum margin of safety for the 
PWR canister in the side-drop is +0.02, which occurs at Section 12 in Table 2.6.12.3-1. The 

margins of safety are calculated as: 

MS = (allowable stress/SI) -1.
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tical Sections for the 1-Foot Side Drop Load Condition
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Critical Minimum 

Condition Stress Section Table Factor of Safety 

Side Drop Pm 1 2.6.12.6-2 +0.07 

Side Drop + Pm+Pb 12 2.6.12.6-3 +0.02 

Pressure
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Table 2.6.12.6-2 PWR Canister: Pm Stresses - 1 Foot Side Drop

P. Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 
1 0 -14.7 -0.2 -5.2 -0.4 -0.1 -2 14.9 16 0.07 
2 0 -13 -0.8 -6.4 -0.8 -0.4 -1.2 12.5 16 0.28 
3 0 -3.8 -0.6 -3.3 -0.3 -0.6 -1.3 4.5 16 2.55 
4 81 0 -0.2 0 0.8 0.1 0 1.5 16 9.39 
5 9 -0.7 0.9 0.2 0 0 0.2 1.6 16 9.23 
6 9 -0.7 1 0.2 0 0 0.2 1.7 16 8.19 
7 9 -0.8 1.1 0.3 0 -0.1 0.2 2 16 7.18 
8 0 -0.7 2.5 -1.1 -0.1 0.5 -0.1 3.7 16 3.34 
9 9 -0.4 2.6 -2.1 0.05 1.3 -1.0 5.8 16 1.76 
10 9 1.5 1.7 -2.1 -0.3 1.0 -0.6 4.6 16 2.48 
11 9 3.7 1.8 -1.2 0.7 1.2 -1.6 6.4 16 1.5 

12"** 0 -24.4 -5.4 -6.7 -4.5 1.2 -1 21.7 24*** 0.11 
12 9 -0.5 -0.1 -3.5 0.1 0.6 -1.9 4.9 16 2.27 

13* 0-7.5 -11.66 -3.42 -4.02 0.05 1.1 -2.33 9.99 12.8** 0.28 

14 0 -0.9 -0.1 0.3 0 0 0 1.2 16 11.92 
15 0 -0.3 0 0.1 0 0 0 0.4 16 35.79 
16 0 -0.5 0.1 0.2 0 0 0 0.7 16 22.61 

S Stress evaluated over weld compression region 

** Allowable Stress includes a stress reduction factor for weld: 0.8 x allowable stress.  
* Stresses treated as a local membrane stress. Allowable for normal conditions is l. 5Sm 24 

ksi for PL and PL = PB 

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.6-3 PWR Canister Pm + Pb Stresses - 1-Foot Side Drop, Internal Pressure 

Pm + Pb Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 

1 0 -23 -0.9 -7.6 0.6 0 -2 22.5 24 0.07 

2 18 0.5 -12.7 -3.1 -0.2 0.2 -1.5 13.7 24 0.74 

3 27 -0.6 -12.5 -4.6 0.1 -0.6 -2.3 13 24 0.85 

4 9 -0.8 1.9 3.9 0 0.1 0.7 4.8 24 3.95 

5 9 -0.6 2.3 3.7 0 0 0.7 4.5 24 4.3 

6 9 -0.6 2.4 3.7 0 -0.1 0.7 4.5 24 4.33 

7 9 -0.7 2.4 3.7 0 -0.1 0.7 4.7 24 4.12 

8 0 -0.4 2.7 -2.4 -0.2 0.4 -0.2 5.1 24 3.66 

9 9 1.2 6.3 -0.4 -0.1 1.5 0.1 7.4 24 2.24 

10 0 -18.9 -2 -4.5 -5.3 1 -1.1 20.3 24 0.18 

11 9 4.0 0.9 -1.4 0.8 1.3 2.7 8.2 24 1.93 

12* 0 -28.6 -6.6 -8.2 -4.3 1.5 -0.7 24.5 25 0.02 

13** 0-7.9 -16.65 -6,26 -6.48 -0.11 1.66 -1.98 12.49 20*** 0.60 

14 90 -0.8 0 0.4 0 0 0 1.2 24 18.27 

15 90 -0.6 0 -0.2 0 0 0 0.6 24 39.77 

16 0 -0.4 0 0.3 0 0 0 0.7 24 33.98 

The peak temperature as calculated in Section 3.4 is 265°F in the region of Sections 12 and 13.  

There the allowable stress for Type 304L stainless steel is 1.5 (16.7) 25.05 ksi.  

The peak temperature as calculated in Section 3.4 is 265°F in the region of Sections 12 and 13.  

There the allowable stress for 304L stainless steel is 1.5 (16.7) = 25.05 ksi. Stress evaluated over 

Weld compressing region.  

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 3990F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.7 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot Side Drop 

Load Condition 

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the 
primary loads in Section 2.6.12.6 to produce a combined thermal stress plus 1-ft side-drop 
loading. The stress evaluation is performed according to the ASME Code, Section IHI, 
Subsection NB. The most critical sections are listed in Table 2.6.12.7-1. Results from the side
drop plus thermal load cases for the configurations that result in the minimum margins are 
presented in Tables 2.6.12.7-2 and 2.6.12.7-3. The stresses reported in this table correspond to 
the nodal stress at the surface. The minimum margin is +0.41 at Section 9 (see Table 2.6.12.7-1) 
when 3 Sm is used as the stress criteria. The margins of safety are calculated as: 

MS = (allowable stress/SI) -1.
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PWR Canister Critical Sections for Combined 1-Foot Side Drop and 

Thermal Load Condition
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Critical Minimum Margin 

Condition Stress Section Table of Safety 

Side Drop + Pm + Pb + Q 9 2.6.12.7-2 +0.41 

Thermal (cold) 

Side Drop + Pm + Pb + Q 9 2.6.12.7-3 +0.59 

Thermal (hot) III
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Table 2.6.12.7-2 PWR Canister Pm + Pb + Q Stresses - 1-Foot Side Drop, Thermal Cold 

Pm + Pb + Q Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 
1 0 -15.3 -0.4 -4 -0.1 0.1 -1.7 15.1 47.9 2.17 
2 0 -11.7 -0.2 -2.2 -1.2 -0.4 -1.7 12.1 47.9 2.97 
3 27 0.7 5.2 1.3 1.2 1.6 1.2 6.4 47.9 6.46 
4 0 -0.4 1.1 2.9 0 -0.1 0.6 3.5 47.9 12.73 
5 45 -1.2 1.5 -1.2 -0.4 -0.4 -1.3 4.2 47.9 10.41 
6 45 -1 1.2 -1.1 0.3 0.3 -1.2 3.5 47.9 12.51 
7 0 -0.4 1.1 2.6 0 0 0.5 3.1 47.9 14.33 
8 0 0 2.7 -1.5 -0.1 0.6 -0.1 4.3 47.9 10.04 
9 0 -26.6 6.9 -9.1 -2.1 1.7 0.2 34 47.9 0.41 
10 0 -18.8 -2.6 -5 -4.5 0.9 -1.1 18.9 47.9 1.54 
11 0 -26.3 3.3 -8.7 -0.3 1.8 -0.1 29.9 47.9 0.6 
12 0 -26.4 -4.8 -7.9 -3.7 1.7 -0.6 23.5 47.9 1.04 
13 0 -32.5 -9.8 -10.6 -1.2 2 -1.4 24.5 38.32* 0.56 
14 180 -9.3 -2.5 -7.6 0.1 1.2 -0.1 7 47.9 5.8 
15 0 -0.7 0 -0.1 0 0 0 0.7 47.9 69.76 
16 0 -0.6 0.1 0.1 0 0 0 0.7 47.9 63.87 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.7-3 PWR Canister Pn + Pb + Q Stresses - 1-Foot Side Drop, Thermal Heat

Pm + Pb + Q Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 

1 0 -13.4 -0.3 -3.8 -0.1 0.1 -1.4 13.2 47.9 2.62 

2 0 -9.8 0 -2 -1 -0.3 -1.4 10.2 47.9 3.7 

3 27 0.6 4.6 1.1 1 1.3 1 5.5 47.9 7.65 

4 0 -0.4 0.8 2.4 0 -0.1 0.5 3 47.9 15.13 

5 45 -1 1.2 -1.1 -0.4 -0.4 -1.2 3.6 47.9 12.17 

6 45 -0.9 1.1 -0.9 0.3 0.3 -1 3.1 47.9 14.39 

7 0 -0.4 1 2.1 0 0 0.4 2.7 47.9 16.98 

8 0 0 2.6 -1.2 -0.1 0.5 -0.1 4 47.9 11.05 

9 0 -23.3 6.4 -8.2 -1.8 1.4 0.3 30.1 47.9 0.59 

10 0 -16.5 -2.1 -4.8 -3.9 0.8 -0.8 16.6 47.9 1.88 

11 0 -22.8 3.2 -7.8 -0.2 1.5 0 26.1 47.9 0.83 

12 0 -23.3 -4.1 -7.4 -3.2 1.5 -0.4 20.8 47.9 1.31 

13 0 -28.2 -8.5 -9.6 -1 1.6 -1.1 21.1 i 38.32* 0.82 

14 180 -8.8 -1.6 -7.1 0.1 0.8 -0.1 7.4 47.9 5.51 

15 0 -0.6 0 0.1 0 0 0 0.7 47.9 69.62 

16 0 -0.7 0 -0.1 0 0 0 0.8 47.9 61.85 

*Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F--resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.8 Stress Evaluation of PWR Canister for 1-Foot Corner Drop Load Condition 

A structural analysis performed by using ANSYS to evaluate the effect of a 1-ft end-drop impact 

for both the top-and bottom-corner orientations of the PWR canister. The ASME Code, Section 

111, Subsection NB, requires that stresses arising from operational loads be assessed on the basis 

of the primary loads. The primary loads for the 1-ft corner-drop result from the deceleration of 
the canister and its contents and the 25-psig pressure load internal to the canister, The applied 
deceleration is 20 g for both orientations (Note-the actual deceleration is 5.6 g; therefore, the 

results presented in this section are conservative). The inertial load of the canister is addressed 

by the deceleration factor applied to the canister density. The contents weight is represented by a 
pressure load on the inner end surface of the canister and a pressure applied to the basket by 

means of pressure acting in the plane of the disks. Displacement constraints are applied to the 

plane of symmetry and the gap elements attached at the canister end to represent the top or 

bottom of the transport cask.  

The locations of the linearized stresses are shown in Figure 2.6.12.3-1. The maximum stresses 
for Pm and Pm + Pb are tabulated in Tables 2.6.12.8-2 through 2.6.12.8-5 for the conditions that 
result in the worst-case stresses. The critical sections for the pressure and the pressure plus the 
deceleration load, with reference to the section and the appropriate tables, are shown in Table 

2.6.12.8-1. The margins of safety in these tables are calculated as: 

MS = (allowable stress/SJ)-1.
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Table 2.6.12.8-1 PWR Canister Critical Sections for the 1-Foot Comer Drop Load 

Condition 

Condition Stress Critical Section Table Margin of Safety* 

Top Comer Drop Pm 9 2.6.12.8-2 +0.08 

+ Pressure 

Top Comer Drop Pm+ Pb 2 2.6.12.8-3 +0.02 

Inertia 

Bottom Comer Pm 9 2.6.12.8-4 +0.02 

Drop + Pressure 

Bottom Comer Pm + Pb 11 2.6.12.8-5 +0.26 

Drop + Inertia

* Note: These margins of safety are based on stresses 

deceleration load. The actual deceleration load is 5.6 

conservative.

calculated for corner drops with a 20 g 

g; therefore, these margins of safety are
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Table 2.6.12.8-2 PWR Canister Pm Stresses 1-Foot Top Corner Drop, Internal Pressure 

Pm Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy SVz Sxz (ksi) Stress (ksi) of Safety 
1 0 -5.9 0.3 -1.7 0.2 -0.1 -0.8 6.4 16 1.5 
2 0 -1.6 0.3 -1.5 -0.1 -0.3 -0.4 2.4 16 5.75 
3 0 -0.5 0.5 -0.9 0.2 -0.3 -0.3 1.7 16 8.18 
4 0 -1.2 -0.1 1.5 0 0 0 2.7 16 4.89 
5 0 -1.2 -0.2 1.4 0 0 0 2.6 16 5.14 
6 0 -1.2 -0.4 1.4 0 0 0 2.6 16 5.12 
7 0 -1.2 -0.8 1.5 0 -0.1 0 2.7 16 4.91 
8 45 0.4 -0.8 0.3 -0.4 -0.4 0.4 1.9 16 7.39 
9 0 -16.1 -2 -4.4 -1.8 0.5 -0.4 14.7 16 0.08 
10 0 -11.1 -4.3 -3.3 -1.9 0.2 -0.8 8.6 16 0.86 
11 0 -15.1 -6.6 -5.4 -0.7 0.4 -0.4 9.9 16 0.61 
12 0 -14.1 -6.2 -3.3 -2.9 0.2 -1 12 16 0.33 
13 0 -13.2 -8 -4 -0.8 0.2 -1 9.5 12.8* 0.35 
14 0 -0.2 0 0.2 0 0 0 0.4 16 37.89 
15 171 -0.1 -0.3 0 0 0 0 0.4 16 40.38 
16 0 -0.2 -0.4 0.1 0 0 0 0.5 16 34.04 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.8-3 PWR Canister Pm + Pb Stresses - 1-Foot Top Corner Drop 

Pm + Pb Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 0 -15.3 -6.5 -4.5 -3.9 -0.2 -1 12.4 24 0.93 

2 0 -19.4 3.9 -4.4 -0.7 1.2 -0.1 23.5 24 0.02 

3 180 -0.5 9.9 5.3 0 0 -0.4 10.4 24 1.3 

4 0 -1.4 0 2.5 0 0 0.1 4 24 5.04 

5 0 -1.4 -0.1 2.4 0 0 0.1 3.8 24 5.37 

6 0 -1.4 -0.4 2.4 0 0 0.1 3.8 24 5.35 

7 0 -1.4 -0.7 2.5 0 -0.1 0.1 3.9 24 5.09 

8 36 0.1 -1.4 0.1 -0.4 -0.7 0.1 2.2 24 9.92 

9 0 -16.9 0.2 -5.4 -1.3 0.5 -0.2 17.3 24 0.38 

10 0 -11.9 -5.7 -2.9 -3.4 0.1 -1.1 10.9 24 1.21 

11 0 -17 -8.9 -5.6 -1.2 0.5 -0.7 11.8 24 1.03 

12 0 -15.4 -6.1 -3.7 -2.4 0.4 -0.9 12.6 24 0.91 

13 0 -15.7 -10.2 -5.4 -1.4 0.4 -1 10.8 19.2" 0.78 

14 90 -6.4 -0.1 -5.9 0.1 -0.1 0 6.3 24 2.78 

15 81 0 -0.3 0.1 0 0 0 0.4 24 54.38 

16 0 -0.2 -0.3 0.1 0 0 0 0.4 24 53.04 

* Allowable stress includes a stress reduction factor for weld: 0.8,x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.8-4 PWR Canister Pm Stresses - 1-Foot Bottom Comer Drop 

Pm Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 
1 0 -7 -1.9 -2.4 -0.3 0 -1 6 16 1.67 
2 18 0.6 -3.3 -0.6 0.1 -0.1 -0.5 4 16 2.95 
3 18 0 -3.1 -0.9 0.1 -0.2 -0.4 3.3 16 3.84 
4 0 -1.2 -2.3 0.2 0 0 -0.1 2.8 16 4.75 
5 180 0 -2.2 -0.1 0 0 0 2.3 16 6:.07 
6 180 0 -2.2 -0.1 0 0 0 2.2 16 6.36 
7 180 0 -1.9 -0.1 0 0 0 1.9 16 7.27 
8 45 0.1 -1.1 0 -0.3 -0.3 0 1.5 16 10.29 
9 0 -15 0.2 -4.5 -1.4 0.9 -0.3 15.6 16 0,02 
10 0 -7.5 -0.4 -2.5 -1.4 0.7 -0.7 7.9 16 11.03 

11** 0 -17.6 -1.1 -5.1 -0.2 1.1 -0.3 16.8 24 0.43** 
11 9 2.9 1.3 -0.5 0.3 0.6 -1.0 4.1 16 2.90 
12 0 -11.7 -2.7 -2.8 -2 0.6 -0.8 10.5 16 0.53 
13 0 -11.8 -3.4 -3.1 0.1 0.8 -1.2 9.6 12.8* 0.33 
14 0 -0.4 -0.3 0.2 0 0 0 0.5 16 28.96 
15 0 -0.1 0 0.1 0 0 0 0.2 16 104.27 
16 0 -0.3 0 0 0 0 0 0.3 16 50.45 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

** Stresses treated as local membrane stress. Allowable for normal conditons is 1.5 Sm 24 ksi 

for PL and PL + PB.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.8-5 PWR Canister Pm + Pb Stresses - 1-Foot Bottom Comer Drop

Pm + Pb Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 

1 0 -7.5 -0.8 -2.5 0.3 0.1 -1 7 24 2.44 

2 18 -0.2 -6.9 -1.4 -0.1 0 -0.5 6.9 24 2.46 

3 18 -0.3 -6.1 -1.3 0.2 0 -0.5 6 24 3.02 

4 0 -1.4 -1.9 2.5 0 0 0.1 4.4 24 4.39 

5 0 -1.3 -1.4 2.4 0 0 0.1 3.9 24 5.21 

6 0 -1.3 -1.1 2.4 0 0 0.1 3.7 24 5.4 

7 0 -1.4 -0.8 2.4 0 0 0.1 3.8 24 5.27 

8 18 0.3 -1.1 -0.9 0.3 0.4 -0.4 2 24 11.1 

9 0 -15.2 2.9 -5 -1.2 0.9 -0.1 18.3 24 0.31 

10 0 -7.9 -0.8 -1.5 -2.3 0.5 -0.9 8.9 24 1.7 

11 0 -15.9 2.9 -4.4 -0.1 1 0 18.9 24 0.26 

12 0 -14.6 -3.7 -3.9 -1.8 0.8 -0.7 12.2 24 0.96 

13 0 -18 -6.8 -5.9 -0.2 1.1 -0.9 13 19.2* 0.48 

14 0 -0.4 -0.3 0.2 0 0 0 0.5 24 43.89 

15 72 1.3 0 1.4 0 0 0 1.4 24 15.9 

16 18 -0.9 0 -0.6 0 0 0 0.9 24 25.01 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.9 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot Comer 

Drop Load Conditions 

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the 
primary loads in Section 2.6.12.8 to produce a combined thermal stress plus comer impact 
loading. The stress evaluation is performed according to the ASME Code, Section 111, 

Subsection NB. On the basis of the results in Section 2.6.12.8, the most critical sections are 
identified in Table 2.6.12.9-1. The stresses reported in this table correspond to the nodal stress at 
the surface. The minimum margin of safety is +1.14 when 3 Sm is used as the stress criterion.  

Tables 2.6.12.9-2 through 2.6.12.9-5 tabulate the results for top and bottom corner-drop with 

thermal results for the conditions that result in the minimum margins of safety. The stress 

intensity criterion of 3.0 Sm is satisfied. The margins of safety are calculated as: 

MS = (allowable stress/SI)-1.
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Table 2.6.12.9-1 PWR Canister Critical Sections for the Combined 1-Foot Comer Drop and 

Thermal Load Condition

2.6-165

Critical Minimum Margin 

Condition Stress Section Table of Safety 

Top Comer Drop + Pm + Pb + Q 2 2.6.12.9-2 + 1.14 

Thermal (cold) 

Top Comer Drop + Pm+ Pb + Q 2 2.6.12.9-3 +1.24 

Thermal (hot) 

Bottom Comer Drop 

+ Pressure + Thermal Pm + Pb + Q 9 2.6.12.9-4 +1.96 

(cold) 

Bottom Comer Drop 

+ Pressure Pm + Pb + Q 9 2.6.12.9-5 +1.37 

+ Thermal (hot) IIII_ I
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Table 2.6.12.9-2 PWR Canister Pm + Pb + Q Stresses - 1-Foot Top Comer Drop, Thermal 

Cold 

Pm + Pb + Q Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety 
1 0 -19.5 -7.1 -4.4 -3.7 -0.2 -1 16.3 47.9 1.95 
2 0 -19.9 2.3 -3.3 -0.6 1.2 -0.3 22.4 47.9 1.14 
3 126 0.4 -10.3 0.3 0.7 0.1 -0.5 11.2 47.9 3.3 
4 0 -1.4 -0.6 2.4 0 -0.1 0 3.7 47.9 11.79 
5 0 -0.8 -2.9 1.7 0 -0.4 -0.2 4.8 47.9 9.08 
6 0 -1.1 -1.9 2.1 0 0.2 -0.2 4.1 47.9 10.72 
7 0 -1.3 -0.7 2.3 0 0 0 3.5 47.9 12.54 
8 171 -0.2 -3.6 -0.4 0 0.2 0 3.5 47.9 12.78 
9 0 -12.6 0.1 -3.8 -1.1 0.5 -0.2 12.9 47.9 2.71 
10 0 -10 -4.8 -2.4 -2.5 0.1 -1 9 47.9 4.35 
11 0 -11.8 -6.9 -3.9 -0.9 0.4 -0.6 8.2 47.9 4.85 
12 0 -11.8 -4.2 -2.8 -1.9 0.4 -0.7 9.8 47.9 3.87 
13 0 -11.8 -6.9 -3.9 -0.9 0.4 -0.6 8.2 38.32* 3.67 
14 0 -15.3 -1.8 -14.4 0 -1 0 13.6 47.9 2.52 

15 81 -0.1 -0.3 0.1 0 0 0 0.4 47.9 116.04 
16 0 -0.1 -0.4 0.1 0 0 0 0.6 47.9 82.56 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.9-3 PWR Canister Pm + Pb + Q Stresses - 1-Foot Top Comer Drop, Thermal 

Heat 

Pm + Pb + Q Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 0 -18.3 -6.7 -4.4 -3.4 -0.2 -0.9 14.9 47.9 2.22 

2 0 -18.7 2.5 -3.1 -0.7 1 -0.3 21.4 47.9 1.24 

3 126 0.4 -10.2 0.2 0.7 0.1 -0.4 11 47.9 3.35 

4 0 -1.1 -0.5 2 0 -0.1 0.1 3.1 47.9 14.7 

5 0 -0.5 -2.4 1.7 0 -0.3 0.1 4.2 47.9 10.38 

6 0 -0.6 -1.5 2.1 0 0.2 0.3 3.7 47.9 12.08 

7 180 0 -2.9 0 0 0 0 2.9 47.9 15.69 

8 171 -0.1 -3.6 -0.4 0 0.2 0 3.5 47.9 12.78 

9 0 -12.8 0.4 -3.8 -1.1 0.5 -0.2 13.5 47.9 2.56 

10 0 -10.2 -4.8 -2.4 -2.6 0.1 -1 9.1 47.9 4.27 

11 0 -12 -6.9 -4 -1 0.4 -0.6 8.4 47.9 4.73 

12 0 -11.9 -4.1 -2.8 -2.1 0.4 -0.7 10 47.9 3.81 

13 0 -12 -6.9 4 -1 0.4 -0.6 8.4 38.32* 3.56 

14 0 -14.5 -1.6 -13.6 0.1 -0.9 0 13 47.9 2.69 

15 90 -0.1 -0.3 0.1 0 0 0 0.4 47.9 116.24 

16 0 -0.1 -0.4 0.1 0 0 0 0.6 47.9 84.45 

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.9-4 PWR Canister Pro+ Pb + Q Stresses - 1-Foot Bottom Corner Drop, Internal 

Pressure, Thermal Cold 

Pm + Pb + Q Stresses (ksi) 

Angle of 
Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 
1 0 -6.3 -0.9 -1.9 0.1 0 -0.8 5.6 47.9 7.53 
2 27 -0.2 -5 -1.4 -0.2 -0.1 -0.8 5.2 47.9 8.15 
3 27 -0.2 -5.1 -1.3 0 -0.3 -0.6 5.2 47.9 8.20 
4 0 -1 -1.5 2.8 0 0 -0.2 4.3 47.9 10.03 
5 0 -1 -1.1 2.8 0 0 0.2 3.9 47.9 11.33 
6 0 -0.9 -0.8 2.8 0 0 0.2 3.8 47.9 11.75 
7 0 -0.9 -0.6 2.8 -0.2 0 0.2 3.7 47.9 11.81 
8 0 -0.6 0.2 1.2 -1.1 0.4 0.1 2 47.9 22.65 
9 0 -14.3 2.2 -4.5 -1.1 0.9 -0.2 16.7 47.9 1.86 
10 0 -9 -1.5 -1.7 -2.2 0.5 -1 9.2 47.9 4.23 
11 0 -14.2 1.1 -4.5 -0.2 1.9 -0.1 15.4 47.9 2.11 
12 0 -13.6 -2.9 -3.5 -1.8 9 -0.7 11.9 47.9 3.02 
13 0 -17.3 -5.6 -5.5 -0.5 1 -0.8 12.9 38.32* 1.97 
14 0 -0.3 -0.4 0.2 0 0 0 0.6 47.9 85.16 
15 81 0.7 0 0.9 0 0 0 0.9 47.9 51.95 
16 45 -0.6 -0.1 -0.4 0 0 0 0.6 47.9 82.75

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable 
Note: All of the allowable stress values presented in this table are based on

stress.  

SA240, Type 304L
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 
the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 
values and subsequently slightly lower margins of safety for sections 5 and 6 than those 
presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.9-5 PWR Canister Pm + Pb + Q Stresses - 1-Foot Bottom Comer Drop, Internal 

Pressure, Thermal Heat 

Pm + Pb + Q Stresses (ksi) 

Angle of 

Section Peak Stress SI Allowable Margin 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety 

1 0 -2.1 0 1.3 0 0.1 -0.1 3.5 47.9 12.79 

2 162 0.1 -5.1 0.3 0.1 0 -0.1 5.4 47.9 7.87 

3 162 0.1 -4.9 0.4 0 -0.1 -0.1 5.3 47.9 8.12 

4 180 0 -3.7 1.2 0 0 -0.1 4.9 47.9 8.76 

5 180 0 -3.8 1.5 0 -0.2 0 5.3 47.9 8.06 

6 0 -0.5 -1.6 3.5 0 0.1 0.2 5.1 47.9 8.34 

7 0 -0.9 -0.6 3.2 0 -0.1 0.3 4.1 47.9 10.82 

8 0 -0.6 0.8 2 -0.1 0.6 0.3 2.9 47.9 15.7 

9 0 -17 2.9 -5.3 -1.3 1.2 -0.3 20.2 47.9 1.37 

10 0 -11.5 -1.9 -2.4 -2.7 0.6 -1.2 11.6 47.9 3.13 

11 0 -16.7 1.4 -5.5 -0.2 1.1 -0.2 18.4 47.9 1.61 

12 0 -16 -3.2 -4 -2.2 1 -0.9 14.3 47.9 2.36 

13 0 -20.5 -6.3 -6.5 -0.7 1.3 -1 15.6 38.3* 1-46 

14 0 -10 -4.9 -9.7 0 0.1 0 5.1 47.9 8.33 

15 90 0.8 0 1 0 0 0 1 47.9 47.69 

16 27 -0.6 -0.1 -0.3 0 0 0 0.6 47.9 79.93 

• Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress.  

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L 

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in 

the central portion of the canister shell reach 399°F-resulting in slightly lower allowable stress 

values and subsequently slightly lower margins of safety for sections 5 and 6 than those 

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.10 Shear Stresses for 1-Foot Drops 

The primary mechanism for shear loading in the canister drop analyses occurs for the bottom 
end-drop in the canister structural and shield lid welds. The maximum stress intensity for either 
Sections 12 or 13 during the bottom end-drop is 1.8 ksi for the bottom end-drop with thermal 
heat (Table 2.6.12.5-5). The maximum shear is 1.8/2 = 0.9 ksi. The allowable shear is 0.6 Sm 
per the ASME Code, Section Ed, Subsection NB-3227.2 for pure shear loading. The maximum 
canister shell temperature is 399°F and the margin of safety for pure shear is 

MS = 0.6 x 15.8/0.9 -1 = 9.53 

2.6.12.11 Canister Bearing Stresses for 1-Foot Side Drop 

The average bearing stress on the canister wall is computed for the side-drop using the smallest 
length of canister and the maximum mass for either the PWR or BWR canisters. This results in a 
conservatively bounding value of the average bearing stress. The maximum canister plus 
contents mass is for the BWR Class 5 with a weight of 75,1896 lb. For contact of the canister wall 
with the inner shell over an 180 arc (conservative), the projected bearing width is 10.54 in. The 
length of the shortest canister is 175.25 in. (PWR Class 1). The average bearing stress is 

Bearing Stress = 75,896 lb x 20g/(175.25 in. x 10.54 in.) = 822 psi 

Based on a yield strength of 17.5 ksi at 400'F, the margin of safety is 

MS = (17.5 / 0.822)-1 = + Large 

Next, the bearing stress evaluation is presented in the regions under the shield lid and structural 
lid welds for the normal conditions side-drop (see Sections 9, 10, and 11 in Figure 2.6.12.3-1).  
Three separate regions are considered for the bearing evaluation; (1) the area beneath the 
structural lid weld from 0' to 9', (2) area between the structural lid weld and shield lid weld from 
00 to 9', and (3) area below shield lid weld between 0' and 90.
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In order to calculate the bearing stresses in these regions, forces from the gap elements between 

the canister shell and the cask inner shell in these regions are examined. The forces from the gap 

elements act normal to the surface of the shell (i.e., radially), but are conservatively summed for 

each of the three regions described above. The following enveloping force summations are 

obtained from the PWR and BWR analysis results for each of the regions. The governing load 

case is also noted.  

Region 1: -45,373 lb PWR Side Drop with no Internal Pressure 

Region 2: -43,935 lb PWR Side Drop With Internal Pressure 

Region 3: -78,640 lb BWR Side Drop with Internal Pressure 

Gaps at both 00 and 90 are closed. Gaps at angular locations greater than 90 remain open in the 

regions of interest. The projected width conservatively based on 90 contact is 5.27 for the three 

regions. Region 1 has a length equal to the weld thickness (0.88 in.), Region 2 has a length of (3 

- 0.88) 2.12 in., and Region 3 has a length of 0.5 in. equal to length of the shield lid weld. The 

corresponding bearing stresses for each region are 

Region 1: 45,373/(5.27 x 0.88) = 9,784 psi 

Region 2: 43,935/(5.27 x 2.12) = 3,932 psi 

Region 3: 78,640/(5.27 x 0.5) = 29,844 psi 

The peak temperature in the canister shell in the region of the lids is 266°F for the PWR canister 

(see Section 3.4). The yield strength is 19,950 psi based on this temperature for 304L stainless 

steel. The margins of safety for each region are presented below.  

Region 1: 19.950 / 9.784 - 1 = 1.04
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Region 2: 19.950 / 3.918 - 1 = 4.09 

Region 3 is allowed 1.5 Sy since the width of application of the load is less than the distance to 
the free edge (0.5 < 3.0) and 

Region 3: 1.5 x 19.950 / 29.844 - 1 = 0.0026 

2.6.12.12 Canister Buckling Evaluation for 1-Foot End Drop 

Code Case N-284-1 [12] of the ASME Boiler and Pressure Vessel Code is used to analyze the 
PWR canister for the normal condition 1-foot end drop (both top and bottom end drops). The 
evaluation requirements of Regulatory Guide 7.6, Paragraph C.5, are shown to be satisfied by the 
results of the buckling interaction equation calculations of Code Case N-284-1. The canister 
buckling design criteria are described in Section 2.1.2.5.3.  

The data considered for the buckling evaluation includes shell geometry parameters, shell 
fabrication tolerances, shell material properties, theoretical elastic buckling stress values for the 
shell, and membrane stress components in the shell. The internal stress field that controls the 
buckling of a cylindrical shell consists of the longitudinal (axial) membrane, circumferential 
(hoop) membrane, and in-plane shear stresses. These stresses may exist singly or in 
combination, depending on the applied loading. Only these three stress components are 
considered in the buckling analysis.  

A 20 g deceleration load was used for all the 1-ft drop canister analyses that are presented in 
Sections 2.6.12.4 through 2.6.12.9. The 20 g-load bounds all 1-ft deceleration loads for all other 
drop angles. The top- and bottom-end drops result in the largest potential for canister shell 
buckling and, therefore, are the two load cases presented here. The side drop load case is not 
considered a credible buckling mode of the canister shell and is, therefore, not presented here.  

The stress results from the canister analysis are screened for the maximum values of the 
longitudinal compression, circumferential compression, or in-plane shear stresses for the 1-ft 
drop cases (top- and bottom-end drops) with and without pressure. For each loading case, the 
largest of each of the three stress components anywhere regardless of location within the PWR 
canister shell are combined. To these maximum stress components are added the maximum
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stresses from the hot and cold thermal cases (Tables 2.6.12.3-1 and 2.6.12.3-2). Combining the 

maximum stress components in this way produces a conservative, bounding-case buckling 

evaluation of the PWR canister, one which envelopes all 1-ft PWR canister drop cases including 

those presented in Tables 2.6.12.4-4 and 2.6.12.4-6.  

Consistent with the Code Case, the following are used: 

- The symbols 0, 0, or 00 correspond to the longitudinal (axial) direction or stress 

component, circumferential (hoop) direction or stress component, and in-plane shear 

stress component, respectively.  
- The formulas in the Code Case for cylindrical shells (unstiffened) are used.  
- The factor of safety is 2.0 for Normal Conditions.  

The analytical process used for the PWR canister is the same as that described in a step-by-step 

example presented in Section 2.7.12.3 (for the cask inner shell).  

The geometry parameters used in the PWR canister evaluation are presented in Table 

2.6.12.12-1.

The maximum stress components used in the evaluation and the buckling 

the top- and bottom-end drop cases are provided in Table 2.6.12.12-2.  

buckling analysis show that all interaction equation ratios are less than 

buckling criteria of Code Case N-284-1 are satisfied, thus demonstrating 

PWR canister does not occur.

interaction ratios for 

The results of the 

1.0. Therefore, the 

that buckling of the
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Table 2.6.12.12-1 Geometry Parameters for the PWR Canister 

Parameter Value 

t = thickness (in) 0.625 

ID = inside diameter (in) 65.81 

R = radius (in) = (iD+t)/2 33.22 

R/t 53.15 

(Rt)0 5  4.56 

Overall Length (in) 191.95 

Bottom Thickness (in) 1.75 

Structural Lid Thickness (in) 3.0 

L,= Length used in evaluation (in)* 187.2 

Lo = 27tR = circumference (in) 208.7 

v = Poisson's Ratio 0.275

Lo = Overall canister length - Bottom thickness - Structural lid thickness.
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Table 2.6.12.12-2 Buckling Evaluation Results for the PWR Canister for 1-Foot End Drop

Longitudinal Circumferential In-plane Elastic Buckling Plastic Buckling 

(Axial) Stress* (Hoop) Stress* Shear Stress Interaction Equations Interaction Equations 

Load Condition SO (psi) SO (psi) SOO (psi) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 

1-Ft Top End Drop 2400 300 400 .009 .077 .066 .009 .077 .065 .077 .066 

1-Ft Bottom End Drop 3600 600 300 .063 .115 .131 .064 .115 .131 .115 .131

Component stresses include thermal stresses.  
* Compressive stresses
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2.6.13 PWR Basket Analysis - Normal Conditions of Transport 

The Universal Transport Cask PWR basket is a right-cylinder structure fabricated with 24 square 
fuel tubes, a number of circular support disks, a number of heat transfer disks, eight tie rods with 
spacers, and two end weldment plates. The number of support disks and heat transfer disks varies 
depending upon the class of PWR fuel the basket is designed to contain. The basket components 
and their geometry are illustrated in Figure 2.6.13-1 and Figure 2.6.13-2. Figure 2.6.13-3 shows 
the details of the fuel tube with the encasing BORAL. The fuel tubes are open at each end; 
therefore, longitudinal fuel assembly loads are imparted to the canister shield lid or the bottom 
plate, and not the fuel basket structure. The fuel basket contains the fuel and is laterally 
supported by the canister shell.  

The fuel assemblies together with the tubes are laterally supported in the holes in the stainless 
steel support disks. The aluminum heat transfer disks are located throughout the cavity to fully 
optimize the passive heat rejection from the package. They serve no structural function other 
than supporting their own weight. The dimensional differences between the heat transfer disk 
and the support disk accommodate the different rate of thermal growth between aluminum and 
stainless steel, thereby preventing interference between the tube, support disk, and heat transfer 
disks.  

The primary function of the spacers and the threaded top nut is to locate and structurally 
assemble the support disks, heat transfer disks, and top and bottom weldment plates into an 
integral assembly. The spacers carry the inertial weight of the support disks, heat transfer disks, 
one end plate, and their own inertial weight for a normal transport condition 1-ft end-drop. The 
end-drop loading of the split spacers and tie rods represents a classical, closed-form structural 
analysis. The support disk requires a detailed finite element analysis for side-drop, end-drop, and 
oblique drops. The stainless steel fuel tubes are not considered to be a structural component with 
respect to the disks other than consideration of their mass contribution to loading.  

The PWR fuel basket is evaluated for the normal transport loads in this section. End-drop, side
drop, oblique drop orientations are evaluated. The basket is evaluated for the hypothetical 
accident condition in Section 2.7.8.
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Figure 2.6.13-1 PWR Fuel Assembly Basket

-Tie Rod & 
Spacer

FuelTube
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Figure 2.6.13-2 Support Disk Cross Section Configuration

Note:

Engineering drawings provide appropriate tolerances for dimensions shown.
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Figure 2.6.13-3 PWR Fuel Tube Configuration
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2.6.13.1 Analysis Description 

On the basis of criticality control requirements, the PWR fuel basket design criteria require the 
maintenance of fuel support and control of spacing of the fuel assemblies for all load conditions.  
The structural design criteria for the structural components in the fuel basket is the ASME Code, 
Section III, Division 1, Subsection NG [15]. Consistent with this criterion, for any normal 
condition load and position orientation, the main structural component in the fuel basket, the 
stainless steel support disk, is shown to have a maximum primary membrane stress intensity and 
a primary membrane plus bending stress intensity in any disk. These are less than the design 
stress intensity value Sm and 1.5Sm, respectively. The value of Sm is defined at the temperatures 
for the component being analyzed.  

In the side-drop, the loads of the fuel assemblies are transferred into the plane of the support 
disks, from which they are transmitted to the canister shell. For the end-drop, the fuel basket 
components are loaded by their own inertial weight and do not experience load from the guided 
but freestanding fuel assemblies. Various cask drop angles and radial impact orientations of the 
support disk are evaluated. In addition to the load from inertial weight, the differential thermal 
expansion of the support disk is also evaluated.  

2.6.13.2 Finite Element Model Description - PWR Basket 

Two finite element models are generated to analyze the PWR fuel basket for the normal 
operating conditions: one for the end-drop, in which the loads are perpendicular to the plane of 
the disk, and one for the side-drop, in which the loads act in the plane of the disk. Both models 
accommodate thermal expansion effects by using the temperature distribution from the thermal 
analysis and the coefficient of thermal expansion. Off-angle (0) drop results are calculated 
based on the component stresses from the end and side drop evaluation.
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Oblique Drop

The finite element model for the side-drop is a two-dimensional model that includes the cross 

section of the canister shell. A complete basket, support disk is modeled for the side impact 

evaluation (see Figure 2.6.13.2-1). ANSYS PLANE42 elements are used to model the support 

disk and canister. The PLANE42 is a two-dimensional element with four nodes. The PLAN 2 

elements correspond to plane stress and the thickness of the model for the disk is input as 0.5 in., 
which corresponds to the thickness of the support disk. For th.ecanister shell, a thickness of 4 

inches is used to approximate the center to center distance of support disks. For the end-drop, 

the PLANE42 elements are replaced with the SIELL63 elements and elements for canister shell 
are deleted. The nodal-element relationship is the.same; with the exception of the change Iin the 

stiffness-displacement degree of freedoms. IThe shell elements accommodate the out-of-piane 

bending, which -is present in the end-drop condition., The only loading in the out-of-plane 

direction is the inertial weight of the support disk.,
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in the model for side drop, compressive loads are transmitted from the basket support disks to the 
canister shell. The interface between the support disk and canister is modeled by using the 

sys CONTAC52 element, which penrmts the support disk model nodes to interface with the 
canister elements. The interface between the canister shell and the inner radius of the transport 
cask inner shell is also modeled with CONTAC52 elements, which act as. a compression-only 
element. The deformed shape of the transport cask inner shell is applied to the outer nodes of the 
CONTAC52 elements as boundary conditions. Contact elements are also modeled in the gap 
created by the slit located at the support rod hole. For all CONTAC52 elements the gap stiffness 
is set to 1.00E+06 lb/in. Because all contact interfaces are circular, additional rotational stiffness 
is added to the model. by including weak beams between the support disk and the canister shell, 
and between the canister and cask inner shell., 

The loads from the fuel assembly are modeled as a pressure loading at the inner surface of each 
support disk slot opening. The surface pressure loads are determined by performing a 
comparison analysis of all relevant PWR assemblies. For the PWIR support disk the worst case 
loading is (PWR Class #1): 

S... ..... 760..b.32 51b = ;0 1 

Weight of single fuel assembly + fuel tube = 36. -+ . 1,705 lb 
24slots 24slots 

Pressure applied to web slot = (1705 lb/(9.272 in x 0.5 in))/30 = 12.26 psi, 

where, the slot size is 9.272 in., the thickness of the disk is 0.5 in, and the number of disks1 is 30.  

The weight of the tie-rods and split spacers is accounted for by multiplying the density of the 
support disk material by a factor of 1.373 as shown below.  

Disk Weight + Rods and Spacers 186.4+69.4 
Ratio = 1.373 

Disk Weight 186.4 

'No credit is iaken for-the top and bottom weidments when calculating the pressure load. Only the 30 support disks 
are used.
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Density = 0.291 x 1.373 =0.3997 lb/in3 

Inertial loads applied to the support disk include 20 g for normal and 60 g for accident 

conditions. The pressure load is also multiplied by th•appr opiateacceleration 

For the side drop, pressure loads are applied to the ligament based on the impact angle. The 

PWR fuel assembly basket with 24 slots exhibits one-eighth symmetry. A minimum perimeter 

radial thickness occurs between the comer of the fuel assembly slot in the basket and the outer 

radius at three locations: 18.22', 26.28', and 450 measured counterclockwise from the Y-axis 

(see Fig. 2.6.13.2-2). Therefore, to ensure that the bounding basket orientation is evaluated, drop 

orientations of Q', 18.22', 26.280, and 450 are considered. To simulate end drop loading, 

pressure loads are set to zero and the acceleration is applied in the axial direction of the cask.  

To evaluate oblique impacts, the stress components (i.e. S,, Sy, S,,) are calculated based on the 

stress results of the side and end drop cases. These stress combinations are accomplished with 

the use of an ANSYS macro. The macro extracts the component stresses based on the basket 

drop orientation for the side and end drop cases. Once the stress data is stored in an array,_the 

macro cycles through the cask drop angles (00, 23', 30', 40, 450, 500, 600, 70', 750, 80, 850, 

880, and 90'), as well as the basket drop orientation (00, 18.220, 26.28', and 450) and calculates 

the stresses. Finally, the macro then sorts the data to determine the worst case stresses and the 

drop orientations where the stress occurs.  

To determine the most critical cross sections, a series of cross sections are considered. To aid in 

the identification of these sections, Figures 2.6.13.2-3 and 2.6.13.2-4 show the locations on a 
support disk. Table 2.6.13.2-1 lists the cross sections versus Point-I and Point 2, which spans the 

cross section of the web in the plane of the support disk. Points 1 and2 for each cross section are 

shown in Figures 2.6.13.2-3 and 2.6.13.2-4. For example, Section 3 from Table 2.6.13.2-1Irefers 

to Points 5 and 6 shown in Figure 2.6.13.2-3 (just to the left of the center-line of the support 

disk). From the corresponding nodal coordinates given in Table 2.6.13.2-1, point 5 (x•-•.75, 

y=0.75) and point 6 (x=70.75, y=-0.75), it is known that the section is taken across the -vertical 

ligament.  

The stress evaluation for the support disk is performed according to the ASME Code, Section Inl, 

Subsection NG [15]. According to this subsection, linearized stresses of cross sections of the
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structure are to be compared against the allowable stresses. The allowable -stresses, for normal 
and accident conditions are taken from Subsection NG as shown below.

Normal (Level A) Accident (Level D) 
P, 1.0 Sm 0.7 Su 
Pm+Pb 1.5 Sm 1.oSu 
P+Q 3.0 Sm N/A

The following table summarizes the side, end, and off-angle stresses in the PWR support disk for 
normal conditions (1-Foot drop). The minimum margin of safety is +0.18.

Stress 
State 

P.  

P+Q 
Pin 

P,+P+ 
P÷Q

Thermal 
Case' 

B 
B 
B 

A 
A 
A

Section 
120 
21 
21 

120 
21 
4

Prop 
Angle2 

90.0 
85.0 
88.0 

90.0 
90.0 
85.0

Basket Angle3 

45.0 
45.0 

45,0 

45.0 
45.0 
26.3

Sx 

,(ksi) 
9.6 

-46.8 
-48.7 
9.1 

-41.3

Sy 

-9.8 
-41.5 
-45.2 

-9.1 
-39.0 
-43.6

Sxy 
(ksi) 

8.0 
12.5 

15.6 
7.6 

11.6 
14.9

Stress 
Intensity 

25.2 

57.0 
62.7 

23.7 

52.7 

57.4

Allowable 
Stress, 
(ksi) 
45.0 
67,5 
135.0 

44..3 

125.9

Margin of 

0..79 

'is 

0.86 

0.22 
1.19

'See Section 2.6.13.3 for definition of thermal cases.  
Cask drop angle, see figure shown on previous page.  

3 Basket angle (orientation), see Figure 2.6.13.2-2.

2.6-184



SAR - UMS® Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-O1B

Figure 2.6.13.2-1 PWR Basket Model for Side-Drop
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Figure 2.6.13.2-2 Side Drop Orientation

0.
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Figure 2.6.13.2-3 Location of the Section to Obtain Linearized Stresses (Left half of 

support disk)
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Figure 2.6.13.2-4 Location of the Section to Obtain Linearized Stresses (Right half of 
support disk) 
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Table 2.6.13.2-1 Listing of Cross Sections for Stress Evaluationlof Support Disk 

Section Point Point X Y X Y 
& Line# 1 2 1 1 2 2 

1 1 2 0.75 0.75 0.75 -0.75 
2 3 4 0.75 0.75 -0.75 0.75 
3 5 6 -0.75 0.75 -0,75 -0.75 
4 7 8 -0.75 -0.75 0.75 -0.75 
5 9 10 0.75 5.39 -0.75 5.39 
6 11 12 0.75 10.02 -0.75 10.02 
7 13 14 0.75 10.02 0.75 11.02 
8 15 16 0.75 11.02 -0.75 11.02 
9 17 18 -0.75 10.02 -0.75 11.02 
10 19 20 0.75 15.66 -0.75 15.66 
11 21 22 0.75 20.29 -0.75 20.29 
12 23 24 0.75 20.29 0.75 21.17 
13 25 26 0.75 21.17 -0.75 21.17 
14 27 28 -0.75 20.29 -0.75 21.17 
15 29 30 0.75 25.81 -0.75 25.81 
16 31 32 0.75 30.44 -0.75 30.44 
17 33 34 0.75 30.44 0.75 32.74 
18 35 36 -0.75 30.44 -0.75 32.74 
19 37 38 0.75 -5.39 -0.75 -5.39 
20 39 40 0.75 -10.02 -0.75 -10.02 
21 41 42 0.75 -10.02 0.75 -11.02 
22 43 44 0.75 -11.02 -0.75 -11.02 
23 45 46 -0.75 -10.02 -0.75 -11.02 
24 47 48 0.75 -15.66 -0.75 -15.66 
25 49 50 0.75 -20.29 -0.75 -20.29 
26 51 52 0.75 -20.29 0.75 -21.17 
27 53 54 0.75 -21.17 -0.75 -21.17 
28 55 56 -0.75 -20.29 -0.75 -21.17 
29 57 58 0.75 -25.81 -0.75 -25.81 
30 59 60 0.75 -30.44 -0.75 -30.44 
31 61 62 0.75 -30.44 0.75 -32.74 
32 63 64 -0.75 -30.44 -0.75 -32.74 
33 65 66 5.39 0.75 5.39 -0.75 
34 67 68 10.02 0.75 10.02 -0.75 
35 69 70 10.02 0.75 11.02 0.75 
36 71 72 11.02 0.75 11.02 -0.75 
37 73 74 10.02 -0.75 11.02 -0.75 
38 75 76 15.66 0.75 15.66 -0.75 
39 77 78 20.29 0.75 20.29 -0.75 
40 79 80 20.29 0.75 21.17 0.75 
41 81 82 21.17 0.75 21.17 -0.75
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Table 2.6.13.2-1 Listing of Cross Sections for Stress Evaluation of Support Disk (Continued) 

Section Point Point X Y X Y 
& Line# 1 2 1 1 2 2 

42 83 84 20.29 -0.75 21.17 -0.75 
43 85 86 25.81 0.75 25.81 -0.75 
44 87 88 30.44 0.75 30.44 -0.75 
45 89 90 30.44 0.75 32.74 0.75 
46 91 92 30.44 -0.75 32.74 -0.75 
47 93 94 -5.39 0.75 -5.39 -0.75 
48 95 96 -10.02 0.75 -10.02 -0.75 
49 97 98 -10.02 0.75 -11.02 0.75 
50 99 100 -11.02 0.75 -11.02 -0.75 
51 101 102 -10.02 -0.75 -11.02 -0.75 
52 103 104 -15.66 0.75 -15.66 -0.75 
53 105 106 -20.29 0.75 -20.29 -0.75 
54 107 108 -20.29 0.75 -21.17 0.75 
55 109 110 -21.17 0.75 -21.17 -0.75 
56 111 112 -20.29 -0.75 -21.17 -0.75 
57 113 114 -25.81 0.75 -25.81 -0.75 
58 115 116 -30.44 0.75 -30.44 -0.75 
59 117 118 -30.44 0.75 -32.74 0.75 
60 119 120 -30.44 -0.75 -32.74 -0.75 
61 121 122 5.39 11.02 5.39 10.02 
62 123 124 5.39 20.29 5.39 21.17 
63 125 126 10.02 11.02 10.02 10.02 
64 127 128 10.02 10.02 11.02 10.02 
65 129 130 10.02 11.52 11.52 11.52 
66 131 132 10.02 20.29 10.02 21.17 
67 133 134 10.02 20.29 11.52 20.29 
68 135 136 10.02 5.39 11.02 5.39 
69 137 138 11.52 10.02 11.52 11.52 
70 139 140 16.16 10.02 16.16 11.52 
71 141 142 20.29 5.39 21.17 5.39 
72 143 144 20.29 10.02 21.17 10.02 
73 145 146 10.02 16.16 11.52 16.16 
74 147 148 20.29 10.02 20.29 11.52 
75 149 150 10.02 31.18 10.02 30.44 
76 151 152 31.18 10.02 30.44 10.02 
77 153 154 -5.39 11.02 :-5.39 10.02 
78 155 156 -5.39 20.29 -5.39 21.17 
79 157 158 -10.02 11.02 -10.02 10.02 
80 159 160 -10.02 10.02 -11.02 10.02 
81 161 162 -10.02 11.52 -11.52 11.52 
82 163 164 -10.02 20.29 -10.02 21.17 
83 165 166 -10.02 20.29 -11.52 20.29 
84 167 168 -10.02 5.39 -11.02 5.39
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Table 2.6.13.2-1 Listing of Cross Sections for Stress Evaluation of Support Disk (Continued) 

Section Point Point X Y X Y 
& Line# 1 2 1 1 2 2 

85 169 170 -11.52 10.02 A-1.52 11.52 
86 171 172 -16.16 10.02 -16.16 11.52 
87 173 174 -20.29 5.39 -21.17 5.39 
88 175 176 -20.29 10.02 -21.17 10.02 
89 177 178 -10.02 16.16 -11.52 16.16 
90 179 180 -20.29 10.02 -20.29 11.52 
91 181 182 -10.02 31.18 -10.02 30.44 
92 183 184 -31.18 10.02 -30.44 10.02 
93 185 186 -5.39 -11.02 -5.39 -10.02 
94 187 188 -5.39 -20.29 -5.39 -21.17 
95 189 190 -10.02 -11.02 -10.02 -10.02 
96 191 192 -10.02 -10.02 -11.02 -10.02 
97 193 194 -10.02 -11.52 -11.52 -11.52 
98 195 196 -10.02 -20.29 -10.02 -21.17 
99 197 198 -10.02 -20.29 -11.52 -20.29 
100 199 200 -10.02 -5.39 -11.02 -5.39 
101 201 202 -11.52 -10.02 -11.52 -11.52 
102 203 204 -16.16 -10.02 -16.16 -11.52 
103 205 206 -20.29 -5.39 -21.17 -5.39 
104 207 208 -20.29 -10.02 -21.17 -10.02 
105 209 210 -10.02 -16.16 -11.52 -16.16 
106 211 212 7-20.29 -10.02 -20.29 -11.52 
107 213 214 -10.02 -31.18 -10.02 -30.44 
108 215 216 -31.18 -10.02 -30.44 -10.02 
109 217 218 5.39 -11.02 5.39 -10.02 
110 219 220 5.39 -20.29 5.39 -21.17 
111 221 222 10.02 -11.02 10.02 -10.02 
112 223 224 10.02 -10.02 11.02 -10.02 
113 225 226 10.02 -11.52 11.52 -11.52 
114 227 228 10.02 -20.29 10.02 -21.17 
115 229 230 10.02 -20.29 11.52 -20.29 
116 231 232 10.02 -5.39 11.02 -5.39 
117 233 234 11.52 -10.02 11.52 -11.52 
118 235 236 16.16 -10.02 16.16 -11.52 
119 237 238 20.29 -5.39 21.17 -5.39 
120 239 240 20.29 -10.02 21.17 -10.02 
121 241 242 10.02 -16.16 11.52 -16.16 
122 243 244 20.29 -10.02 20.29 -11.52 
123 245 246 10.02 -31.18 10.02 -30.44 
124 247 248 31.18 -10.02 30.44 -10.02
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2.6.13.3 Thermal Conditions and Expansion Evaluation for PWR Support Disks

Three thermal conditions are considered when evaluating the PWR support disk evaluation, 

Condition 1: i00TF ambient temperature with maximum decay heat load and maximum solar 
insolation.  

Condition 2: -40'F ambient temperature with maximum decay heat load and no insolation.  
Condition 3: -40TF ambient temperature, no decay heat load, and no solar insolation.  

Temperatures of the support disk for each heat condition are as follows:

Heat 
Condition

TIM (TF) (OF)
AT 
ý(0F)

1 686 366 320 
2 600 255 345 
3 -40 40 0

Two thermal cases (A and B) are considered in the analysis. As shown in the following table, 
Thermal case A bounds heat condition 1 (maximum temperature) and heat condition 2 
(maximum temperature gradient) while thermal case B represents heat condition 3.

Thermal Heat 
Case Condition 

A A&2 
B 3

686 
1-40

AT 
-(OF) - (F) 
341 345 
-40 0

The allowable stresses are calculated by using the temperature distribution based on the results of 
a steady-state conduction analysis performed by using temperature boundary conditions.  

Temperatures are applied to the PWR support disk model to simulate worst-case temperature 
conditions. The maximum temperature is applied to the center of the support disk model and the 
minimum temperature is applied to the outer edge, A thermal conduction analysis (with all 
planar elements temporarily changed to ANSYS SHELL57 thermal elements) then determines 
the temperature distribution across the disk. The temperature data is then read back into the 
structural model so that material properties can be taken at temperature. For each basket angle, 
two analyses are prepared. The first run analyzes the support disk without thermal stresses and
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the second run accounts for thermal stresses. Although thermal stress evaluations are not 

required for Level D conditions, combinations of imPact and thermal stresses are calculated for 

both Level A and Level D as input to the buckling evaluations, presented in Section 2.6.13.14.  

The thermal stress at the outer radius of the basket is tension, whereas the interior thermal stress 

is compression. With the application of the primary loads, the area in contact with the shell is in 

compression, thus reducing the combined stresses. During the 1-ft drop impact, the support disk 

deflects so as to maximize the contact region with the canister. The result is tension stresses at 

the outer radius of the support disk and compression of the interior ligaments. For this reason, 

the primary + secondary stress intensity range evaluation is considered to envelope the evaluation 

for the thermal-stress-only condition.  

2.6.13.4 Stress Evaluation of PWR Support Disks for 1-Foot End-Drop Load Condition 

The support disks of the basket are located by eight tie rods with spacers. A structural analysis is 

performed by using ANSYS to evaluate the effect of a I-ft end-drop impact that corresponds to 

the most severe out-of-plane loading. The finite element model described in Section 2.6.13.2 is 

used in conjunction with a 20 g deceleration.  

The calculated values of maximum primary membrane and bending stresses for thermal cases A 

and B are provided in Tables 2.6.13.4-1 and 2.6.13.4-2. The membrane stresses for the 1-ft end 

drop conditions is effectively zero.  

The maximum primary membrane plus bending stress intensity is 7.8 ksi (thermal case A), which 

results in a margin of safety of +7.44. The location of the top ten maximum primary membrane 

plus bending stresses, Thermal Case A, are presented in Figure 2.6.13.4-1.
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Figure 2.6,13.4-1 Locations of Maximum Pm+Pb Stresses-i-Foot End Drop, Thermal 
Case A
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Table 2.6.13.4-1 Pm + Pb Stresses for Support Disk-i-Foot End-Drop, Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety

40 
42 
54 
56 
12 
14 
26 
28 
39 
53 
11 
25 
67 
83 
99 
115 
74 
106 
90 
122 
55 
41 
27 
13 
82 
114 
98 
66 
72 
104 
120 
88 
5 
19 
33 
47 
2 
4 
3 
1

2.0 
2.0 
2.0 
2.0 
-5.7 
-5.7 
-5.7 
-5.7 
2.6 
2.6 
-3.7 
-3.7 
1.7 
1.7 
1.7 
1.7 
5.0 
5.0 
5.0 
5.0 
2.2 
2.2 
-3.5 
-3.5 
3.4 
3.4 
3.4 
3.4 
3.2 
3.2 
3.2 
3.2 
0.0 
0.0 
-5.1 
-5.1 

-3.0 
-3.0 
-4.9 
-4.9

-5.8 
-5.8 
-5.8 
-5.8 
2.0 
2.0 
2.0 
2.0 
-3.7 
-3.7 
2.6 
2.6 
5.1 
5.1 
5.1 
5.1 
1.6 
1.6 
1.6 
1.6 
-3.5 
-3.5 
2.2 
2.2 
3.2 
3.2 
3.2 
3.2 
3.4 
3.4 
3.4 
3.4 
-5.1 
-5.1 
0.0 
0.0 
-4.9 
-4.9 
-3.0 
-3.0

0.2 
-0.2 
-0.2 
0.2 
0.2 
-0.2 
-0.2 

0.2 
0.0 
0.0 
0.0 
0.0 
2.3 
-2.3 
2.3 
-2.3 
2.3 
2.3 
-2.3 
-2.3 
0.0 
0.0 
0.0 
0.0 
-2.0 
-2.0 
2.0 
2.0 
2.0 
2.0 
-2.0 
-2.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0

7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
6.4 
6.4 
6.3 
6.3 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
5.7 
5.7 
5.7 
5.7 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.1 
5.1 
5.1 
5.1 
4.9 
4.9 
4.9 
4.9

65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
65.8 
66.4 
66.4 
66.4 
66.4 
66.4 
66.4 
66.4 
66.4 
65.9 
65.9 
65.9 
65.9 
66.4 
66.4 
66.4 
66.4 
66.4 
66.4 
66.4 
66.4 
63.6 
63.6 
63.6 
63.6 
63.0 
63.0 
63.0 
63.0

7.44 
7.44 
7.44 
7.44 
7.45 
7.45 
7.45 
7.45 
9.36 
9.36 
9.37 
9.37 
9.63 
9.63 
9.63 
9.63 
9.73 
9.73 
9.73 
9.73 
10.55 
10.55 
10.57 
10.57 
11.46 
11.46 
11.46 
11.46 
11.52 
11.52 
11.52 
11.52 
11.58 
11.58 
11.58 
11.58 
11.91 
11.91 
11.92 
11.92
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Table 2.6.13.4-2 Pm + Pb Stresses for Support Disk-i-Foot End-Drop, Theimal Case B

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
40 
42 
54 
56 
12 
14 
26 
28 
39 
53 
11 

25 
67 
83 
99 
115 
74 
106 
90 
122 
55 
41 
27 
13 
82 
114 
98 
66 
72 
104 
120 
88 
5 
19 

33 
47 
2 
4 
3 
1

2.0 
2.0 
2.0 
2.0 
-5.8 
-5.8 
-5.8 
-5.8 

2.6 
2.6 
-3.7 
-3.7 

1.7 
1.7 
1.7 
1.7 
5.0 
5.0 
5.0 
5.0 
2.2 
2.2 
-3.5 
-3.5 
3.4 
3.4 
3.4 
3.4 
3.2 
3.2 
3.2 
3.2 
0.0 
0.0 
-5.2 
-5.2 
-3.1 
-3.1 
-5.0 
-5.0

-5.8 
-5.8 
-5.8 
-5.8 
2.0 
2.0 
2.0 
2.0 

-3.7 
-3.7 
2.6 
2.6 
5.1 
5.1 
5.1 
5.1 
1.5 
1.5 
1.5 
1.5 

-3.5 
-3.5 
2.2 
2.2 
3.2 
3.2 
3.2 
3.2 
3.4 
3.4 
3.4 
3.4 
-5.2 
-5.2 
0.0 
0.0 

-5.0 
-5.0 
-3.1 
-3.1

0.2 
-0.2 
-0.2 
0.2 
0.2 

Q.2 -.0.2 
-0.2 

0.0 
0.0 
0.0 
0.0 
2.2 
-2.2 
2.2 
-2.2 
2.3 
2.3 
-2.3 
-23 
0.0 
0.0 
0.0 
0.0 
-2.0 
-2.0 
2.0 
2.0 
2.0 
2.0 
-2.0 
-2.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0

7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
6.3 
6.3 
6.3 
6.3 
6.2 
6.2 
6.2 
6.2 
6.1 
6.1 
6.1 
6. 1 
5,7 
5.7 
5.7 
5.7 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.2 
5.2 
5.2 
5.2 
5.0 
5.0 
5.0 5.0

67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 

.67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
6735 
67.5 
67.5 
67.5 
67.5 

67.5

7.67 
7,.67 
7.67 
7.67 
7.68 
7.68 7.68 

7.68 
9.69 
9.69 
9.70 
9.70 
9.89 
9.89 
9.89 9.89 

10.00 
10.oo 
10.00 
10.00 
10.86 
10.86 
10.89 
10.89 
11.76 
11.76 
11.76 
11.76 
11.82 
11.82 
11.82 

11.82 
11.95 
11.95 
11.96 
11.96 
12.50 
12.50 
12.50 
12.50
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2.6.13.5 Stress Evaluation of PWR Support Disks for Combined Thermal and 1-Foot End 

Drop Conditions 

The thermal expansion loading described in Section 2.6.13.3 are applied to the finite element 

model simultaneously with the 20 g end-drop loads described in Section 2.6.13.4 to produce a 

combined thermal expansion plus end-impact loading. The stress evaluation is performed 

according to the ASME Code, Section IR, Subsection NG [15]. The stress intensity attains its 

maximum value at the surface of the extreme fiber.  

Thermal case A is used for this evaluation. The top ten maximum sectional stress locations for 

the combined thermal and 1-ft end-drop condition are shown in Figure 2.6.13.5-1. The 

maximum stress intensity is 9.5 ksi and the 3Sm allowable limit at temperature for 17-4 PH [21] 

is 133.5 ksi, which results in a margin of safety of +13.07. Results of the combined thermal and 

1-ft end-drop condition are presented in Table 2.6.13.5-1.
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Figure 2.6.13.5-1 

92 

1 08\,

Locations of Maximum P+Q Stresses-I-Foot End Drop, Thermal Case A
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Table 2.6.13.5-1 Pm +Pb + Q Stresses for Support Disk-i-Foot End-Drop, Thermal

Case A 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
76 
92 
108 
124 
5 
19 

107 
91 

.123 
75 
33 
47 
84 
116 
100 
68 
109 
77 
61 
93 
2 
4 
3 
1 

21 

23 
9 
7 

37 
35 
49 51 

34 
48 
6 

20 
44 
58 
16 
30

1.0 
1.0 
1.0 
1.0 
0.0 
0.0 
8.3 
8.3 
8.3 
8.3 
-8.9 
-8.9 
0.0 
0.0 
0.0 
0.0 
-9.1 
-9.1 
-9.1 
-9.1 
-4.9 
-4.9 
-8.7 
-8.7 
-8.3 
-8.3 
-8.3 
-8.3 
-3.9 
-3.9 
-3.9 
-3.9 
,-5.5 
-5.5 
-8.0 
-8.0 
-1.7 
-1.7 
-8.0 
-8.0

9.0 
9.0 
9.0 
9.0 
-8.9 
-8.9 
1.3 
1.3 
1.3 
1.3 

0.0 
0.0 
-9.1 
-9.1 
-9.1 
-9.1 
0.0 
0,0 
0.0 
0.0 
-8.7 
-8.7 
-4.9 
-4.9 
-3.9 

-3.9 
-3.9 
-3.9 
-8.3 
-8.3 
-8.3 
-8.3 
-8.0 
-8.0 
-5.6 
-5.6 
-8,0 
-8.0 
-1.9 
-1.9

-2.0 
2.0 
-2.0 
2.0 
0.0 
0.0 
-3.0 
3.0 
3.0 
-3.0 

0.0 
0.0 
-0.1 
-0.1 
0.1 
0.1 
-0.1 
0.1 
0.1 
0.1 
0.0 
0.0 
0.0 
0.0 
0.9 
-0.9 
0.9 
-0.9 
0.9 
-0.9 
0.9 
-0.9 
0.0 
0.0 

0.0 0,0 
0.0 
0.0 

*0.0

9.5 
9.5 
9.5 
9.5 
8.9 
8.9 
9.4 
9.4 
9.4 
9.4 
8.9 
8.9 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
8.7 
8.7 
8.7 
8.7 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0

133.5 
133.5 
133.5 
:133.5 
127.3 
127.3 
133.5 
133.5 
133.5 
133.5 
127.3 
127.3 
130.1 
130.1 
130.1 
130.1 
130.1 
130.1 
130.1 

130.1 
125.9 
125.9 
125.9 
125.9 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 

133.4 
133.4 
133.4 
133.4

13.07 
13.07 
13.07 
13.07 
13.23 
13.23 
13.25 
13.25 
13.25 
13.25 
13.26 
13.26 
13.30 
13.30 
13.30 
13.30 
13.30 
13.30 
13.30 
13.30 
13.48 
13.48 

13.50 
13.50 
14.12 
14.12 
14.12 
14.12 
14.12 
14.12 
14.12 
14.12 
15.08 
15.08 
15.08 
15.08 
15.58 
15.58 
15.63 
15.63
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2.6.13.6 Stress Evaluation of PWR Support Disk for 1-Foot Side-Drop Load Conditions 

To determine the structural adequacy of the PWR fuel basket support disk for the 1-ft side-drop 
impact load condition, a quasi-static impact load equal to the weight of the fuel and fuel tubes 
multiplied by a 20 g amplification factor is applied to the support disk structure. The inertial 
loading of the support disk is also included by means of the density input for the 17-4 PH 
stainless steel. The value of 20 g is conservative because the Universal Transport Cask impact 
limiter design deceleration for a 1-ft side-drop is 16.4 g. The fuel assembly load is transmitted in 
direct compression through the tube wall to the web structure of the support disk. A conservative 
number of disks is assumed to transmit the load to the canister shell (see Section 2.6.13.2). The 
maximum in-plane loading occurs in the side-drop, which requires a detailed structural 
evaluation. A finite element analysis is performed by using ANSYS and the finite element model 
described in Section 2.6.13.2.  

2.6.13.6.1 Drop Orientations 

For the side drop, pressure loads are applied to the ligament based on the impact angle. The 
PWR fuel assembly basket with 24 slots exhibits one-eighth symmetry. A minimum perimeter 
radial thickness occurs between the comer of the fuel assembly slot in the basket and the outer 
radius at four locations: 0', 18.220, 26.280, and 450 measured counterclockwise from the Y-axis 
(see Fig. 2.6.13.6-1). Therefore, to ensure that the bounding basket orientation is evaluated, drop 
orientations of 00, 18.220, 26.280, and 450 are considered. The material properties and stress 
allowables are taken at temperature for both thermal cases A and B.  

2.6.13.6.2 Analysis Results for the 1-Foot Side-Drop 

Finite element analyses are performed for the 1-ft side-drop load Conditions for the four different 
radial basket orientations (00, 18.20, 26.280, and.450) and for two thermal cases that Would result 
in theuse of different moduli' of elasticitY throughout the basket. Locations of maximum nodal 
si stresses for the four orientations are shown in Figures 2.6.13.6-2 through 2.6.13.6-5.  

For normal conditions of transport, the allowable stress limit for the support disk primary 
membrane stress (P,) isSm. For primary membrane + bending stress (Pm+Pb), the allowable 
stress is 1 .5 S,,.
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The cross sections with the 40 minimum margins of safety are presented in Tables 2.6.13.6-2 

through 2.6.13.6-17. The tables are identified below: 

Basket Thermal Stress Minimum 

Table Number Orientation (0) Case Evaluation Margin of Safety 

2.6.13.6-2 0 A Pm +1.17 

2.6.13.6-3 0 A P, +Pb +0.53 

2.6.13.6-4 0 B Pm +1.16 

2.6.13.6-5 0 B Pm +Pb +0.50 

2.6.13.6-6 18.22 A Pm +1.15 

2.6.13.6-7 18.22 A Pm +Pb +0.27 

2.6.13.6-8 18.22 B Pm +1.11 

2.6.13.6-9 18.22 B Pm +Pb +0.31 

2.6.13.6-10 26.28 A Pm +1.04 

2.6.13.67 I1 26.28 A Pm +Pb +0.40 

2.6.13.6-12 26.28 B Pm +1.10 

2.6.13.6-13 26.28 B Pm +Pb +0.41 

2.6.13.6-14 45 A Pm +0.86 

2.6.13.6-15 45 A Pm +Pb +0.22 

2.6.13.6-16 45 B PM +0.79 

2.6.13.6-17 45 B Pm +Pb +0.19 

The minimum margin of safety of 019 for the side-drop occurs in the 450, Thermal Case B, no

thermal-stresses. This margin of safety is produced by a primary membrane plus bending stress 

of 56.9 ksi.
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Figure 2.6.13.6-1 Support Disk Side-Drop Orientations

0O
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Figure 2.6.13.6-2 Locations of Maximum Pm+Pb Intensities-0 0 Side Drop Orientation, 

Thermal Case A
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Figure 2.6.13.6-3 Locations of Maximum Pm+Pb Stresses-18.220 Side Drop Orientation, 
Thermal Case A
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Figure 2.6.13.6-4 Locations of Maximum Pmi+Pb Stresses-26.280 Side Drop Orientation, 

Thermal Case A
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Figure 2.6.13.6-5 Locations of Maximum Pm+Pb Stresses-45° Side Drop Orientation, 
Thermal Case A
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Table 2.6.13.6-2 Pm Stresses for Support Disk-i -Foot Side-Drop, 0' Orientation, Thermal 

Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
25 
107 
123 
20 
29 
28 
26 
27 
2 

24 
22 
21 
23 
114 
98 
30 
19 
8 
4 

31 
32 
115 
99 
112 
96 
95 
111 
11 
13 
6 
5 

3 

110 
94 
116 
100 
121 
105 
7

11.0 
-10.6 
-10.6 

8.7 
0.0 
4.8 
4.8 
-4.4 

6.1 
0.0 
-4.9 
2.8 
2.8 
4.8 
4.8 

4.7 
0.0 
5.5 
-6.4 
-6.7 
-6.7 
2.7 
2.7 
2.7 
2.7 
2.5 
2.5 
-6.9 
5.3 
-6.4 

0.0 
0.3 
0.3 
6.2 
6.2 
0.0 
0.0 
0.0 
0.0 
-0.6

-9.2 
-13.2 
-13.2 
-7.3 
-13.7 
-6.9 
-6.9 
-12.5 
-5.2 
-11.4 
-10.4 
-5.9 
-5.9 
-5.3 
-5.3 
-9.6 
-9.1 
-3.1 
-7.9 
-6.2 
-6.2 
-5.2 
-5.2 
-4.4 
-4.4 
-4.4 
-4.4 
-4.0 
-1.3 
-5.9 
-6.3 
4.5 
4.5 
-0.1 
-0.1 

-6.1 
-6.1 
-5.9 
-5.9 
-3.2

0.0 
8.1 
-8.1 

0.0 
0.0 
3.2 
-3.2 
0.0 
0.0 
0.0 
0.0 
-2.6 
2.6 
-0.5 
0.5 
0.0 
0.0 
0.0 
0.0 
1.7 
-1.7 
-0.5 
0.5 
0.0 
0.0 
-0.2 
0.2 
0.0 
0.0 
0.0 
0.0 
-1.9 
1.9 
0.1 
-0.1 
0.0 
0.0 
-0.1 
0.1 
-2.3

20.2 
20.1 
20.1 
16.0 
13.7 
13.4 
13.4 
12.5 
11.4 
11.4 
10.4 
10.1 
10.1 
10.2 
10.2 
9.6 
9.1 
8.6 
7.9 
8.2 
8.2 
7.9 
7.9 

7.1 
7.1 
6.9 
6.9 
6.9 

6.6 
6.4 
6.3 
6.1 
6.1 
6.3 
6.3 

6.1 
6.1 

5.9 
5.9 
5.3

43.9 
44.5 
44.5 
43.0 

44.2 
43.9 
43.9 
43.9 
42.0 
43.5 
43.1 
43.0 
43.0 
44.3 
44.3 
44.5 
42.4 
43.1 
42.0 
44.5 
44.5 
44.3 
44.3 
43.7 
43.7 
43.7 
43.7 
43.9 
43.9 
43.0 
42.4 
42.0 
42.0 
44.1 
44.1 
43.4 
43.4 
44.0 
44.0 
43.0

1.17 
1.21 
1.21 

1.70 
2.22 
2.28 
2.28 

2.51 
2.70 
2.81 
3.16 
3.25 
3.25 
3.34 
3.34 
3.63 
3.67 
3.99 
4.30 
4.45 
4.45 
4.60 
4.60 
5.13 
5.13 
5.32 
5.32 
5.32 
5.64 
5.74 
5.77 
5.89 
5.89 
5.96 
5.96 
6.16 
6.16 
6.47 
6.47 
7.09
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Table 2.6.13.6-3 Pm + Pb Stresses for Support Disk-,i-Foot Side-Drop, 0QOrientation, 
Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety

107 
123 
25 
26 
28 
20 
23 
21 
27 
29 
114 
98 
2 

22 

30 
1 
3 

24 
14 
12 
4 

94 

110 
9 7 

75 
91 
31 
32 
19 
8 
6 
17 
18 

115 
99 
11 
37 
51 
113

-23.6 
-23.6 

11.0 
15.5 
15.5 
8.7 
12.0 
12.0 

-4.4 
0.0 
7.1 
7.1 
6.1 
-4.9 
-4.7 
8.9 
8.9 
0.0 
-9.6 
-9.6 
-6.4 
10.9 
10.9 
-8.6 
-8.6 
6.7 
6.7 
-4.9 
-4.9 

0.0 
5.5 
-6.4 
8.9 
8.9 
2.2 
2.2 
-6.9 
-1.7 
-127 
-2.6
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-30.9 
-30.9 
-9.2 
-3.5 
-3.5 
-7.3 
-2.9 
-2.9 

-12.5 
-13.7 
-5.5 
-5.5 
-5.2 

-10.4 
-9.6 
-1.9 
-1.9 

-11.4 
-4.7 
-4.7 
-7.9 
0.6 
0.6 
-5.9 
-5.9 
6.8 
6.8 
-7.9 
-7.9 

-9.1 -3.1 

-5.9 
1.4 
1.4 

-6.4 
-6.4 
-4.0 
-7.8 
-7.8 
-7.1

15.9 
-15.9 
-1.1 
-2.4 
2.4 
-0.7 
1.7 

-1.7 

-3.2 
0.0 
-0.3 
0.3 
-0.8 
-3.0 
4.2 
-1.0 
1.0 
0.0 
3.1 
-3.1 

3.3 
-0.1 
0.1 
3.1 
-3.1 
-3.6 
3.6 
3.3 
-3.3 
0.0 

-0.9 
-2.5 
-0.7 
0.7 
-0.6 
0.6 
-2.4 
-1.2 
1.2 
-1.4

43.6 
43.6 
20.3 
19.6 
19.6 
16.0 
15.2 
15.2 
13.7 
13.7 
12.6 
12.6 
11.5 
11.7 
12.0 
11.1 
11.1 
11.4 
1.1 

1L11 

10.6 
10.9 
10.9 
10.6 
10.6 
10.4 10.4 

10.0 
10.0 
9.1 
8.8 
8.7 

9.0 9.0 

8;7 
8.7 
8.3 
8.1 
8.1 
7.5

66.8 
66.8 
65.8 
65.8 
65.8 
64.5 
64.5 
64.5 
65.9 
66.3 
66.4 
66.4 
63.0 
64.6 
66.7 
63.0 
63.0 
65.2 
65.8 
65.8 
63.0 
66.1 
66.1 
64.5 
64.5 
66.8 
66.8 
66.7 
66.7 
63.6 
64.6 
64.5 
66.7 
66.7 
66.4 
66.4 

65.8 
64.5 
64.5 
65.6

0.53 
0.53 
2.24 
2.36 
2.36 
3.03 
3.23 
3.23 
3.82 
3.83 
4.29 
4.29 

4.50 
4.52 
4.54 

4.70 
4.70 

4.72 
4.91 
4.91 
4.96 

5.07 
5.07 
5.07 
5.07 
5.44 
5.44 
5.65 
5.65 

6.01 
6.35 
6.44 
6.45 
6.45 
6.63 
6.63 
6.96 
6.99 
6.99 
7.79
7.79
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Table 2.6.13.6-4 Pm Stresses for Support Disk-I-Foot Side-Drop, 00 Orientation, Thermal 

Case B

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
25 
107 
123 20 
29 
28 

26 
27 
2 

24 
22 
21 
23 
'114 

98 
30 
19 
8 

31 
32 
4 

115 
99 
11 
13 

111 
95 
112 
96 
6 
5 

110 
94 
1 
.3 

116 
100 
121 
105 
7

11.3 
-10.3 
-10.3 

9.0 
0.0 
4.9 
4.9 
-4.6 
6.7 
0.0 
-5.2 

2.8 
2.8 
4.9 
4.9 
-4.6 
0.0 
5.8 
-6.7 
-6.7 
-7.0 
2.6 
2.6 
-7.2 
5.5 
2.5 
2.5 
2.5 
2.5 
-6.7 
0.0 
6.3 
6.3 
0.2 
0.2 
0.0 
0.0 
0.0 
0.0 
-0.6

-9.5 
-13.3 
-13.3 
-7.5 

-14.1 
-7.2 
-7.2 

-12.9 
-5.4 

-11.8 
-10.7 
-6.1 
-6.1 
-5.2 
-5.2 
-9.8 
-9.4 
-3.2 
-6.3 
-6.3 
-8.2 
-5.1 
-5.1 
-4.2 
-1.3 
-4.3 
-4.3 
-4.3 
-4.3 

-6.0 
-6.4 
-0.1 
-0.1 
-4.6 
-4.6 
-5.9 
-5.9 
n-5.7 

-5.7 
-3.3

0.0 
8.3 
-8.3 
0.0 
0.0 
3.3 

-3.3 
0.0 
0.0 
0.0 
0.0 

-2.7 
2.7 
-0.6 

0.6 
0.0 
0.0 
0.0 
1.7 

-1.7 

0.0 
-0.5 
0.5 
0.0 
0.0 
0.2 
-0.2 
0.0 
0.0 
0.0 
0.0 
0.1 
-0.1 
-2.1 
2.1 
0.0 
2.4 

-0.1 
0.1 
-2.4

20.8 
20.2 
20.2 
16.5 
14.1 
13.7 
13.7 
12.9 
12.0 
11.8 
10.7 
10.4 
10.4 
10.2 
10.2 

9.8 
9.4 
9.0 
8.3 
8.3 
8.2 
7.7 
7.7 

7.2 
6.8 
6.8 
6.8 
6.8 
6.8 
6.7 
6.4 
6.4 
6.4 
6.4 
6.4 
5.9 
5.9 
5.7 
5.7 
5.5

45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0

1.16 
1.22 
1.22 
:1.73 
2.18 
2.28 
2.28 
2.49 
2.74 
2.83 
3.20 
3.33 
3.33 
3.43 
3.43 
3.57 
3.79 
4.01 
4.44 
4.44 
4.48 
4.85 
4.85 

5.28 
5.57 
5.61 
5.61 
5.63 
5.63 

5.74 
5.98 
6.01 
6.01 
6.05 

6,05 
6.66 
6.66 
6.84 
6.84 
7.12
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Table 2.6.13.6-5 Pm + Pb Stresses for Support Disk-1-Foot Side-Drop, 00 Orientation,

Thermal Case B 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
107 
123 
25 

26 
28 
20 
23 
21 
29 
27 
114 

98 
30 
22 
2 
1 
3 

24 
14 
12 
4 
9 
7 

94 
110 
75 
91 
31 
32 
18 
17 
19 

8 
6 
1i 

115 

99 
37 
51 
113

-24.1 
-24.1 
11.3 
15.9 
15.9 
9.0 
12.4 
12.4 
0.0 
-4.6 
7.5 
7.5 
-4.6 
-5.2 

6.7 
9.7 
9.7 
0.0 
-9.9 
-9.9 
-7.0 
-9.1 
-9.1 
11.0 
11.0 
7.1 
7.1 
4.7 
4.7 
9.4 
9.4 

0.0 
5.8 
-6.7 
-7.2 
2.0 
2.0 
-1.6 -1.6 

-2.5

-31.9 
-31.9 
-9.5 
-3.6 
-3.6 
-7.5 
-3.0 
-3.0 

-14.1 
-12.9 
-5.2 
-5.2 
-9.8 

-10.7 
-5.4 
-1.9 
-1.9 

-11.8 
4.9 
-4.9 

-8.2 
-6.1 
-6.1 
0.6 
0.6 
7.2 
7.2 
-8.1 
-8.1 
1.5 
1.5 
-9.4 
-3.2 

-6.0 
-4.2 
-6.3 
-6.3 
-7.9 
-7.9 
-7.0

16.5 
-16.5 
-1.2 
-2.5 

2.5 
-0.8 
1.8 

-. 8 
0.0 
-3.4 
-0.5 
0.5 
4.3 
"-3.2 
-0.9 
-1.1 
1.1 
0.0 
3.2 
-3.2 
3.5 
3.2 
-3.2 
-0.1 
0.1 
-3.8 
3.8 
3.4 
-3.4 
0.8 
-0.8 
0.0 

-0.9 
-2.6 
-2.4 
-0.6 
0.6 
"-1.2 
1.2 

-1.3

44.9 
44.9 
20.9 
20.2 
20.2 
16.6 
15.8 
15.8 
14.1 
14.1 
12.7 
12.7 
12.3 
12.2 
12.1 
11.8 
11.8 
11.8 
11.5 
11.5 
11.1 
11.1 

11.1 
11.0 
11.0 
11.0 
11.0 

10.2 
10.2 
9.4 
9.4 
9.4 
9.2 
9.0 
8.5 
8.4 
8.4 
8.1 
8.1 
7.4

67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5

0.50 
0.50 
2.22 
2.34 
2.34 

3.07 
3.27 
3.27 
3.78 
3.79 
4.30 
4.30 
4.50 
4.55 
4.56 
4.71 
4.71 
4.74 
4.86 
4.86 
5.06 
5.07 
5.07 
5.14 
5.14 
5.16 
5.16 
5.62 
5.62 
6.15 
6.15 
6.19 
6.36 
6.49 
6.91 
7.00 
7.00 
7.31 
7.31 
8.10
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Table 2.6.13.6-6 Pm Stresses for Support Disk-I-Foot Side-Drop, 18.220 Orientation,

Thermal Case A 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
112 
35 
107 
37 
120 
23 
9 

114 
51 

28 
21 
49 
116 
115 
64 
20 
98 
14 
31 
63 
29 
95 
121 
27 
113 
25 
66 
26 
123 
96 
111 
22 
2 
24 
119 
36 
80 
82 
40 3

11.6 
11.4 
0.6 

-12.4 
6.7 
2.6 
-1.0 
-3,8 
11.8 
-3.4 
-0.3 

-11.0 
0.0 
3.4 

-11.3 
5.6 
-3.9 
0.5 
-4.3 
0.6 
0.0 
2.0 
-0.4 
-8.1 
-5.6 

2.9 
-1.1 
-4.1 
-9.7 
-7.9 
-0.4 
-4.1 
4.3 
0.0 
0.0 
0.2 
8.2 
0.8 
2.9 
0.3

-7.8 
-4.8 
-6.7 

-10.1 
-6.9 
1.8 
-7.9 
2.8 
1.8 
-2.9 

-11.3 
-1.2 

-12.3 
-7.8 
-6.4 
-5.8 
-8.7 
-1.2 

-10.9 
-6.1 

-11.0 
-5.4 

-10.8 
-9.9 

-10.1 

-7.4 
-4.3 
-9.5 
-0.7 
-0.1 
-3.3 
-8.2 
-4.1 
-9.1 
-9.0 
-4.7 
0.7 
4.7 
-5.0 
-4.6

3.0 
3.1 
7.3 
3.3 
3.4 
6.8 
5.9 
6.0 
3.9 
6.6 
3.0 
3.7 
0.0 
2.5 
1.9 
0.7 
4.9 

5.6 
1.8 
4.4 
0.7 
4.0 
0.8 
-1.5 
1.4 

-0.1 
4.9 
2.0 
-2.2 
3.1 
4.8 
-2.6 
1.4 
0.6 
-0.2 
,-3.6 
2.3 
3.9 
1.6 
3.1

20.3 
17.3 
16.4 

14.8 
15.2 
13.7 
13.6 
13.6 
13.2 
13.3 
12.5 
12.3 
12.3 

12.2 
11.9 
11.5 
11.8 
11.3 
11.3 
11.0 
11.0 
10.9 
10.9 
10.8 
10.5 
10.4 
10.3 
10.2 
10.2 
10.0 
10.0 
9.4 
8.9 
9.1 
9.0 

8.8 
8.9 

8.7 
8.5 
7.9

43.7 
43.0 
44.5 
43.0 

44.3 
43.0 
43.0 
44.3 
43.0 
43.9 
43.0 
43.0 
43.4 
44.3 
43.7 
43.0 
44.3 
43.9 
44.5 
43.7 
44.2 
43.7 

44.0 
43.9 
43.8 
43.9 
44.3 
43.9 
44.5 
43.7 
43.7 
43.1 
42.0 

43.5 
44.1 
43.1 
43.7 
44.3 
43.9 
42.0

1.15 
1.48 
1.72 
1.92 
1.92 
2.13 
2.17 
2.25 
2.27 
2.30 
2.44 
2.50 
2.53 
2.62 
2.67 
2.73 
2.76 
2.88 
2.92 
2.96 
3.00 
3.03 
3.04 
3.08 
3.17 
3.24 
3.29 
3.32 
3.37 
3.38 
3.39 
3.57 
3.74 
3.77 
3.91 
3.92 
3.92 
4.09 
4.18 
4.33
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Table 2.6.13.6-7 Pm + Pb Stresses for Support Disk- i-Foot Side-Drop, 18.22°Orientation,
Thermal Case A 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety,
107 
23 
4 
3 
9 

37 
28 
20 
51 
21 
49 
2 

34 
6 

48 
111 
30 
98 
95 
22 
96 
27 
63 
112 

64 
91 
14 
35 
1 

115 
114 
99 
79 
113 
36 
80 
26 
25 
50

-28.5 
36.6 
-28.2 
-31.2 

-29.7 
-23.8 
-31.7 
32.7 
25.2 
-21.1 
-24.2 
-19.1 
-25.3 
-26.8 
27.7 
-27.1 
-7.5 

-23.1 
-23.3 
-27.6 
-23.8 
-26.8 
-22.5 
25.6 
-22.2 
14.5 
24.1 
22.6 
-19.4 
24.1 
-7.1 

-23.3 
-19.8 
20.5 
-1!6.0 

4.0 
20.3 
-17.5 
-16.9 
2.5

-37.9 
21.3 
-34.0 
-30.3 
-24.4 
-29.1 

-17.3 
18.8 
23.9 
-26.4 
-21.6 
-28.3 
-25.7 
-25.2 
22.6 
-19.1 
-27.5 
-16.5 
-21.1 
-16.6 
-20.1 
-16.8 
-19.0 
8.9 

-19.1 
20.3 
10.9 

12.5 
-24.4 
4.6 

-24.6 
'-5.3 

-15.8 
16.5 
-23.0 
-18.2 
15.8 
-18.9 
-22.8 
-17.7

18.7 
8.0 
4.3 
4.0 
8.0 

8.2 
7.6 
1.1 
7.3 
5.9 
6.8 
0.9 
3.4 
2.4 
2.0 
4.0 
5.7 
8.2 
5.8 

-0.1 
5.6 
2.0 
6.0 
5.0 
5.7 
9.1 
5.5 
5.7 
0.7 
-1.3 
-0.8 
4.7 
6.2 
4.8 
1.6 

-2.7 
4.6 
4.7 
0.2 
-3.3

52.4 
40.0 

36.3 
34.8 
35.4 
35.0 
35.0 
32.8 
31.9 
30.2 
29.8 
28.4 
28.9 
28.5 
28.4 
28.8 
29.0 
28.6 
28.1 
27.6 
27.8 
27.2 
27.0 
26.9 
26.6 
26.9 
26.1 
25.2 
24.4 
24.2 
24.6 
24.4 
24.4 
23.7 
23.4 
22.9 
23.2 
23.0 
22.8 
21.3

66.8 
64.5 
63.0 
63.0 
64.5 
64.5 
65.8 
64.5 
64.5 
64.5 
64.5 
63.0 
64.5 
64.5 
64.5 
65.5 
66.7 
66.4 
65.5 
64.6 
65.5 
65.9 
65.5 
65.5 
65.5 

66.8 
65.8 
64.5 
63.0 
64.6 
66.4 
66.4 
66.4 
65.5 
65.6 
64.6 
65.5 
65.8 
654.8 
64.6

0.27 
0.61 
0.74 
0.81 
0.82 
0.84 
0.88 
0.97 
1.02 
1.14 
1.17 
1.22 
1.23 
1.26 
1.27 
1.28 
1.30 
1.32 
1.33 
1.34 
1.36 
1.42 
1.43 
.1.43 

1.47 
1.48 
1.52 
1.56 
1.57 
1.67 

1.70 
1.72 
1.72 
1.76 
1.81 
1.82 

1.83 
1.87 
1.88 
2.03
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Table 2.6.13.6-8

March 2001 
Revision UMST-01B

Pm Stresses for Support Disk-l-Foot Side-Drop, 18.220 Orientation,

Thermal Case B 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
112 
35 
37 
107 

120 
23 
51 
9 

28 

114 

115 
116 
21 
64 
31 
20 
98 
14 
121 
63 

29 
113 
95 
27 
96 
25 
111 
66 
123 
26 
22 
80 
24 
36 
2 
82 

119 
79 
30

12.3 
12.1 
-13.2 
0.5 
6.3 
2.7 
12.7 

-1.1 
-3.3 
-3.7 -11.9 

3.8 
0.0 
ý-0.3 

-11.8 
-4.4 
5.8 
-3.9 
0.4 
-0.4 

0.6 
0.0 
-6.0 
2.2 
-8.0 
-8.5 
3.0 
-0.4 
,-1.1 
,-9.8 

-4.0 
-4.2 
8.7 
0.0 
0.2 
4.5 
0.8 
0.0 
-0.6 
-1.0

-8.2 
-5.1 

-10.7 
-6.3 

-6.7 
1.7 

2.2 
-8.0 
-3.3 
2.2 
-1.1 
-8.2 

-12.9 
-11.4 
-6.8 

-11.4 
-5.9 
-8.4 
-1.2 

-11.4 
-6.1 

-11.2 
-10.7 
-4.9 

-10.1 
0.1 
-7.6 
-4.0 
-4.3 
-0.7 
-9.3 
-8.3 
0.9 

-9.2 
-5.0 
-4.2 
4.8 
-8.7 
4.0 
-7.4

3.0 
3.1 
3.4 
7.0 
3.2 
7.1 
4.0 
6.1 
6.9 
6.2 
3.8 
2.4 
0.0 
3.1 
1.8 
1.8 
0.7 
5.2 
5.7 
0.8 
4.6 
0.7 
1.4 
4.2 
-1.5 
3.1 
-0.2 
5.0 
5.0 
-2.2 
2.2 
-2.6 
2.3 
0.6 
-3.8 
1.5 
4.0 
-0.2 
3.5 
2.6

21.3 
18.3 
15.5 
15.5 
14.5 
14.2 
14.1 
13.9 
13.7 
13.7 
13.1 
13.0 
12.9 
12.8 
12.4 
11.8 
11.8 
11.8 
11.6 

11.5 
11.3 
11.2 

11.1 
11.0 
10.8 
10.6 
10.6 
10.5 
10.5 
10.3 
10.1 
9.6 
9.3 
9.3 
9.2 
9.2 

9.0 

8.4 
8.3

45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0

1.11 
1.46 
1.90 
1.91 
2.09 
2.18 
2.20 
2.23 
2.28 
2.29 
2.42 
2.47 
2.48 
2.52 
2.64 
2.81 
2.81 
2.83 
2.88 
2.93 
2.98 
3.01 
3.07 
3.11 
3.15 
3.24 
3.26 
3.28 
3.29 
3.36 
3.46 
3.69 
3.82 
3.85 
3.88 
3.91 
3.99 
4.17 
4.36 
4.39
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Table 2.6.13.6-9 Pm + Pb Stresses for Support Disk-il-Foot Side-Drop, 18.22' Orientation,
Thermal Case B 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
107 
23 
4 
9 
3 28 

37 
20 
51 
21 
49 
30 
111 
34 
2 

48 
6 

98 
95 
22 
96 
27 
91 
63 
112 
64 
14 

35 
1 

114 
8 

115 
99 
79 
113 
36 
80 
25 
26 
50

-29.1 
37.8 
-29.7 
-30.8 
-32.9 
-32.7 
-24.7 
33.8 
26.3 
-22.0 
-25.2 
-7.7 

-28.0 
-26.3 
-20.1 
29.0 

-27.8 
-23.9 
28.5 
-28.6 
-24.5 
-27.8 
15.0 
-23.1 
26.3 
-22.8 
24.8 
23.4 
-20.5 
-23.9 
25.0 
-7.0 

-20.5 

21.2 
-16.4 

5.0 
21.1 
23.7 
-18.2 

3.4

-37.1 
22.0 
-35.6 
-25.1 
-31.8 
-18.2 
-29.7 
19.3 
24.8 
-27.1 
-21.9 
-29.0 
-20.0 
-26.3 
-29.7 

23.3 
-25.9 
-16.5 
11.2 

-17.3 
-19.8 
-17.7 
20.9 
-19.1 
8.3 

-19.3 
11.2 
12.3 

-25.6 
-6.2 
5.0 

-25.0 
-15.6 
16.8 

-23.8 
-18.4 
16.0 

8.0 
-19.2 
-17.7

18.2 
8.2 
4.5 
8.2 
4.2 

7.9 
8.5 
1.1 
7.7 
6.1 
7.1 
5.9 
4.3 
3.6 
0.9 
2.2 
2.4 
8.4 
2.4 
-0.1 
5.7 
2.1 
9.4 
6.2 
5.0 
5.8 

5.7 
5.9 
0.7 
4.9 
-1.4 
-1.0 
6.3 
5.0 
1.8 

-2.8 
4.7 
-0.5 
4.8 
-3.6

51.7 
41.3 
38.0 
36.7 
36.5 
36.2 
36.0 
33.9 
33.3 
31.1 
30.8 
30.5 
29.9 
29.9 
29.8 
29.8 
29.4 
29.3 
28.8 
28.6 
28.3 

28.2 
27.8 
27.6 
27.6 

27.1 
26.8 
26.0 
25.7 
25.2 
25.1 
25.0 
24.9 
24.5 
24.3 
24.1 
23.9 
23.7 
23.6 
22.3

67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5

0.31 
0.63 
0.78 
0.84 
0.85 
0.87 
0.87 

0.99 
1.03 
1.17 
1.19 
1.21 
1.26 
1.26 
1.26 
1.27 
1.29 
1.30 
1.34 
1.36 
1.39 
1.40 
1.43 
1.45 
1.45 
1.49 
1.52 
1.60 
1.63 
1.68 
1.69 
1.70 
1.72 
1.76 
1.78 
1.81 
1.83 
1.85 
1.86 
2.03
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Table 2.6.13.6-10 Pm Stresses for Support Disk-i-Foot Side-Drop, 26.280 Orientation, 

Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
120 
112 
114 
35 
37 
21 
23 
9 

51 
49 
28 
96 
98 
63 
64 
95 
40 
66 
119 
14 
107 
26 
111 
42 
116 
31 
80 
27 
115 
72 
104 
79 
22 
121 
71 
82 
99 
29 
113 
36

9.4 
10.0 
-6.7 
12.6 
-13.5 
-3.2 
1.4 

m0.9 
13.7 
-12.7 
-6.1 

-10.2 
-6.7 
0.9 

-11.8 

0.2 
3.9 
-0.8 
0.0 

1.2 
2.6 
-7.1 
-2.4 
-5.6 
0.0 
-3.2 
9.8 
-9.3 
1.9 

-8.7 
-5.6 
0.0 
4.9 
-0.5 
0.0 
-4.7 

-9.3 
-0.1 
.5.8 
0.2

-9.2 
-7.2 
6.9 
-3.5 
-9.2 

-14.8 
6.2 
7-9.9 
2.9 
-0.8 
-1.6 
0.9 
-9.9 
-7.6 
-5.3 
-8.0 
-7.2 
-5.7 
-12.1 
-0.9 
-4.4 
-9.8 
1.2 

-9.4 
-11.1 
-11.0 

1.2 

-8.6 
-6.5 
-7.6 
-0.1 
6.4 
-7.1 
-9.7 
-9.7 
5.9 
-0.7 
-9.6 
-8.8 
-3.5

5.6 
4.4 
6.8 
4.5 

5.0 
4.3 
7.7 
6.5 
5.1 
4.7 
6.8 
4.5 
5.4 
5.0 
2.8 
4.7 
2.7 
5.7 

-0.3 
5.8 
4.9 

2.8 
5.4 
3.2 
0.0 
1.6 
3.1 
-1.8 
3.4 
2.4 
4.5 
4.0 
-3.8 

1.0 
-0.2 
4.4 
1.9 
0.7 
1.6 
-4.2

21.7 
19.3 
19.3 
18.5 
16.8 
16.2 
16.1 
15.8 
15.7 
15.2 
14.4 
14.2 
13.9 
13.2 
12.9 
12.6 
12.4 
12.4 
12.1 
11.8 
12.0 
11.5 
11.4 
11.2 
11.1 
11.3 
10.8 
10.8 
10.9 
10.6 
10.6 
10.2 

9.9 
9.8 
9.7 
9.7 
9.7 
9.7 

9.5 
9.1

44.3 
43.7 
44.3 
43.0 
43.0 
43.0 
43.0 
43.0 
43.0 
43.0 
43.9 
43.7 
44.3 
43.7 
43.7 
43.7 
43.9 
44.3 
44.1 
43.9 
44.5 
43.9 
43.7 
43.9 
43.4 
44.5 
43.7 
43.9 
44.3 
44.3 
44.3 

43.7 
43.1 
44.0 
44.1 
44.3 
44.3 
44.2 
43.8 
43.1

2.6-215

1.04 
1.26 
1.30 
1.33 
1.57 
1.66 
1.67 
1.72 
1.74 
1.83 
2.06 
2.07 
2.19 
2.31 
2.40 
2.48 
2.54 
2.58 
2.65 
2.72 
2.72 
2.81 
2.84 
2.90 
2.91 
2.92 
3.06 
3.07 
3.08 
3.16 
3.18 
3.28 
3.36 
3.51 
3.55 
3.56 
3.56 
3.57 
3.61 
3.71
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Table 2.6.13.6-11 Pm +.Pb Stresses for Support Disk-i-Foot Side-Drop, 26.28' Orientation,
Thermal Case A 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
23 
4 

37 
3 

107 
21 
9 

51 

20 
28 
49 
34 
95 
96 
2 

48 
111 
35 
6 

22 
112 
98 
63 
64 
1 

120 
27 
79 
30 

114 
7 

80 
8 

99 
26 
14 
42 
115 
91 
36

40.4 
-34.3 
-30.3 
-37.5 
-24.6 
-31.0 
-33.7 
31.1 
-30.2 
-35.7 

-29.7 
-31.8 
-29.7 
-30.1 
33.5 
33.8 
-33.9 
29.0 
-31.0 
-33.0 
-9.6 

-27.7 
-26.7 
-26.8 
ý-27.8 

3.1 
-30.0 
24.9 
-6.3 

-28.9 
24.5 
24.9 
28.0 
-23.9 
-23.8 

26.3 
-14.3 
-10.1 
13.9 
0.5

29.3 
-41.3 
-37.2 
-36.8 
-31.3 
-33.9 
-29.3 
31.8 
-38.1 
-17.1 
-27.0 
-33.4 
-27.5 
-26.3 
27.0 
29.6 
-19.5 
21.3 

-30.7 
-14.1 
-33.2 
-18.8 
-24.4 
-24.3 
-30.1 
-27.1 
-15.8 
21.9 
-28.8 
-2.1 

22.0 
21.3 
5.0 

-17.9 
-20.9 
12.3 

-25.3 
-27.6 

21.0 
-24.4

9.9 
4.5 
10.0 
4.3 
14.6 
8.6 
9.2 
9.2 
1.4 
7.8 
8.2 
3.3 
7.6 
7.4 
2.2 
2.3 
3.8 
7.6 
2.4 
-1.4 
2.1 
9.5 
7.2 
6.9 
1.1 
3.9 
1.7 
6.1 
5.5 
4.8 
5.5 
5.9 
-2.0 
7.4 

6.0 
5.9 
6.0 
-0.5 
9.1 
-3.5

46.2 
43.5 
44.3 
41.4 
42.9 
41.2 
41.0 
40.6 
38*3 
38.6 
36.7 
36.0 
36.2 
35.9 
34,2 
34.8 
34.8 
33.6 
33.3 
33.1 
33.4 
33.8 
32.8 
32.5 
30.5 
31.2 
30.2 
29.7 
30.0 
29.7 
28.8 
29.3 
28.1 
28.8 
28.5 
28.5 
28,0 
27.7 
27.3 
25.9

64.5 
63.0 
64.5 
63.0 
66.8 
64.5 
64.5 
64.5 
64.5 
65.8 
64.5 
64.5 
65.5 
65.5 
63.0 
64.5 
65.5 
64.5 
64.5 
64.6 
65.5 
66.4 
65.5 
65.5 
63.0 
66.4 
65.9 
65.5 
66.7 
66.4 
64.5 
65.5 
64.16 
66.4 
65.8 
65.8 
65.8 
66.14 
66.8 
64.6

0.40 
0.45 
0.46 
0.52 
0.56 
0.57 
0.57 
0.59 
0.68 
0.71 
0.76 
0.79 
0.81 
0.83 
0.84 
0.85 
0.88 
0.92 
0.94 
0.95 
0.96 
0.97 
1.02 

1.06 
1.13 
1.18 
1.20 
1,22 
1.23 
,1.24 
1.24 
1.30 
1.30 
1.31 1.31 

1-35 
1.40 
1.45 
1.50
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Pm Stresses for Support Disk-i-Foot Side-Drop, 26.28' Orientation, 

Thermal Case B

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
120 
112 
114 
35 
37 
51 
23 
21 
9 

49 
28 
96 
98 
63 
64 
66 
95 
40 
14 

119 
116 
31 
26 
111 
115 
80 
107 
42 
27 
79 
121 
72 
104 
113 
99 
82 
22 
36 
71 
29

9.5 
11.0 
-6.8 

13.6 
-14.5 

14.5 
1.6 
-2.9 
-1.0 

-13.5 
-6.3 

-10.5 
-7.0 

1.0 
-12.5 
-0.8 
0.6 
3.9 
1.2 
0.0 
0.0 
-3.2 
-7.2 
-2.3 
2.2 
10.2 
2.5 
-5.6 
-9.2 
-0.2 
-0.5 
-8.7 
-5.6 
-6.2 
-9.7 
1.7 
-4.6 
0.2 
0.0 
-0.1

-9.1 
-7.6 
6.7 
-3.8 
-9.9 
3.4 
6.3 

-14.7 
-10.0 
-0.7 
-1.6 
1.1 

-9.8 
-7.6 
-5.7 
-5.8 
-7.5 
-7.2 
-0.9 
-12.0 
-11.9 
-11.5 
-9.7 
0.3 
-7.0 
1.5 

-3.9 
-9.3 
-8.5 
6.3 

-10.3 
-7.6 
0.0 
-9.5 
-0.4 
6.0 
-7.0 
-3.9 
-9.6 
-9.5

5,4 
4.4 
7.1 

4.5 
5.0 
5.2 
7.9 
4.6 
6.7 
4.8 
7.0 
4.5 
5.5 
5.2 
2.8 
5.8 
4.9 
2.5 
5.9 
-0.3 
0.0 
1.6 

3.1 
5.6 
3.5 
3.0 
4.5 
3.0 
-1.8 

4.1 
1.0 
2.2 
4.4 
1.7 
1.9 
4.5 
-3.8 
-4.4 
-0.2 
0.8

21.5 
20.6 
19.7 
19.7 
17.8 
16.6 
:16.4 
,16.3 
16.1 
16.0 
14.7 
14.7 
14.1 
13.6 
13.5 
12.7 
12.7 
12.2 
12.0 
12.0 
11.9 
11.8 
11.8 
11.6 
11.6 
11.2 
11.0 
11.0 
10.7 
10.5 
10.4 
10.4 
10.3 
10.2 
10.0 
10.0 
9.8 
9.8 
9.6 
9.6

45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0

1.10 
1.19 
1.28 
1.29 
1.54 
1.72 
1.74 
1.77 
1.79 
1.81 
2.05 
2.07 
2.19 
2.32 
2.34 
2.54 
2.54 
2.68 

2.74 
2.75 
2.78 
2.82 
2.83 
2.88 
2.89 
3.02 
3.08 
3.09 
3.20 
3.28 
3.31 
3.32 
3.35 
3.40 

3.48 
3.50 
3.60 
3.61 
3.67 
3.68
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Table 2.6.13.6-13 Pm + Pb Stresses for Support Disk-I-Foot Side-Drop, 26.280 Orientation, 
Thermal Case B

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
23 
37 
4 
3 

21 
9 

51 
107 
28 
20 
49 
34 

95 
11l 
48 
96 
2 

35 
98 
6 

22 
112 
63 
64 
1 

30 
27 
114 
120 
79 
7 

26 
80 
99 
14 
8 

115 
91 

36 
42

41.9 
-31.5 
-35.9 
-39.2 

-32.3 
-34.8 
32.1 
-24.4 
-36.9 
-31.3 
-30.8 
-33.3 
-30.3 
-35.2 
35.0 

-30.7 
35.1 
30.1 
-28.6 
-32.0 
-33.9 
30.9 
-27.6 
-27.6 
-29.5 
-6.6 

-31.1 
-30.2 
3.5 

25.7 
25.7 
-25.4 
25.6 
-24.6 
26.9 
28.8 
-10.4 

:14.2 
1.7 

-13.8

30.1 
-38.2 
-43.1 
-38.5 
-34.7 
-30.1 
32.6 
-29.9 
-17.7 
-38.8 
-27.3 
-34.2 
-27.3 
-20.9 
30.4 
-25.9 
28.7 
21.4 
-19.0 
-31.4 
-14.9 
18.1 

-24.7 
-24.6 
-31.6 
-30.3 
-16.4 
-2.7 

-26.2 
22.1 
22.8 
-21.5 
21.4 
-18.0 
12.6 
5.5 

-28.7 
21.4 
-24.8 
-24.3

10.2 
10.4 

4.6 
4.4 
8.9 
9.4 
9.5 
13.9 
8.0 
1.3 
8.5 
3.6 
7.7 
4.1 
2.6 
7.5 
2.2 
7.9 

9.8 
2.4 
-1.5 
6.8 
7.4 
7.1 
1.1 
5.6 
1.7 

5.2 
3.7 
6.3 
5.7 
6.3 
6.1 
7.6 
6.0 
-2.1 
-0.6 
9.3 
-3.7 
5.8

47.7 
45.8 
45.4 
43.2 
42.4 
42.2 
41.9 
41.3 
39.8 
39.0 
37.8 
37.4 
36.6 
36.3 
36.1 
36.1 
35.8 
34.8 
34.7 
34.1 
34.0 
33.9 
33.7 
33.4 
32.1 
31.6 
31.3 
31.2 
30.6 
30.4 
30.1 
30.0 
29.9 
29.6 
29.1 
29.0 
28.7 
27.8 
27.5 
26.9

67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5

0.41 
0.47 
0.49 
0.56 
0.59 
0.60 
0.61 
0.63 
0.70 
0.73 
0.79 
0.81 
0.84 
0.86 
0.87 
0.87 
0.89 
0.94 
0.94 
0.98 
0.98 
0.99 
1.00 
1.02 
1.10 

1.14 
1.16 
1.17 
1.21 
1.22 
1.24 
1.25 
1.26 
1.28 
1.32 
1.33 
1.35 
1.43 
1.46 
1.51
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Table 2.6.13.6-14 P. Stresses for Support Disk-I-Foot Side-Drop, 450 Orientation,
Thermal Case A 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
120 
114 
35 
23 
37 
21 
49 
9 

112 
111 

96 
63 
51 
7 

28 
40 
98 
72 
66 
104 
64 
95 
42 
26 
80 
79 
119 
110 
94 
71 
46 
36 
22 
74 
99 
14 
54 
31 
122 
115

9.1 
-9.0 
12.7 
-1.4 

-16.8 
-7.7 

-12.9 

-0.6 
7.1 
-5.8 

-10.7 
1.5 
12.0 
3.1 
-8.3 
0.9 
-8.9 

-10.4 
-0.3 
-6.6 

-11.7 
-3.2 
-6.9 
-9.4 
9.8 
1.1 
-0.1 

-12.1 
-11.1 
-0.1 
-9.8 
-2.8 
-4.1 
-0.2 
-9.5 
2.5 
0.5 
-1.0 
-4.9 
1.1

-9.1 
9.1 

-1.4 
12.7 
-7.7 
-16.8 
-0.6 
-12.9 
-5.8 
7.0 
1.5 

-10.6 
3.1 
12.0 
0.9 
-8.3 
-10.3 
-8.8 
-6.7 
-0.1 
-3.2 
-11.6 
-9.4 
-6.9 
1.1 
9.8 

-12.1 
-0.1 
-0.1 

-11,1 
-1.0 

-4.1 
-2.8 
-9.5 
-0.3 
0.6 
2.5 
-9.4 
1.1 

-4.7

7.6 
7.6 
7.0 
7.0 
6.0 
6.0 

6.4 
6.4 
6.1 
6.1 
5.7 
5.7 
5.4 
5.4 
5.4 
5.4 

4.6 
4.5 
6.2 
6.1 
4.5 
4.5 
4.2 
4.2 
4.1 
4.1 
-0.5 
-0.5 
-0.4 
-0.4 

2.0 
-4.9 
-4.9 
2.0 
2.0 
4.8 
4.8 
1.9 
3.7 
3.8

23.7 
23.7 
19.8 
19.8 
19.8 
19.8 
17.7 
,17.6 
17.7 
ý17.7 
16.7 
16.7 
14.5 
14.5 
14.2 
14.2 

14.3 
14.1 
13.9 
13.9 
13.6 
13.6 
12.5 
12.5 
12.0 
12.0 
12.1 
12.1 

11.2 
11.1 

10.3 
9.9 
9.9 
10.1 
10.1 
9.8 
9.8 
9.8 
9.6 
9.5

44.3 
44.3 
43.0 
43.0 
43.0 
43.0 
43.0 
43.0 
43.7 
43.7 
43.7 
43.7 
43.0 
43.0 
43.9 
43.9 
44.3 
44.3 
44.3 
44.3 
43.7 
43.7 
43.9 
43.9 
43.7 
43.7 
44.1 
44.1 
44.1 
44.1 

44.5 
43.1 
43.1 
44.3 
44.3 
43.9 
43.9 

44.5 
44.3 
44.3

0.86 
0.87 
1.17 
1.17 
1.17 
1.18 
1.44 
1.44 
1.47 
1.47 
1.61 
1.61 
1.96 
1.96 

2.10 
2.10 
2.11 
2.14 
2.18 
2.19 
2.21 
2.21 
2.51 
2.51 
2.63 
2.64 
2.65 
2.65 
2.95 
2.96 
3.33 
3.34 
3.34 
3.37 
3.38 
3.47 
3.49 
3.53 
3.62 
3.65
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Table 2.6.13.6-15 Pm + Pb Stresses for Support Disk-i-Foot Side-Drop, 45. Orientation,
Thermal Case A 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
21 
37 
35 
23 
1 
4 

49 
9 

34 
20 
3 
2 
7 

51 
111 
112 
95 
64 
96 
63 
48 
6 

120 
114 
79 
80 
22 36 

28 
40 
26 
42 
98 
72 
8 
50 
30 
44 
75 
99

-42.8 
-39.0 
36.1 
35.8 
41.9 
-37.5 
-34.1 
-34.4 
42.0 
-39.6 
-40.8 
-38.0 
34.8 
32.0 
-41.3 
-17.6 
-32.2 
-32.1 
-32.4 
-31.3 
-36.6 
-32.9 

-0.3 
-34.0 

27.4 
27.6 
-33.6 
-6.2 

-32.9 
-13.0 
-31.1 
-19.5 
-27.1 
-18.6 
29.4 
3.5 

-9.2 
-28.2 
-16.2 
-23.4

-39.0 
-42.8 
35.8 
36.1 
-37.5 
-41.9 
-34.4 
-34.1 
-39.6 
-42.0 
-38.0 
-40.8 
32.0 
34.8 
-17.6 
-41.2 
-32.1 
-32.1 
-31.3 
-32.4 
-32.9 
-36.6 
-34.1 
-0.6 
27.6 
27.3 
-6.2 
-33.6 
-13.1 
-32.8 
-19.5 
-31.1 
-18.5 
-27.1 
3.6 

29.3 
-28.4 
-9.5 

-21.3 
-17.7

11.6 
11.6 
10.5 
10.5 
3.0 
3.0 
9.9 
9.8 
3.0 
3.0 
3.1 
3.1 
9.1 
9.1 
3.7 
3.7 
8.6 
8.6 
8.7 
8.7 
2.1 
2.1 
5.5 
5.5 
7.2 
7.2 
-3.5 
-3.5 
6.2 
6.1 
7.2 
7.2 
9.3 
9.3 
-3.4 

4.8 

4.7 
9.7 
7.4

52.7 
52.7 
46.4 
46.4 
43.4 
43.4 
44.1 
44.1 
44.1 
44.1 
42.8 
42.8 
42.6 
42.6 
41.8 
41.8 
40.7 
40.7 
40.6 
40.5 
37.5 
37.5 
35.6 
35.2 
34.7 
34.6 
34.0 
34.0 
34.7 
34.6 
34.5 
34.5 
33.0 
33.0 
29.8 
29.8 
29.5 
29.3 
28.8 
28.5

64.5 
64.5 
64.5 
64.5 
63.0 
63.0 
64.5 
64.5 
64.5 
64.5 
63.0 
63.0 
64.5 
64.5 
65.5 
65.5 
65.5 
65.5 
65.5 
65.5 
64.5 
64.5 
66.4 
66.4 
65.5 
65.5 
64.6 
64.6 
65.8 
65.8 
65.8 
65.8 
66.4 
66.4 
64.6 
64.6 
66.7 
66.7 

66.8 
66.4

0.22 
0.22 

0.39 
0.39 
0.45 
0.45 
0.46 
0.46 
0.46 
0.46 
0.47 
0.47 
0.52 
0.52 
0.57 
0.57 
0.61 
0.61 
0.62 
0.62 
0.72 
0.72 
0.87 
0.89 
0.89 
0.89 
0.90 
0.90 
0.90 
0.91 
0.91 
0.91 
1.01 
1.01 
1.17 
1.17 
1.26 

1.28 
1.32 
1.33
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Table 2.6.13.6-16 Pm Stresses for Support Disk-i-Foot Side-Drop, 450 Orientation, 

Thermal Case B

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
120 
114 
35 
23 
37 
21 
112 
i11 
49 
9 

96 
63 
51 
7 

28 
40 
98 
66 
104 
72 
64 
95 
42 
26 
119 
110 
80 
79 
94 
71 
36 
22 
74 
99 
122 
115 
14 
54 
116 
1109

9.6 
-9.7 
14.3 
-1.4 

-17.7 
-8.2 
7.6 
-6.2 -13.1 

-0.6 

-10.8 
1.7 

12.7 
3.3 
-8.9 
1.7 

-9.6 
-0.1 
-7.0 

-10.8 
-12.3 

-3.3 
-6.9 

-10.1 
-0.1 

-13.0 
9.9 
1.1 

-12.0 
-0.1 

-2.1 
-3.7 
-0.1 
-9.7 
-5.2 
1.0 
2.7 
0.6 
-0.1 
-9.6

-9.8 
9.6 
-1.4 
14.3 
-8.2 

-17.7 
-6.2 
7.5 
-0.6 

-13.1 
1.7 

-10.8 
3.3 

12.7 
1.6 

-8.9 
-10.8 
-7.0 
0.0 
-9.4 
-3.3 

-12.3 
-10.1 
-6'9 

-13.0 
-0.1 
1.1 

9.9 
-0.1 

-12.0 
-3.7 
-2.1 
-9.7 
-0.2 
1.0 

-5.0 
0.6 
2.7 
-9.6 
-0.1

8.0 
8.0 
7.1 
7.1 
6.6 
6.6 
6.5 
6.5 
6.4 
6.4 

6.0 
6.0 
5.8 
5.8 

5.2 
5.2 
4.4 

6.5 
6.4 
4.4 
4.6 
4.6 
4.5 
4.6 
-0.5 
-0.5 
4.2 
4.2 
-0.4 
-0.4 
-5.3 
-5.3 
2.1 
2.1 
4.0 
4.0 
4.8 

4.7 
0.0 
0.0

25.2 
25.1 
21.2 
21.2 
21.1 
21.1 
'18.9 
18.9 
17.9 
17.9 
17.4 
17.4 
15.4 
15.4 

14.9 
14.8 
14.7 
14.7 
14.6 
14.6 
14.3 

14.2 
13.3 
13.3 
13.0 
13.0 
12.2 
12.2 
12.0 
12.0 
10.7 
10.7 
10.5 
10.5 

10.0 
10.0 

9.8 
9.7 
9.6 
9.6

45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0

0.79 
0.79 
1.12 
1.12 
1.13 
1.13 
1.38 
1.38 
1.51 
1.51 
1.59 
1.59 
1.92 
,1.92 
2.03 
2.03 
2.06 
2.07 
2.08 
2.09 
2.16 
2.16 
2.38 
2.38 
2.46 
2.46 
2.68 
2.69 
2.75 
2.75 
3.21 
3.22 
3.30 
3.30 
3.48 
3.51 
3.61 
3.63 
3.70 
3.70
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Table 2.6.13.6-17 Pm + Pb Stresses for Support Disk-i-Foot Side-Drop, 450 Orientation,

Thermal Case B 

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
21 
37 

23 
35 
20 
34 
4 

1 
51 

7 
49 
9 
3 

2 
111 
112 
95 

64 
96 
63 
48 

6 
120 
114 
26 
42 
22 
36 
79 
80 
28 
40 
98 

72 
8 

75 

50 
122 
30 
99

-46.6 
-41.5 
37.2 
38.8 
-42.8 
-44.4 
-39.5 
-45.5 
33.7 
37.0 
-35.0 -35.1 

-42.5 
-41.0 
-44.0 
-18.7 
-33.2 
-33.5 

-33.5 
-32.7 
-37.6 
-33.8 
-0.3 

-36.1 
-33.4 
-20.1 
-34.9 

-5.3 
27.8 
28.1 

-33.1 
-12.4 
,-27.5 
-19.0 
30.1 
-17.3 

4.0 
-29.2 
-10.7 
-23.8

-41.5 
-46.5 
38.8 
37.1 
-44.4 
-42.8 
-45.5 
-39.5 
37.0 
33.7 
-35.1 
-35.0 
-41.0 
-42.5 
-18.8 
-44.0 
-33.5 
-33.1 
-32.7 
-33.4 
-33.8 
-37.6 
-36.1 

-0.6 
-20.1 
-33.3 
-5.3 

-34.9 
28.1 
27.8 
-12.4 
-33.0 
419.0 
"-27.4 
4.1 

:-22.6 

30.1 
-13.0 
-28.1 
-18.2

12.6 
12.6 
11.1 
11.1 
3.4 
3.4 

3.1 
3.0 

9.7 
9.7 
10.0 
10.0 

3.1 
3.1 
3.9 
3.9 
8.9 
8.9 
9.0 
9.0 

2.0 
1.9 
5.8 
5.8 
7.6 
7.6 
-4.1 
-4.1 
7.3 
7.3 
5.9 
5.9 

9.4 
9.4 
-3.6 
10.3 
-3.6 

-0.5 
4.5 
7.6

56.9 
56.9 
49.1 
49.1 
47.1 
47.1 
46.8 
46.8 
45.2 
45.2 
45.1 
45.1 
44.9 
44.9 
44.6 
44.5 
42.3 
42.3 
42.1 
42.1 
38.4 
38.4 
37.7 
37.3 
36.9 
36.8 
35.5 
35,5 
35.3 
35.3 
34.7 
34.5 
33.6 
33.5 
30.6 
30.6 
30.6 
29.2 
29.2 
29.1

67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5

0.19 
0.19 
0.38 
0.38 
0.43 
0.43 
0.44 
0.44 
0.49 
0.49 
0.50 
0.50 
0.50 
0.50 

0.51 
0.52 
0.60 
0.60 
0.60 
0.60 
0.76 
0.76 
0.79 
0.81 
0.83 
0.83 
0.90 
0.90 
0.91 
0.91 
0.95 
0.95 
1.01 
1.01 
1.21 
1.21 
1.21 

1.31 
1.31 
1.32
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Stress Evaluation of PWR Support Disk for Combined Thermal and 1-Foot Side

Drop Load Condition

The inertial loading for the 1-ft side-drop is combined with the thermal loading for Thermal Case 

A to produce the largest stress intensities. The allowable stress intensity 3 Sm, is evaluated at the 

section temperature.  

The 40 sections with the smallest margins of safety are presented in Tables 2.6.13.7-1 through 

2.6.13.7-4. The tables are identified here: 

Basket Thermal Stress Minimum Margin 

Table Number Orientation(0) Case Evaluation of Safety 

2.6.13.7-1 0 A Pm +Pb +Q +3175 

2.6.13.7-2 18.22 A m -PbQ +1.59 

2.6.13.7-3 26,28 A Pr+ Pb + Q +1.21 

2.6.13.7-4 45 A Pm+ Pb+Q 1.46

The minimum margin of safety is +1.21.
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Table 2.6.13.7-1 Pm + Pb + Q Stresses for Support Disk-i-Foot Side-Drop, 00, Orientation, 
Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
75 
91 
107 
123 
17 

18 
26 
28 
25 
6 
7 
9 
1 
3 
4 

29 
12 
14 
11 
24 
23 
21 
22 
27 
34 
35 
48 
49 
32 
30 
31 
16 
20 
19 

76 
92 
13 
2 

46 
60

21.2 
21.2 
-11.3 
-11.3 
25.3 
25.3 
12.7 
12.7 
12.7 

-16.8 
-16.8 
-16.8 
-13.0 
-13.0 
-13.0 
0.0 

-14.8 
-14.8 
-14.8 

0.0 
-8.2 
-8.2 
-8.2 
-4.3 
-7.4 
-7.4 
-7.4 
-7.4 
-7.4 
-7.4 
-7.4 

-14.6 
6.4 
0.0 
5.5 
5.5 
12.5 
7.4 
1.4 
1.4

17.5 
17.5 
-21.2 
-21.2 
2.9 
2.9 
-8.5 
-8.5 
-8.5 

-10.8 
-10.8 
-10.8 
-12.2 
-12.2 
-12.2 

-18.3 
-8.9 
-8.9 
-8.9 

-16.1 
-13.4 
-13.4 
-13.4 
-14.4 
-13.6 
-13.6 
-13.6 
-13.6 
-12.4 
-12.4 
-12.4 
-10.2 
-7.9 

-14.0 
14.5 
14.5 
-0.7 
-5.8 
13.6 
13.6

-8.5 
8.5 
9.3 
-9.3 
-2.0 
2.0 
-1.3 
1.3 

-1.3 
-5.4 
-5.4 

5.4 
-4.9 

4.9 
4.9 
0.1 
-5.0 

5.0 
-5.0 
0.1 
4.2 
-4.2 
4.2 
-3.9 
-3.5 
-3.5 
3.5 
3.5 
-5.1 
5.1 
5.1 

-1.7 
0.0 
0.2 
-1.3 
1.3 
-3.0 
-1.2 
0.9 
-0.9

28.1 
28.1 
26.7 
26.7 
25.4 
25.4 
21.3 
21.3 
21.3 
20.0 
20.0 
20.0 
17.5 
17.5 
17.5 

18.3 
17.6 
17.6 
17.6 

16.1 
15.7 
15.7 
15.7 
15.8 
15.2 
15.2 
15.2 
15.2 

15.6 

15.6 
15.1 
14.3 
14.0 
14.7 
14.7 
14.4 
13.4 
13.6 
13.6

133.5 
133.5 
133.5 
133.5 
133.4 
133.4 
131.6 
131.6 
131.6 
129.0 
129.0 
129.0 
125.9 
125.9 
125.9 

132.6 
131.6 
131.6 
131.6 
130.4 
129.0 
129.0 
129.2 
131.8 
129.0 
129.0 
129.0 
129.0 
133.4 
133.4 
133.4 
133.4 
129.0 
127.3 
133.5 
133.5 
131.8 
125.9 
133.4 
133.4

3.75 
3.75 
3.99 
3.99 
4.24 
4.24 
5.17 
5.17 
5.17 
5.46 
5.46 
5.46 
6.19 
6.19 
6.19 

6.26 
6.48 
6.48 
6.48 
7.09 
7.22 
7.22 
7.23 
7.36 
7.46 
7.46 
7.46 
7.46 
7.54 
7.54 
7.54 
7.82 
8.00 
8.07 
8.08 
8.08 
8.12 
8.38 
8.80 
8.80
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Table 2.6.13.7-2 Pm + Pb + Q Stresses for Support Disk-i-Foot Side-Drop Orientation, 

18.220, Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
3 
4 
6 
9 

34 
37 
48 
49 
91 
21 
20 
2 

23 
22 
1 

107 
96 
95 
11 
14 
28 
27 
111 
13 
51 

8 
30 
31 
112 
26 
25 
79 
80 
115 

39 
42 
64 
63 
16 
18

-35.1 
-35.1 
-36.3 
-36.3 
-25.3 
-25.3 
-29.4 
-29.4 
26.4 
-24.8 
-24.8 
29.2 
-30.5 
-30.5 
-18.7 
-12.0 
-24.3 
-24.3 
-26.3 
-26.3 
-25.5 
-25.5 
-27.1 
26.9 
23.4 
26.9 
-9.2 
-9.2 
-7.9 

-15.4 
-15.4 
-24.8 
21.3 
-4.8 

-13.9 
-13.9 
-19.5 
-19.5 
-17.6 
-17.6

-36.6 
-36.6 
-29.0 
-29.0 
-33.1 
-33.1 
-29.7 
-29.7 
28.5 
-31.2 
-31.2 
17.4 

-18.9 
-18.9 
-27.9 
-27.8 
-22.0 
-22.0 
-16.2 
-16.2 
-18.5 
-18.5 
-19.5 
7.9 
18.1 
3.6 

-24.8 
-24.8 
-26.6 
-22.6 
-22.6 
-11.3 

17.6 
-25.1 
-21.2 
-21.2 
-17.6 
-17.6 
-22.2 
-22.2

12.8 
12.8 
11.5 
11.5 
10.1 
10.1 
10.2 
10.2 
11.8 
9.1 
9.1 
8.9 
7.7 
7.7 
7.2 
10.4 
7.3 
7.3 
7.9 
7.9 
7.7 
7.7 

5.3 
6.8 
6.8 
5.1 

7.8 
7.8 

4.2 
6.1 
6.1 
3.9 
6.0 
0.8 
6.3 
6.3 
6.0 
6.0 
4.5 
4.5

48.7 
48.7 
44.7 
44.7 
40.0 
40.0 
39.6 
39.6 
39.3 
37.6 
37.6 
34.0 
34.4 

34.4 
31.8 
32.9 
30.5 
30.5 
30.6 
30.6 
30.5 
30.5 
29.8 
29.1 
28.0 

28.0 
28.0 
28.0 
27.5 
26.1 
26.1 
25.8 
25.7 
25.2 
24.8 
24.8 
24.6 
24.6 
25.0 
25.0

125.9 
125.9 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
133.5 
129.0 
129.0 
125.9 
129.0 
129.2 
125.9 
133.5 
131.0 
131.0 
131.6 
131.6 
131.6 
131.8 
131.0 
131.8 
129.0 
129.2 
133.4 
133.4 
131.0 
131.6 
131.6 
131.0 
131.0 
132.8 
131.6 
131.6 
131.0 
131.0 
133.4 
133.4

1.59 
1.59 
1.89 
1.89 
2.23 
2.23 
2.25 
2.25 
2.40 
2.43 
2.43 
2.71 
2.75 

2.76 
2.96 
3.06 
3.29 
3.29 
3.30 
3.30 
3.32 
3.32 
3.39 
3.52 
3.60 
3.61 
3.76 
3.76 
3177 
4.05 
4.05 
4.07 
4.11 

4.28 
4.30 
4.30 
4.32 
4.32 
4.33 
4.33
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Table 2.6.13.7-3 Pm + Pb + Q Stresses for Support Disk-i-Foot Side-Drop, 26.28', 
Orientation, Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
3 
4 
6 
9 

34 
37 
20 
21 
48 
49 
2 
1 

23 
95 
96 
22 
91 
112 
51 
42 
39 
111 
28 
27 
8 

80 
79 
107 
14 
11 
13 
63 
64 
120 
124 
31 
30 
26 
25 
35

-41.1 
-41.1 
-39.8 
-39.8 
-31.1 
-31.1 
-33.6 
-33.6 
-34.6 
-34.6 
34.6 
-25.9 
31.9 
-30.1 
-30.1 
-35.5 
25.7 

-15.4 
28.7 
-18.7 
-18.7 
-31.8 
-27.4 
-27.4 
30.2 
25.3 
25.3 
28.3 
-26.5 
-26.5 
28.3 
-23.0 
-23.0 
.-0.6 
19.7 
-8.3 
-8.3 

-18.7 
-18.7 
22.7

-43.0 
-43.0 

-33.9 
-33.9 
-40.5 
-40.5 
-39.0 
-39.0 
-35.0 
-35.0 
23.4 
-33.1 
24.7 
-28.4 
-28.4 
-15.9 

28.8 
-34.9 
25.1 
-29.6 
-29.6 
-17.4 
-18.5 
-18.5 
3.5 

22.8 
22.8 
16.9 

-16.6 
-16.6 

9.0 
-22.6 
-22.6 
-28.7 

29.1 
-25.8 
-25.8 
-22.9 
-22.9 
ý14.9

15.0 
15.0 
12.9 
12.9 
12.2 
12.2 
12.0 
12.0 
11.9 
11.9 
10.9 
9.4 
9.8 
9.3 
9.3 
7.6 

11.7 
5.9 
8.8 
8.5 
8.5 
5.6 
8.0 
8.0 
5.3 
7.4 
7.4 
-7.5 
7.9 
7.9 
7.2 
7.4 
7.4 

5.5 -0.1 

7.8 
7.8 
6.7 
6.7 
6.4

57.0 
57.0 
50.1 
50.1 
48.8 
48.8 
48.6 
48.6 
46.7 
46.7 

41.3 
39.6 
38.8 
38.7 
38.7 
38.1 
39.0 
36.6 
35.8 
34.2 
34.2 
33.7 
32.1 
32.1 
31.2 
31.6 
31.6 
32.0 
30.9 
30.9 
30.7 
30.2 
30.2 
30.2 
29.1 
28.8 
28.8 
27.8 
27.8 
26.3

125.9 
125.9 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
129.0 
125.9 
125.9 
129.0 
131.0 
131.0 
129.2 
133.5 
131.0 
129.0 
131.6 
131.6 
131.0 
131.6 
131.8 

129.2 
131.0 
131.0 
133.5 
131.6 
131.6 
131.8 
131.0 
131.0 
132.8 
133.5 
133.4 
133.4 
131.6 
131.6 129.0

1.21 
1.21 
1.57 
1.57 
1.64 
1.64 
1.66 
1.66 
1.76 
1.76 

2.05 
2.18 
2.32 
2.39 
2.39 
2.39 
2.43 
2.58 
2.60 
2.85 
2.85 
2.88 
3.10 
3.10 
3.14 
3.15 
3.15 
3.17 
3.26 
3.26 
3.30 
3.34 
3.34 
3.40 
3.59 
3.64 
3.64 
3.73 
3.73 
3.91
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Table 2.6.13.7-4 Pm + Pb + Q Stresses for Support Disk-l-Foot Side-Drop, 450 

Orientation, Thermal Case A

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin 

Section (ksi) (ksi) (ksi) (ksi) (ksi) of Safety
1 
2 
6 
9 
48 
49 
3 
4 
34 

37 
20 
21 
63 
64 
95 
96 
111 
112 
79 
80 
35 
23 
36 
22 
91 
8 
50 
44 
46 
30 
31 
7 

51 
26 
25 
42 
39 
14 
13 
54

-35.6 
-35.6 
-40.2 
-40.2 
-37.4 
-37.4 
-40.2 
-40.2 
-36.1 
-36.1 
-36.5 
-36.5 
-26.3 
-26.3 
-28.3 
-28.3 

-33.4 
-16.3 
26.5 
26.5 
-12.4 
-31.7 
-12.4 
-31.7 
22.8 
29.8 
1.6 

-27.8 
-27.8 
-10.1 
-10.1 
20.5 

24.4 
-23.3 
-23.3 
-20.6 
-20.6 
26.0 
26.0 
9.5

-40.3 
-40.3 
-37.4 
-37.4 
-40.2 
-40.2 
-35.6 
-35.6 
-36.5 
-36.5 
-36.1 
-36.1 
-28.3 
-28.3 
-26.2 
-26.2 
-16.4 
-33.3 
26.5 
26.5 
-31.7 
-12.4 
-31.7 
-12.4 
25.3 
1.6 

29.8 
-10.5 
-10.5 
-27.6 
-27.6 
24.4 
20.4 
-20.6 
-20.6 
-23.3 
-23.3 
9.6 
9.6 

25.9

13.0 
13.0 
13.5 
13.5 
13.5 
13.5 
13.0 
13.0 
12.1 
12.1 
12.1 
12.1 
8.8 
8.8 
8.8 
8.8 

5.9 
5.9 
8.2 
8.2 
6.2 
6.2 
6.2 
6.2 
10.2 
4.6 
4.6 
8.4 
8.4 
8.2 
8.2 
7.0 
7.0 
7.3 
7.3 
7.3 
7.3 
6.8 
6.8 
6.8

51.1 
51.1 
52.4 
52.4 
52.4 
52.4 
51.1 
51.1 
48.4 
48.4 
48.4 
48.4 
36.1 
36.1 
36.1 
36.1 
35.2 
35.1 
34.7 
34.7 
33.5 
33.5 
33.5 
33.5 
34.3 
30.5 
30.5 
31.2 
31.2 
30.9 
30.9 
29.7 
29.7 
29.4 
29.4 
29.3 
29.3 
28.4 
28.4 
28.3

125.9 
125.9 
129.0 
129.0 
129.0 
129.0 
125.9 
125.9 
129.0 
129.0 
129.0 
129.0 
131.0 
131.0 
131.0 
131.0 
131.0 
131.0 
131.0 
131.0 
129.0 
129.0 
129.2 
129.2 
133.5 
129.2 
129.2 
133.4 
133.4 
133.4 
133.4 
129.0 
129.0 
131.6 
131.6 
131.6 
131.6 
131.6 
131.8 
131.6

1.46 
1.46 
1.46 
1.46 
1.46 
1.46 
1.46 
1.46 
1.67 
1.67 
1.67 
1.67 
2.63 
2.63 
2.63 
2.63 
2.72 
2.73 
2.78 
2.78 
2.85 
2.85 
2.85 
2.85 
2.90 
3.23 
3.23 
3.28 
3.28 
3.32 
3.32 
3.34 
3.35 
3.48 
3.48 
3.49 
3.49 
3.64 
3.64 
3.65
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2.6.13.8 Stress Evaluation of PWR Support Disk for 1-Foot Off-Angle Load Conditions 

As previously discussed, the evaluation of off-angle impacts is accomplished by using the stress 
results from the side and end-drop evaluations. To evaluate oblique impacts, the stress 
components (i.e. S,i, s5, Sy) are combined from the side and end drop cases. The evaluatation 
considers various cask drop angles ( 0, 23', 300, 450, 60•, 700), 750 80', 85•, 880, and 900), 
as well as the basket drop orientation (0', 18.220, 26.28', and 450). Note that the end drop (= 
00) and side drop (0 = 90') are included in the evaluation so that the results envelope all cask 
drop angles. The normal stresses (S, and S) and the shear stress •(S;) for an off-angle (0) drop 
are calculated by the following equations, 

Sx(O) = Sx(end)CosOP+Sx(side)SinOP, 

SY) = Syaend)Cos5+Sy(s.ide)SinO, 

SxY(O) =Sxy(end)CosO +SXY(,se)SinO, 

where, 

Sx(side), Sy(side), and Sxy(side) arethe section stresses calculated by the ANSYS analysis for the side 
drop conditions. Sx(end), SY(end), and Sxy(end) are the sectional stresses calculated by Ithe ANSYS 
analysis for the end drop. The principal stresses and the stress intensity aie then determined 
based on the stress components. The orientations where the maximums occur •for each loading 
condition are then determined. A summary of the evaluation is presented in Section 2.6.13.2.  

2.6.13.9 Stress Evaluation of Support Disk for Combined Thermal and 1-Foot Off-Angle 
Conditions 

The stress evaluation for the combined thermal and oblique condition is performed using the 
same methodology discussed in Section 2.6.13.8. The summary of the maximum P+Q stresses is 
also presented Section 2.6.13.2.
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2.6.13.10 Stress Evaluation of Tie Rods and Spacers for 1-Foot End-Drop 

Load Condition 

The PWR basket support disks are connected by eight tie rods with spacers to maintain spacing 

of the support disks and heat transfer disk. The tie rods and spacers are constructed from Type 

304 stainless steel. The tie rods are threaded only at the upper end so that the top nut can provide 

rigidity of the basket assembly. The tie rods do not transmit any load other than their own weight.  

In a side-drop, the load resulting from the disks and the fuel is transmitted directly into the 

canister wall by the support disks. In an end-drop, the spacers transmit the load resulting from 

the weight of the support disks, aluminum heat transfer disks, one end weldment, and spacers to 

either the lid or bottom depending on the orientation of the drop. The weight of the fuel 

assemblies is transmitted directly into the canister lid or bottom, because the fuel tubes in the 

basket are open at both ends. In drop orientations other than on the end, the spacers experience 

only a portion of the weight of the support disks, heat transfer disks, one end weldment, and the 

spacers that act along the centerline axis of the cask. Thus, the end-drop is the critical loading 

condition.  

During an end-drop, the weight of the support disks, end weldment, aluminum heat transfer 

disks, and spacers and end nuts is supported by the spacers on the 8 tie rods, thereby resulting in 

compressive stress over the cross-sectional area of the spacers. Taking the largest weight of all 

three PWR fuel classes, the total weight of the basket is 16,489 lb. Because the weights of the 

bottom end weldment (527 lb) and the fuel tubes (3,676 lb) are transmitted directly into the end 

of the canister, the remaining load acting over the area of the spacers is 12,286 lb. For the 1-ft 

end-drop, the deceleration is 20 g, which results in a total end-drop load of 245,7120 lb. The area 

in compression is 7z(3.0 2- 1.75 2)/4 = 4.66 in 2. The compressive stress, is 245,720/(8 x 4.66) 

6,591 psi, and is considered to be a membrane stress.  

Based on the ASME Code, Section 1EI, Subsection NG, the allowable membrane stress is 1.0 Sm.  

Using a conservative material temperature for the outer edge of the support disk of 500'F, 

Sm = 17.5 ksi. The corresponding margin of safety is 

MS = (17,500/16,591) - I + 1,66.  

Therefore, structural adequacy of the tie rod/spacer assemblies is demonstrated.
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2.6.13.11 Support Disk Shear Stresses for 1-Foot Drops 

The ASME Code, Section III, Division 1, Subsection NG, criteria define the Level A allowable 
for shear stress to be 0.6 Sm. The extrapolated design stress intensity for 17-4 PH at a bounding 

temperature of 750'F is 41.9 ksi. The maximum stress intensity across any section (membrane 

stress) for the 1-ft side-drop is 31.4 ksi for the 450 drop orientation at Case 1. Similarly, for the 
end-drop, a maximum membrane stress across a section is 0 ksi for the 1-ft drop. Therefore, the 
maximum shear stress for any normal loading condition is 31.4/2 or 15.7 ksi.  

Using the allowable stresses as stated previously, the minimum margin of safety for shear is 

MS = [2(0.6)Sm /SI] - 1 
= [2(0.6)(41.9)/31.4] - I 

= + 0.60 

Therefore, structural adequacy of the PWR fuel basket support disk design for the normal 

conditions of transport, 1-ft side and end-drops is demonstrated for shear stress criteria.

2.6-230



SAR - UMS® Universal Transport Cask March 2001 
Docket No. 71-9270 Revision UMST-OIB 

2.6.13.12 Bearing Stress - Basket Contact with Canister Shell 

For the bearing stress (Sbr) acting along the basket support disk-canister shell interface, an 

angular contact of 18' is considered on the basis of ANSYS gap element status (at a radius of 

32.75 in). The load considered to be acting on the support disks is the total contents weight 

(55,810 lb), times the deceleration value of 20 g, divided among 30 support disks in the basket.  

The bearing area is considered to be the 0.5-in. thick disk over an 18' contact area.  

Sbr = (55,810)(20)/[(0.5)(30)(71)(65.5)/(360/18)] = 7,233 psi 

The allowable bearing stress is the yield stress, which is 89.8 ksi for SA-693, Type 630, 17-4 PH 

stainless steel at a temperature of 400'F. The margin of safety for the support disk (not the 

canister) is computed as 

MS = 8 9 .8 /Sbr - = +11.41.  

2.6.13.13 Basket Weldment Analysis for 1-Foot End-Drop 

The responses of the top and bottom weldment plates of the fuel assembly to a 1-ft end-drop in 

conjunction with the thermal expansion stress are evaluated in this section. The top and bottom 

weldment plates are 1.25-in.-thick and 1.0-in.-thick plates of Type 304 stainless steel, 

respectively. The weldments support their own weight plus the weight of 24 PWR fuel assembly 

tubes. A finite element analysis is performed for both plates, because the support for each 

weldment is different as a result of the location of the welded ribs for each. Both models use the 

SHELL63 element, which permits out-of-plane loading. Figures 2.6.13.13-1 and 2.6.13.13-2 

show the finite element models for the top and bottom weldments, respectively. The load from 

the fuel tube is represented as point forces applied to the nodes at the periphery of the fuel 

assembly slots. An average point force is applied. The application of the nodal loads at the slot 

periphery is accurate because the tube weight is transmitted to the edge of the slot, which 
provides support to the fuel tubes in the end-drop condition. The analysis using the applied 

nodal forces demonstrates that the weldment design satisfies the primary membrane (Pm) and the 

primary membrane plus bending (Pm+Pb) stress criteria. Thermal expansion stresses are also 

analyzed. The determination of the weldment temperatures is discussed in Chapter 3.0.
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The margins of safety are calculated as 

MS = [(Pm + Pb) / 1.5 Sm] - 1 

or 

MS = [(Pm + Pb + Q) / 3 Sm] -1

The margins of safety evaluated for the weldments are shown in Table 2.6.13.13-1. The 
weldments are shown to satisfy the stress criteria in the ASMIE Code, Section EIE, Division I, 

Subsection NG.
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Figure 2.6.13.13-1 
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Figure 2.6.13.13-2 Finite Element Model of the Bottom Weldment Plate 
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Table 2.6.13.13-1 Minimum Margins of Safety for the Top/Bottom Weldments for 1-Foot 

End-Drop

2.6-235

Allowable 
Component/Condition Pm (ksi) Sm (ksi) MS 

Top Weldment/!-ft End-Drop 5.86 17.38 +1.97 

Bottom Weldment/1-ft End-Drop 6.13 17.56 +1.86 

Allowable 

Component/Condition Pm + Pb (ksi) 1.5Sm (ksi) S 

Top Weldment/1-ft End-DroP 2.54 26.07 +9.26 

Bottom Weldment/l-ft End-Drop 4.33 26.34 +5.08 

Allowable 

Component/Condition Pm + Pb + Q (ksi) 3Sm (ksi) MS 

Top Weldment/!-ft End-Drop + Thermal 35.41 5214 +0.47 

Bottom Weldmenti•-ft End-Drop + Thermal 35.27 52.68 +0.49



SAR - UMS® Universal Transport Cask March 2001 
Docket No. 71-9270 Revision UMST-01B 

2.6.13.14 Support Disk Buckling Evaluation 

The PWR fuel basket support disks are subjected to compressive nd inertial loads during impact 
conditions. Depending on the cask orientation for the impact,hboth in-plane and out-of-plane 
loads are applied to the support disk. The in-plane loads (basket side impact component) apply 
compressive forces and in-plane (strong axis) bending moments on the support disk and the out
of-plane inertial loads (basket end-impact component) produce out-of-plane (weak axis) bending 
moments on the support disk.  

Buckling of the support disk is evaluated in accordance with the methods and acceptance criteria 
of NUREG/CR-6322. The support disk buckling evaluation for the hypothetical accident 
conditions is presented in Section 2.7.8.3.  

2.6.13.14.1 Support Disk Buckling Evaluation Input Data 

The support disk is constructed of SA-693, Type 630, 17-4 PH stainless steel plate. The 
properties are evaluated at the actual temperature of the locations where buckling evaluations are 
performed.  

2.6.13.14.2 Detailed Support Disk Buckling Evaluation 

Methodology 

The buckling evaluation of the support disk web is based on the Interaction Equations 31 and 32 
in NUREG/CR-6322. These two equations adopt the "Limit Analysis Design" approach for 
structural members subjected to stresses beyond the yield limit of the material, i.e., for members 
deformed elastically as a result of both axial load and bending moment. Other equations 
applicable to the calculations are listed later in this section.  

The maximum forces and moments are determined for the end-drop condition and for four 
different radial orientations of the support disk for the side-drop condition based on the stress 
results of the, finite element analysis (Sections 2.6.13.4 through 2.6.13.7). The forces and
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moments for the cask off-angle drop conditions are determined from the end and side drop results 

based on the drop. angle. The buckling evaluations account for both in-plane (about the strong 

axis of the web) and out-of-plane (about the weak axis of the web) buckling modes. Evaluation 

for strong axis buckling is performed only for the side drop condition since it is the governing 

case. Evaluation for weak axis buckling is performed for all end drops and off-angle drops (0', 

230, 300, 400, 450, 50, 600, 700, 750 800, 85', and 880).  

Detailed buckling calculations are performed using ANSYS macros. The methodology and 

equations used in the calculations are those from NURREG/CR-6322. The load amplification 

factors used are 20 g for i-ft end-drop, 1-ft side-drop, and off-angle drop conditions. The 

buckling evaluation is performed for each of the sections identified in Figures 2.6.13.2-3 and 

2.6.13.2-4.  

The buckling evaluation methodology/equations are summarized as follows: 

Symbols and Units 

P = applied compressive axial load, kips 

M = moment, kips-in.  

Pa = allowable axial compressive load, kips 

Pcr = critical axial compression load, kips 

Pe = Euler buckling loads, kips 

Py = plastic axial load, equal to profile area times specified minimum yield stress, kips 

(for normal operating condition) 

C, = column slenderness ratio separating elastic and inelastic buckling 

Cm = coefficient applied to bending term in interaction equation 

Mm= critical moment that can be resisted by a plastically designed member in the 

absence of axial load, kip-in.  

Mp = plastic moment, kip-in.  

Fa = axial compressive stress permitted, ksi 

Fe = Euler stress for a prismatic member divided by factor of safety, ksi 

k = ratio of effective column length to actual unbraced length 

!= unbraced length of member, in.
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r = radius of gyration, in.  

Sy = yield stress allowable, ksi 

A = area of the ligament, in2 

Z, = plastic section modulus with respect to the major axis, in3 

Y = allowable reduction factor, dimensionless.  

From NUREG/CR-6322, the following equations are used to evaluate the support disk for normal 

conditions: 

P CmM -_ + " I .< 1 .0 
P- r .- SMml-L-J 

P M 

P+ <1.0 
P3, 1.18 Mp 

where: P, = 1.7 x A x Fa

1 ( k.1 1 2k.1y 

3 85•1•:) 8 1r.C C 

Pe = 1.92xAxF, 

2~2 

F,= 7E(kE 2 (non-austenitic) 
1.92 --- ) 

1l( .1E (austenitic) 

= \rS 

Pýy $y SXA

k-1 [ E 
for - - -< C e • = 

r Vs
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Cm = 0.85 for members with joint translation (sideways).  

MP= SYxZI

Buckling evaluation is performed at all sections defined in Figures 2.6.13.2-3 and 2.6.13.2-4.  

Using the cross-sectional stresses calculated at each of the section located in the web for each 

loading condition the corresponding compressive forces (P) and bending moment (M) are 

determined as follows,

P = 

M = Yb5 '

q Strong 
Axis 

-- t = thickness 
Weak I of disk 
Axis ._ _ _ 

b

where, a•m is the membrane stress, ob is the strong axis bending stress or weak axis bending 

stress, A is the area (b x t), and S is the section modulus (tb2/6 for strong axis bending and bt2/6 

for weak axis bending).  

Support disk buckling evaluation results

The equations used in the buckling analysis are:

M= C: M (Pe + M] < 1) (Eq. 31, NUREG/CR-6322) 
( - P/PeJM

and P2 = P/Py
M=M 
M =1.18 M (P1 + MI_< 1) (Eq. 32, NUREG/CR-6322)

The margins of safety are calculated as:
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1 MS1= -1 
P1 +M, 

and MS2 - -1 P, + M,

(based on Eq. 31, NUREG/CR-6322) 

(based on Eq. 32, NUREG/CR-6322)

Table 2.6.13.14-1 summarizes the worst buckling margins of safety for each stress category and 
thermal case for normal conditions of transport. As the results demonstrate, the PWR support 
disks meet the requirements of NUREG/CR-6322.
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Table 2.6.13.14-1 Minimum Margins of Safety from Buckling Evaluation of PWR Support 

Disk

Loading Stress Thermal Section Drop Basket P P0. M MP M. MS1 MS2 

Condition State* Case Number Angle Angle (kip) (kip) (in-kip) (in-kip) (in-kip) 

Strong Axis Buckling 

Normal P A 21 90.00 45.00 3.8 39.3 2.9 10.9 10.7 1.97 2.18 

P+Q A 4 90.00 26.28 7.8 59.6 6.2 23.6 23.6 1.80 1.88 

P B 21 90.00 45.00 4.1 46.7 3.2 13.1 12.7 2.26 2.51 
P+Q B 21 90.00 45.00 4.2 46.7 3.3 13.1 12.7 2.20 2.45 

Weak Axis Buckling 

Normal P A 29 85.00 0.00 10.3 47.5 0.0 8.5 7.4 3.59 5.57 

P+Q A 29 90.00 0.00 13.7 47.5 0.0 8.5 7.4 2.47 3.97 

P B 29 85.00 0.00 10.6 53.4 0.0 9.8 8.5 4.02 6.40 
P+Q B 29 85.00 0.00 10.6 53.4 0.0 9.8 8.5 3.98 6.33 

* P = Primary Stress, P+Q Primary + Secondary Stresses.
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2.6.14 BWR Transportable Storage Canister Analysis - Normal Conditions of Transport 

In this section, the Transportable Storage Canister Assembly containing BWR fuel is evaluated 

for the normal conditions of transport. The principal components of the canister assembly are the 

canister, fuel basket assembly, shield lid, and structural lid. The canister and the canister shell, 

bottom plate, and lids are shown in Figures 2.6.14-1 and 2.6.14-2.  

Spacers are used to properly locate the canisters containing Class 4 and 5 BWR fuel in the cask 
cavity. The analysis of the spacers is presented in Section 2.6.16. The geometries and materials 

of construction of the canister, baskets, and spacers are described in Section 1.2.1.2.
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Figure 2.6.14-1 BW] 
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Figure 2.6.14-2 BWR Transportable Storage Canister Shell and Lids
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2.6.14.1 Analysis Description 

Two canisters of different lengths are designed to accommodate the two classes of BWR fuel.  

The overall lengths of the two BWR canisters are 185.75 in and 190.55 in. Other design 

parameters of the canisters are provided in Table 1.2-3. For this analysis, the largest load per 

disk configuration (BWR Class 4) is modeled with the longest canister of 191.95 in.  

As is the case for the PWR canister, the structural design criteria for the BWR canister is the 

ASME Code, Section f1I, Subsection NB. Consistent with this criterion, the structural 

components of the canister are shown to satisfy the allowable stress limits presented in Tables 

2.1.2-3 and 2.1.2-4 as applicable. The allowable stresses used in this analysis are based on a 

maximum material temperature of 380'F for all locations in the canister, unless otherwise 

indicated. These allowables are conservative for all sections because the maximum temperature 

in the canister shell central region is determined to be 372°F in the thermal analysis presented in 

Section 3.4.2. For the canister structural lid weld (Section 13, Figure 2.6.12.3-1), base metal 

properties are used to define the allowable stress limits since the weld filler rod tensile properties 

are greater than the base metal. Also, the allowable stress is multiplied by a stress reduction 

factor of 0.8 per IS G-4.  

The ANSYS finite element computer program is used to analyze the canister for the 1-ft free

drop condition in the top and bottom end, side, and top and bottom corner-impact orientations.  

In addition, the effects of normal operating internal pressure and thermal stresses resulting from 

exposure of the cask to the hot (100°F ambient and solar insolance) and cold (-40'F ambient) 

normal conditions are evaluated. The worst-case stresses from these analyses are presented in 

Section 2.6.14.4.  

2.6.14.2 Finite Element Model Description - BWR Canister 

To evaluate the BWR Transportable Storage Canister for normal conditions of transport, ANSYS 

is used to construct and analyze a finite element model of the canister and its contents. The 

contents modeled consist of the fuel basket support disks and weldments. The fuel assemblies, 

fuel tubes, tie-rods, and related hardware are not explicitly modeled but are accounted for by 

applying pressure loads to the support disk slots as appropriate.
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The maximum unit load per length results in the largest bearing stresses. Stresses in the top and 
bottom of the canister are not affected by its length. Moreover, distortion in the shell is not 
affected by the 6-in differential of the longest canister and the shortest canister.  

The finite element model of the BWR canister is similar to the model for the PWR canister. A 
detailed description of the PWR model is provided in Section 2.6.12.2. Table 2.6.14.2-1 lists the 
real constants assigned to specific components of the model. Table 2.6.14.2-2 lists the material 
properties used for the model.  

Figure 2.6.14.2-1 is a plot of the entire canister finite element model. An isolated view of the 
canister shield and structural lids portion of the model is presented in Figure 2.6.14.2-2, and an 
enlarged view of the model in the structural lid and shield lid weld regions is shown in Figure 
2.6.14.2-3. The canister bottom plate portion of the model is shown in Figure 2.6.14.2-4.  

The loading for the normal operating condition is based on 1-ft drops in conjunction with the 
internal pressure loading (to the canister). Drop orientations considered are the top and bottom 
end, side, and top and bottom corner-drops. The transfer of loads due to the drop orientations 
and the resulting stresses are similar to the PWR canister case discussed in Section 2.6.12.2. The 
contents weight analyzed includes 38,920 lb for all fuel assemblies (56 fuel assemblies), the fuel 
tubes weight (4,034 lb), the disk spacer weight (1,060 lb), and the tie rods and nuts weights (586 
+ 116 lb). The actual bounding fuel assembly weight is 38,976 lb. The effect of the increased 
contents weight is discussed below.  

For the side and corner-drops, the weights of the fuel assemblies (Wt•), fuel tubes (Wtubs), tie 
rods (Wrds), nuts/washers (Wnuts), and spacers (Wspacers) are included in the model by applying a 
pressure load (Fs1 ot) to the slot openings of the support/weldment disks. This pressure load is: 

F,]ot - Wfuel + Wtubes + Wrods + Wnuts + Wspacers X g Ns10 ts xw slo x Ndisks 

where, 

NSlot= number of slot openings in each supportL/weldment disk, 
Wiot = width of each slot opening in each support/weidment disk, 

Ndiss= number of supportlweldment disks, and 
g the associated g-loading for the drop height of interest.
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For basket orientations other than 00, the components of this pressure load are applied to two 

faces of the slot opening. For comer-drops, the component resulting from accounting for the 

drop angle is used as the pressure load on the disk slot openings.- For the BWR canister drop 

analyses, with 56 slot openings, a slot opening width of 6.278 inches, and a total of 35 

support/weldment disks (33 support disks and 2 weldment disks), the base pressure load is: 

38,920+ 4 ,0 3 4 + 5 8 6 +1 16 +1,0 6 0 XgFl0t 56x6.278x35 

For the end drops, a uniform pressure representing the total weight of the fuel and fuel basket 

(54,351 ib) is applied to the canister shield lid (for top end-drop) or canister bottom plate (for 

bottom end-drop). For the corner-drops, the component of this uniform pressure resulting from 

accounting for the drop angle is applied to the appropriate elements.  

Design changes were made to the BWR basket after the finite element analyses of the canister 

were performed. The effects of the design changes are evaluated as follows. The support disks 

were changed from thirty-three (33) 0.75-inch thick disks to forty (40) 0.625-inch thick disks.  

Reducing the thickness of the support disks makes them more similar to the PWR support disks 

(0.5-inch thick). Increasing the number of disks distributes the internal load more uniformly on 

the canister shell. Also, seventeen (17) aluminum heat transfer disks were added to the BWR 

basket design. The heat transfer disks do not provide structural support, but their addition along 

with the associated spacers does add weight that must be considered.  

The increase in the number of support disks has a minimal effect on the stress results presented 

in this section since this change helps to distribute the load to the canister shell more evenly. In 

addition, the design changes and bounding fuel assembly weight results in a total fuel and fuel 

basket weight of 56,821 lb. This is an increase in weight of 2,471 lb (a 4.5% increase) over the 

total fuel and fuel basket weight (54,351 lb) used in the BWR canister analyses. Therefore, the 

stress intensities presented in the following tables for the BWR canister are conservatively 

ratioed up according to the following: Sections 3 through 8 (see Figure 2.6.14.3-1) are increased 

by 5% for the side and corner-drops to account for the additional contents weight on the canister 

shell. Sections 1 and 14 stress intensities are increased by 5% for the bottom end and bottom 

corner-drops to account for the additional load on the canister bottom end. Sections 12, 13, 15,
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and 16 stress intensities are increased by 5% for the top end and top corner-drops to account for 
the additional load on the canister shield lid.  

The operational conditions also contain loads developed from the temperature distribution in the 
canister. The temperature distributions used for the BWR canister analysis are obtained from the 
PWR thermal evaluation since this resulted in conservative values of the temperatures and 
temperature gradients in the canister. These are included in the canister model analyses. The 
thermal analyses are described in Section 3.4.  

The BWR canister is analyzed for basket orientations of 0' and 45'. To accurately predict the 
canister response to impact, both orientations are run for these drop orientations: side, top comer, 
and bottom comer. Top- and bottom-end-drops are not required because the basket disks are not 
included in these runs (their presence is accounted for by using applied pressure loads to the 
inner surface of the top or bottom).
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Figure 2.6.14.2-1 BWR Canister Assembly Finite Element Mesh (with 450 Basket 

orientation)
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Figure 2.6.14.2-2 Canister Structural and Shield Lid Finite Element Mesh
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Figure 2.6.14.2-3 Structural and Shield Lid Weld Regions Finite Element Mesh 
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Figure 2.6.14.2-4 Canister Bottom Plate Finite Element Mesh
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Real Constant Sets Defined in Canister Model

Real Constant Set Component 

1 Canister Bottom Plate (SOLID45) 
2-9 Canister Shell (SOLID45) 

10-11 Shield Lid (SOLID45) 
12-13 Structural Lid (SOLID45) 

100 Axial Gaps from Canister Bottom Plate to Cask Shell (CONTAC52) 
200 Radial Gaps from Canister Side to Cask Shell (CONTAC52) 
300 Axial Gaps from Structural Lid Top to Cask Shell (CONTAC52) 
400 Axial Gaps Between Structural and Shield Lid (COMBIN40) 
500 Radial Gaps Between Shield Lid and Canister Inner Surface (CONTAC40) 
600 Radial Gaps Between Shield Lid and Canister Inner Radius (CONTAC52) 
700 Axial Gaps Between Shield Lid and Canister Wall to Simulate Backing 

Ring (COMBIN40) 
800 Radial Gaps Between Basket and Canister Inner Surface (CONTAC52) 
1000 Intermediate Basket Thickness Real Constant 
1100 End Basket Thickness Real Constant 
1200 Weak Spring Real Constant

Table 2.6.14.2-2 Material Sets Defined in Canister Model

2.6-253

Material Component Material 
Property Set 

1 Canister Shell and Structural 304L Stainless Steel; ASME SA240 
Lid 

2 Top and Bottom End Basket 304 Stainless Steel; ASME SA240 
Disk 

3 Shield Lid 304 Stainless Steel; ASME SA240 
4 Support disk ASME SA-533, Type B Class 2 

Carbon Steel
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2.6.14.3 Thermal Expansion and Thermal Stress Evaluation of Canister for BWR Fuel 

A thermal stress evaluation is performed by using ANSYS to determine the differential thermal 
expansion and the associated thermal stresses that result from a heat load of 16 kW. In assessing 
the thermal stresses, the following three extreme conditions are considered: 

Solar Insolance Applied 
Condition Ambient Temperature to Cask Surface 16 kW Fuel Load 

1 100°F Yes Yes 
2 -40°F No Yes 
3 -40°F No No 

The temperatures employed in the thermal stress analysis are obtained by applying temperatures 
at 36 key locations on the canister shell and ends to the thermal equivalent model of the structural 
canister model as thermal boundary conditions. These temperatures are taken from the thermal 
evaluation described in Section 3.4. The temperature distribution of the PWR canister is 
conservatively used in the BWR canister analyses since this produces the peak temperatures and 
temperature gradients. The structural finite element model is described in Section 2.6.14.2 and 
2.6.12.2. The equivalent thermal model is obtained by changing the structural element 
SOLID45, which has three global displacements for degrees of freedom, to a SOLID70, which 
has temperature degrees of freedom at the individual nodes.  

The temperature-dependent thermal conductivity for the canister material is employed in the 
thermal conduction analysis. The temperatures generated in this analysis are used in the thermal 
stress analysis to evaluate the properties at temperature as well as the stresses resulting from 
thermal expansion. Using this method, two separate cases are evaluated: a hot case (100°F ambient 
with solar heat load and maximum decay heat) and a cold case (-40'F ambient and maximum decay 
heat). Condition 3 is not evaluated because the entire assembly would be at -40'F for the 
conditions described.  

According to the ASME Code, Section III, Subsection NB, the allowable stress criteria are based 
on the evaluation of linearized stresses across critical cross sections through the canister wall.  
For the evaluation of the thermal stresses, the criteria for the stresses are based on peak stresses.  
The stress values taken from the analyses are the nodal stresses at the surface. The sections used 
in this evaluation are shown in Figure 2.6.14.3-1. The thermal stresses reported in Tables 
2.6.14.3-1 and 2.6.14.3-2 correspond to the maximum stresses for any circumferential section for 
the locations shown in Figure 2.6.14.3-1.
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For Conditions 1 or 2, the canister is hotter than the cask body and will undergo more thermal 

expansion than the cask body. To conservatively determine the minimum gap between the 

canister and the cask body results from thermal expansion, only expansion of the canister is 

considered as is the case in the analysis of the PWR canister. The canister is considered to be at 

380'F (the maximum shell temperature for Condition 1 is 372°F) and the cask inner shell 

temperature is assumed to be 70'F. These conditions are conservatively bounded by the analysis 

presented in Section 2.6.12.3. Section 2.6.12.3 also provides a conservative evaluation of the 

axial thermal growth.

2.6-255



SAR - UMS® Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-01B

Figure 2.6.14.3-1 Identification of the Sections for Evaluating the Linearized Stresses in the 
Canister
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Table 2.6.14.3-1 BWR Canister Linearized Q Stresses-Thermal Only (Hot 1)

Q Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 180 -0.5 0 2.3 -0.1 0 -0.2 2.8 47.9 16.29 

2 9 0 -0.6 1.3 0 0 0.2 1.9 47.9 23.99 

3 9 0 -0.6 1.2 0 0 0.2 1.8 47.9 25.87 

4 0 0 -0.2 0.1 0 0 0 0.2 47.9 193.56 

5 0 0 -0.5 0.3 0 0 0 0.8 47.9 59.35 

6 0 0 -0.8 0.5 0 0.1 0 1.3 47.9 36.13 

7 0 0 -0.5 0.1 0 0 0 0.6 47.9 76.09 

8 90 1.1 1.6 0 0 0 0 1.6 47.9 28.39 

9 162 0 -1.4 -0.4 -0.1 0 0.1 1.5 47.9 30.75 

10 90 0.3 1.5 -0.1 -0.2 0 0.1 1.6 47.9 28.3 

11 81 -0.4 -1 0.2 -0.1 -0.1 -0.1 1.3 47.9 36.48 

12 162 -0.2 0.7 0 -0.1 0.1 -0.2 1 47.9 46.99 

13 81 -0.3 0.4 -0.6 0 -0.1 0 1 38.32 37.32 

14 0 -9 -1.1 -8.9 0.6 0.7 0.7 8.6 47.9 4.54 

15 180 0.3 0 0 -0.8 0 2 4.2 47.9 10.33 

16 180 -0.2 0 0.2 -0.6 0 -1.2 2.7 47.9 16.45 

Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.3-2 BWR Canister Linearized Q Stresses-Thermal Only (Cold 2)

Q Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 180 -0.5 0 2.5 -0.1 0 -0.2 3.1 47.9 14.55 
2 45 1.3 0.5 1.3 0 0 1 2.1 47.9 21.79 
3 9 0 -0.6 1.4 0 0 0.2 1.9 47.9 23.64 
4 0 0 -0.2 0.1 0 0 0 0.3 47.9 159.33 
5 0 0 -0.6 0.4 0 -0.1 0 0.9 47.9 49.66 
6 0 0 -1 0.5 0 0.1 0 1.5 47.9 30.31 
7 0 0 -0.7 0.1 0 0 0 0.8 47.9 60.83 
8 90 1.2 1.8 0 0 0 0 1.8 47.9 25.66 
9 162 0.1 -1.4 -0.4 -0.1 0 0.1 1.5 47.9 30.23 
10 90 0.4 1.7 -0.1 -0.2 0 0.1 1.8 47.9 24.97 
11 81 -0.5 -1.1 0.2 -0.1 -0.1 -0.2 1.4 47.9 32.93 
12 162 -0.2 0.7 0 -0.1 0.2 -0.2 1 47.9 44.7 
13 81 -0.4 0.4 -0.7 0 -0.1 0 1.1 38.32* 33.84 
14 0 -10.1 -1.3 -9.9 0.6 0.8 0.7 9.5 47.9 4.04 
15 180 0.3 0 -0.1 -0.7 0 1.7 3.7 47.9 11.83 
16 180 -0.2 0 0.2 -0.6 0 -1.1 2.4 47.9 18.7 

Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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2.6.14.4 Stress Evaluation of BWR Canister for 1-Foot End-Drop Load Condition 

A structural analysis is performed using ANSYS to evaluate the effect of a 1-ft end-drop impact 

for both the bottom and top end orientations of the BWR canister. The ASME Code, Section HII, 

Subsection NB requires that the stresses from operational loads be assessed on the basis of the 

primary loads. The primary loads for the 1-ft drop are due to the deceleration of the canister and 

its contents and the 25 psig pressure load internal to the canister. The applied deceleration is 20 g 

for both orientations. The inertial load of the canister is addressed by the deceleration factor 

applied to the canister density. The contents weight is represented by a pressure load on the inner 

end surface of the canister. Displacement constraints are applied to the plane of symmetry and 

the gap elements attached at the canister end to represent the top or bottom of the transport cask.  

To determine the effect of the 25 psig pressure load, the top-end and bottom-end orientations 

with and without the pressure load are analyzed.  

The locations of the linearized stresses are shown in Figure 2.6.14.3-1. The maximum stresses 

for Pm and Pm + Pb are tabulated in Tables 2.6.14.4-2 through 2.6.14.4-7. Results from the end

drop analyses are presented for the cases that result in the minimum margins of safety. The 

critical sections for the pressure and the pressure plus the deceleration load, with reference to the 

section and the appropriate tables, are shown in Table 2.6.14.4-1. The margins of safety in these 

tables are calculated as: 

MS = (allowable stress/SI) -1.
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Table 2.6.14.4-1 BWR Canister Critical Sections for the 1-Foot End-Drop Condition

2.6-260

Critical Minimum 

Condition Stress Section Table Margin of Safety 

Pressure (only) Pm 2 2.6.14.4-2 + 4.04 
Pressure (only) Pm + Pb 3 2.6.14.4-3 + 1.28 
Top End-Drop Pm 3 2.6.14.4-4 + 4.15 
Inertia 

Top End-Drop Pm + Pb 2 2.6.14.4-5 + 1.65 
Inertia 

Bottom End-Drop Pm 4 2.6.14.4-6 + 4.18 
+ Pressure 

Bottom End-Drop Pm + Pb 2 2.6.14.4-7 + 6.13 
+ Pressure
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Table 2.6.14.4-2 BWR Canister Pm Stresses - Internal Pressure 

Pm Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -0.1 2 0.7 -0.4 0 0.1 2.2 16 6.12 

2 0 0.9 -1.4 -2.2 -0.4 0 -0.2 3.2 16 4.04 

3 0 0.6 -0.9 -2.6 -0.2 0 -0.2 3.2 16 3.94 

4 180 0 0.7 1.3 0 0 -0.1 1.3 16 10.95 

5 0 0 0.7 1.3 0 0 0.1 1.3 16 11.02 

6 0 0 0.7 1.3 0 0 0.1 1.3 16 11.02 

7 0 0 0.7 1.3 0 0 0.1 1.3 16 11.02 

8 0 0 0.7 0.7 0 0 0.1 0.7 16 22.62 

9 0 0 0.5 0.3 0.1 0 0 0.5 16 33.49 

10 0 -0.3 0.3 0.2 -0.1 0 0 0.6 16 25.64 

11 18 0.3 -0.1 0.2 0 0 -0.1 0.4 16 38.49 

12 0 -0.1 -0.4 0 -0.1 0 0 0.5 16 34.2 

13 180 0 0.3 0.2 0 0 0 0.3 12.8* 41.67 

14 90 0.3 0 0.3 -0.1 0.1 0 0.4 16 35.12 

15 180 0 0 0 0 0 0 0 16 1809.97 

16 90 0 0 0 0 0 0 0 16 378.21 

Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.4-3 BWR Canister Pm + Pb Stresses - Internal Pressure 

Pm+ Pb Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 0.9 4.5 -0.5 -0.2 0 -0.1 5 24 3.77 
2 0 0.8 -9.5 -4.6 -0.7 0 -0.4 10.5 24 1.28 
3 0 0.7 -9.1 -5 -0.4 0 -0.4 9.8 24 1.44 
4 0 0 0.7 1.3 0 0 0.1 1.4 24 16.64 
5 0 0 0.7 1.3 0 0 0.1 1.4 24 16.74 
6 0 0 0.7 1.3 0 0 0.1 1.3 24 16.77 
7 180 0 0.7 1.3 0 0 -0.1 1.4 24 16.76 
8 0 0 0.7 0.7 0 0 0.1 0.7 24 31.43 
9 0 0.1 0.9 0.5 0.1 0 0 0.9 24 26.1 
10 180 -0.1 1.4 0.6 0 0 -0.1 1.5 24 14.52 
11 18 0.2 -0.9 -0.1 0.1 0 -0.1 1.1 24 20.14 
12 135 -0.2 -0.8 -0.2 0.1 0.1 -0.1 0.7 24 34.23 
13 0 -0.4 0 0 0.1 0 0 0.4 19.2* 47.00 
14 90 8.1 0.1 8.1 -0.1 0.1 0 8.1 24 1.97 
15 90 -0.6 0 -0.6 0 0 0 0.6 24 39.21 
16 90 0.3 0 0.3 0 0 0 0.3 24 73.72 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.4-4 BWR Canister Pm Stresses - 1-Foot Top End-Drop

Pm Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 0.1 -1.7 -0.6 0.3 0 -0.1 2 16 7.19 

2 0 -0.7 1.2 2.1 0.4 0 0.2 2.9 16 4.46 

3 0 -0.5 0.8 2.6 0.2 0 0.2 3.1 16 4.15 

4 171 0 -0.8 0 0 0 0 0.8 16 18.84 

5 36 0 -1 0 0 0 0 1 16 14.77 

6 144 0 -1.2 0 0 0 0 1.2 16 12.07 

7 171 0 -1.4 0 0 0 0 1.4 16 10.13 

8 180 0 -1.3 0 0 0 0 1.4 16 10.52 

9 135 -0.1 -1 -0.1 0 0 0.1 1 16 14.79 

10 144 -0.1 -1 -0.1 0 0 0.1 0.9 16 16.12 

11 135 -0.1 -0.9 -0.1 0 0 0.1 0.9 16 16.62 

12* 144 0 -0.7 -0.1 0 0 0 0.8 16 19.77 

13* 180 0 -0.8 -0.1 0 0 0 0.8 12.8"* 15.00 

14 90 -0.2 0 -0.2 0.1 -0.1 0 0.4 16 41.06 

15* 144 0 -0.3 0 0 0 0 0.4 16 43.07 

16* 0 0 -0.4 0 0 0 0 0.4 16 38.68 

Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.  

** Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.4-5 BWR Canister Pm + Pb Stresses - 1-Foot Top End-Drop 

Pm + Pb Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -0.7 -4 0.6 0.1 0 0.1 4.6 24 4.2 
2 0 -0.7 8.2 4.2 0.6 0 0.4 9 24 1.65 
3 0 -0.6 7.9 4.6 0.4 0 0.4 8.5 24 1.81 
4 180 0 -0.8 0 0 0 0 0.8 24 28.6 
5 153 0 -1 0 0 0 0 1 24 22.64 
6 162 0 -1.2 0 0 0 0 1.2 24 18.58 
7 180 0 -1.4 0 0 0 0 1.4 24 15.68 
8 180 0.1 -1.3 0 -0.1 0 0 1.4 24 15.81 
9 135 -0.1 -1.2 -0.1 0 0 0.1 1.1 24 20.03 
10 180 0 -1.1 -0.2 0 0 0 1.1 24 20.69 
11 45 -0.1 -1 -0.1 0 0 -0.1 1 24 22.71 

12* 180 0.1 -0.7 -0.1 -0.1 0 0 0.8 24 28.62 
13* 180 0 -0.8 -0.1 0 0 0 0.8 19.2** 23.00 
14 90 -7.3 -0.1 -7.3 0.1 -0.1 0 7.2 24 2.32 

15* 81 0.1 -0.3 0.1 0 0 0 0.4 24 53.27 
16* 0 0 -0.4 0 0 0 0 0.4 24 57.08

Suessesi. UL Lise lications are increased by D",o to account ior the neavier IiWK tuel 
basket/fuel assemblies.  
Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.4-6 BWR Canister Pm Stresses - 1-Foot Bottom End-Drop, Internal Pressure

Pm Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1* 180 0 -0.7 -0.1 0.1 0 0 0.7 16 21.2 

2 180 0.2 -1.9 -0.3 0.1 0 0 2.2 16 6.41 

3 180 0.1 -2 -0.2 0.1 0 0 2.1 16 6.58 

4 180 0 -1.8 1.3 0 0 -0.1 3.1 16 4.18 

5 180 0 -1.6 1.3 0 0 -0.1 2.9 16 4.57 

6 0 0 -1.3 1.3 0 0 0.1 2.7 16 5.01 

7 180 0 -1.1 1.3 0 0 -0.1 2.5 16 5.52 

8 180 0 -0.7 0.7 0 0 -0.1 1.4 16 10.31 

9 72 -0.4 -0.5 -0.1 0 0.1 -0.1 0.4 16 36.29 

10 180 0.4 -0.3 -0.2 -0.1 0 0 0.7 16 21.41 

11 0 -0.5 0.1 -0.2 0 0 0 0.6 16 27.65 

12 0 0.1 0.5 -0.1 0.1 0 0 0.5 16 28.25 

13 180 0 -0.5 -0.3 0 0 0 0.4 12.8** 31.00 

14* 0 0.1 -0.4 0.1 0 0 0 0.5 16 33.31 

15 180 0 0 0 0 0 0 0.1 16 271.79 

16 90 0 0 0 0 0 0 0 16 423.44 

* Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.  

** Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.4-7 BWR Canister Pm + Pb Stresses - 1-Foot Bottom End-Drop, Internal 

Pressure 

P.+ Pb Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1* 180 0.1 -0.7 0 0.1 0 0 0.8 24 27.93 
2 180 0.1 -3.2 -0.7 0.1 0 0.1 3.4 24 6.13 
3 180 0.1 -3 -0.5 0.1 0 0 3.1 24 6.68 
4 0 0 -1.8 1.3 0 0 0.1 3.1 24 6.74 
5 0 0 -1.6 1.3 0 0 0.1 2.9 24 7.31 
6 0 0 -1.3 1.3 0 0 0.1 2.7 24 7.97 
7 0 0 -1.1 1.3 0 0 0.1 2.5 24 8.74 
8 45 0.3 -0.9 0.3 0 0 0.3 1.5 24 14.93 
9 72 -0.5 -1.1 -0.1 0 0.1 -0.1 1.1 24 21.24 
10 90 -0.7 -1.6 0.1 0 0 0 1.8 24 12.59 
11 0 -0.2 1.3 0.2 -0.1 0 0 1.5 24 14.87 
12 90 0.1 0.8 0.5 0 -0.2 0 0.8 24 29.83 
13 180 0.5 0 0 0.1 0 0 0.5 19.2** 37.4 

14* 0 0.1 -0.4 0.1 0 0 0 0.5 24 47.50 
15 90 0.8 0 0.8 0 0 0 0.8 24 28.02 
16 90 -0.4 0 -0.4 0 0 0 0.4 24 59.45 

* Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.  

** Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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2.6.14.5 Stress Evaluation of BWR Canister for Combined Thermal and 1-Foot End-Drop 

Load Condition 

The stress evaluation of the BWR canister is performed by applying the thermal stress loads 

described in Section 2.6.14.3 in conjunction with the primary loads in Section 2.6.14.4 to 

produce a combined thermal stress plus end-impact loading. The evaluation is in accordance 

with the ASME Code, Section mI, Subsection NB. The most critical sections are listed in Table 

2.6.14.5-1. The stresses reported in this table correspond to the nodal stress at the surface. When 

3 Sm is used as the stress criteria, the minimum margin of safety is +2.27. Tables 2.6.14.5-2 

through 2.6.14.5-5 present the peak stresses for the hot and cold conditions for both the top and 

bottom end-drop cases for the loading conditions that result in the minimum margin of safety.  

The margins of safety are calculated as: 

MS = (allowable stress/SI) -1.
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Table 2.6.14.5-1 BWR Canister Critical 

Load Condition

Sections for the Combined I-Foot End-Drop and Thermal

2.6-268

Critical Minimum 

Condition Stress Section Table Margin of Safety 

Top-End-Drop Pm + Pb + Q 14 2.6.14.5-2 + 2.27 

+ Thermal (cold) 

Top-End-Drop Pm + Pb + Q 14 2.6.14.5-3 + 2.42 

+ Thermal (hot) 

Bottom-End-Drop Pm + Pb + Q 14 2.6.14.5-4 + 6.04 
+ Thermal (cold) 

Bottom-End-Drop Pm + Pb + Q 14 2.6.14.5-5 + 7.85 

+ Thermal (hot)
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Table 2.6.14.5-2 BWR Canister Pm + Pb + Q Stresses - 1-Foot Top End-Drop, Thermal Cold 

P.+ Pb + Q Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 162 -0.8 -5.1 1.6 0 0 -0.9 7.1 47.9 5.78 

2 171 -0.5 10 6.5 -0.5 -0.2 -1.1 10.7 47.9 3.5 

3 171 -0.3 9.2 6.6 -0.3 -0.2 -1.1 9.7 47.9 3.94 

4 0 0 -1.2 0 0 0 0 1.2 47.9 39.52 

5 0 0 -1.9 0.2 0 -0.1 0 2.1 47.9 21.85 

6 0 0 -2.6 0.4 0 0.1 0 3 47.9 14.95 

7 0 0 -2.7 -0.1 0 0 0 2.7 47.9 16.85 

8 9 -0.1 -3.3 0 0 0.1 0 3.3 47.9 13.41 

9 162 0.1 -3.1 -0.7 -0.1 -0.1 0.3 3.3 47.9 13.55 

10 0 -0.1 -2 -0.5 0.1 0 0 1.9 47.9 23.64 

11 171 0 -3.2 -0.8 0 0 0.1 3.2 47.9 13.85 

12* 0 0.3 -0.9 -0.1 0.2 0 0 1.4 47.9 33.21 

13* 0 0.1 -1.1 -0.2 0.1 0 0 1.3 38.32** 28.48 

14 0 -15.9 -1.3 -15.1 0.1 -0.8 0 14.7 47.9 2.27 

15* 90 0.1 -0.3 0.1 0 0 0 0.4 47.9 112.07 

16* 0 0.1 -0.5 0.1 0 0 0 0.6 47.9 84.16

*

**

Stresses at these locations are increased by 5% to account for the heavier BWR fuel 
basket/fuel assemblies.  

Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.5-3 BWR Canister Pm + Pb + Q Stresses - 1-Foot Top End-Drop, Thermal Heat 

Pm+ Pb + Q Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 9 -1 -5.1 1.8 0 0 0.5 6.9 47.9 5.9 
2 171 -0.5 9.9 6.3 -0.5 -0.2 -1.1 10.7 47.9 3.49 
3 171 -0.4 9.2 6.4 -0.3 -0.1 -1.1 9.7 47.9 3.92 
4 0 0 -1.1 0 0 0 0 1.1 47.9 40.91 
5 0 0 -1.8 0.2 0 -0.1 0 1.9 47.9 23.6 
6 0 0 -2.4 0.3 0 0.1 0 2.8 47.9 16.39 
7 0 0 -2.5 0 0 0 0 2.5 47.9 18.26 
8 9 -0.1 -3.1 0 0 0.1 0 3.1 47.9 14.54 
9 162 0.1 -3 -0.7 -0.1 -0.1 0.3 3.2 47.9 13.92 
10 162 -0.3 -2.1 -0.6 -0.2 -0.1 0.1 1.8 47.9 25 
11 171 0 -2.9 -0.7 0 0 0.1 3 47.9 15.12 

12* 0 0.3 -0.9 -0.1 0.2 0 0 1.3 47.9 35.24 
13* 0 0.1 -1 -0.1 0 0 0 1.2 38.32** 30.93 
14 0 -15.1 -1.1 -14.4 0.1 -0.7 0 14 47.9 2.42 

15* 90 0.1 -0.3 0.1 0 0 0 0.4 47.9 112.18 
16* 0 0.1 -0.5 0.1 0 0 0 0.5 47.9 86.30

'S Stresses at these locations are increased by 5% to account for the heavier BWR fuel 
basket/fuel assemblies.  

** Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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Table 2.6.14.5-4 BWR Canister Pm + Pb + Q Stresses - 1-Foot Bottom End-Drop, Thermal 

Cold 

Pm+ Pb + Q Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1* 162 0.3 -2.1 1.3 0.2 0 -0.4 3.8 47.9 11.61 

2 9 0 -3.5 1.1 -0.1 0.1 0.2 4.6 47.9 9.48 

3 9 0 -3.5 1 0 0.1 0.1 4.5 47.9 9.69 

4 0 0 -3.1 0 0 0 0 3.1 47.9 14.61 

5 0 0 -3.1 0.3 0 -0.1 0 3.4 47.9 13.21 

6 0 0 -3.2 0.5 0 0.1 0 3.7 47.9 12.02 

7 0 0 -2.6 0 0 0 0 2.7 47.9 17.02 

8 9 -0.1 -2.6 0 0 0.2 0 2.6 47.9 17.59 

9 162 -0.2 -3.3 -1.3 0.1 0.1 0.4 3.3 47.9 13.64 

10 0 0.4 -4 -1.5 0 0.1 -0.1 4.4 47.9 9.98 

11 0 -0.5 2.8 0.7 -0.1 0.1 0.1 3.3 47.9 13.37 

12 18 1.2 1.7 0.4 0.5 0.1 -0.1 1.6 47.9 28.13 

13 0 -1.4 -2.1 -1 0.3 0 0 1.2 38.32** 30.93 

14* 0 -10.8 -4.4 -10 0 0.2 0 6.7 47.9 6.15 

15 72 1.7 0 1.4 0 0 0 1.7 47.9 27.57 

16 81 -0.7 0 -0.6 0 0 0 0.7 47.9 67.25 

* Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.  

** Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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BWR Canister Pm + Pb + Q Stresses - 1-Foot Bottom End-Drop, Thermal 

Heat

Pm+ Pb + Q Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1* 162 0.3 -2 1.2 0.2 0 -0.4 3.5 47.9 12.69 
2 9 0 -3.5 0.9 -0.1 0.1 0.1 4.4 47.9 9.89 
3 9 0 -3.5 0.8 0 0.1 0.1 4.3 47.9 10.12 
4 0 0 -3 0 0 0 0 3 47.9 15.16 
5 0 0 -3 0.2 0 -0.1 0 3.2 47.9 13.91 

6 0 0 -3 0.4 0 0.1 0 3.5 47.9 12.89 

7 0 0 -2.5 0 0 0 0 2.5 47.9 17.93 

8 9 -0.1 -2.4 0 0 0.2 0 2.4 47.9 18.79 
9 162 -0.2 -3.2 -1.3 0.1 0.1 0.4 3.1 47.9 14.42 
10 162 0.1 -3.8 -1.4 -0.1 0.1 0.5 4.1 47.9 10.79 
11 9 -0.5 2.6 0.6 -0.1 0.1 0.2 3.2 47.9 14.15 

12 162 0.7 1.9 0.2 -0.4 0 0.1 1.8 47.9 25.33 
13 0 1 -0.2 0.2 -0.1 0 -0.1 1.2 38.32** 30.93 
14* 0 -9.7 -3.9 -9 0 0.2 0 6.1 47.9 6.87 

15 81 1.7 0 1.4 0 0 0 1.7 47.9 28.04 
16 72 -0.8 -0.1 -0.6 0 0 0 0.7 47.9 67.46 

*Stresses at these locations are increased by 5% to account for the heavierBVR fuel 

basket/fuel assemblies.  
•* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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2.6.14.6 Stress Evaluation of the BWR Canister for 1-Foot Side-Drop Load Condition 

ANSYS is used to determine the stresses in the BWR canister resulting from a 1-ft side-drop.  

The finite element model of the BWR canister is similar to the model for the PWR canister. A 

detailed description of the PWR canister model is provided in Section 2.6.12.2.  

The load resulting from the contents is applied to the basket by means of pressure acting in the 

plane of the disks. The weight is assumed to act over the effective width of 6.428 in. (for 33 

support disks) in which each disk is 0.75 in. thick. This weight is distributed over the 33 support 

disks plus two end weldments. A deceleration factor of 20 g is applied to the weights to provide 

the loading for the basket assembly. In addition to the contents load, a 25 psig pressure is applied 

to the inner surface of the canister. The canister is analyzed for basket orientations of 0' and 45'.  

As discussed in Section 2.6.14.2, the actual design uses 40 support disks of 0.625 in. thickness.  

The impact of these differences are also discussed in Section 2.6.14.2.  

The methodology used to evaluate the stresses for the side-drop are identical to that used for the 

PWR side-drop (Section 2.6.12.6). Sections 9, 10, and 11 at the 00 circumferential position (see 

Figure 2.6.12.3-1) are not included in the evaluation. These regions are characterized as a 

bearing stress since they result from the canister shell bearing against cask inner shell. Section 

2.6.14.11 provides an assessment of the bearing stresses. Sections 9, 10, and 11 at all other 

angular locations are included in the evaluation. Also, Sections 12 and 13 at 0' are treated as 

local membrane stresses. According to the ASME Code, Section 1IE, Subsection NB-3213.10, a 

stressed region may be considered local if the distance over which the membrane stress intensity 

exceeds 1.1 Sm does not extend more than 1.0 times the square root of RT in the meridional 

direction, where R is the minimum midsurface radius of curvature and T is the minimum 

thickness in the region considered. For Section 13, the minimum thickness is that of the canister 

shell (0.625 in.) and the midsurface radius of the shell is 33.2175 in. The resulting distance is 

4.56 in. A section located 4.56 in. from Section 13 in the meridional direction results in a 

membrane stress intensity of 6.44 ksi, which is below Sm. This section conservatively 

encompasses Section 12 since it is located 1.56 in. from this section. The stresses at adjacent 

circumferential sections (i.e., at 90) for Sections 12 and 13 are also included in the tables for 

comparison. The critical sections stresses are reported in Table 2.6.14.6-1 for the Pm and Pm + Pb 

stresses.
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Results are calculated for 1-ft side-drop with internal pressure for both the 00 and 45' basket 
orientations. Tables 2.6.14.6-2 and 2.6.14.6-3 present the worst-case margins of safety for the 
side-drop with the conditions noted. The minimum margin of safety occurs for primary 
membrane without pressure and with pressure for primary membrane plus primary bending. The 
minimum margin of safety for the BWR canister for the side-drop is +0.02, which occurs at 
Section 12 in Figure 2.6.14.3-1. The margins of safety are calculated as: 

MS = (allowable stress/SI) -1.
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Table 2.6.14.6-1 BWR Canister Critical Sections for the 1-Foot Side-Drop Load Condition
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Critical Minimum 

Condition Stress Section Table Margin of Safety 

Side-Drop Pm 1 2.6.14.6-2 +0.11t 

Side-Drop Pm+ Pb 12 2.6.14.6-3 +0.02 

+ Pressure
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Table 2.6.14.6-2 BWR Canister Pm Stresses - 1-Foot Side-Drop 

P. Stresses (ksi) 
Section Angle of Stress Allowable 

Location Peak Stress Intensity Stress Margin of 
Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -13.3 0.1 -4.2 -0.3 -0.1 -2 13.8 16 0.16 
2 0 -8.5 -0.3 -4.6 -0.4 -0.3 -1.4 8.7 16 0.83 

3** 0 -6.1 -0.3 -3.6 -0.3 -0.3 -1.3 6.75 16 1.37 
4** 0 -2.3 -0.5 0.2 0 0 0.1 2.65 16 5.05 
5** 0 -2.3 0.1 0.2 0 0 0.1 2.65 16 5.03 

6** 0 -2.4 0.3 0.2 0 -0.1 0.1 2.88 16 4.56 
7** 0 -2.4 0.3 0.1 0 -0.1 0.1 2.96 16 4.40 

8** 0 -0.8 2.1 -1.1 -0.2 0.5 -0.1 3.56 16 3.50 
9 9 -0.24 2.56 -1.99 0.05 1.35 -1.06 5.73 16 1.8 
10 9 1.45 1.67 -2.09 -0.3 0.99 -0.65 4.6 16 2.48 
11 9 4.17 1.8 -1.1 0.7 1.2 -1.7 6.75 16 1.37 

12* 0 -24.3 -5.4 -6.6 -4.5 1.2 -1 21.6 24 0.11 
12 9 -0.42 -0.18 -3.42 0.15 0.55 -1.9 4.97 16 2.22 

13"-f 0-7.4 -11.61 -3.40 -4.00 0.05 1.10 -2.23 9.96 12.8*** 0.29 
14 0 -0.8 0 0.3 0 0 0 1.1 16 13.12 
15 0 -0.3 0 0.1 0 0 0 0.4 16 35.05 
16 0 -0.5 0 0.1 0 0 0 0.6 16 24.17

Treated as a 

PL+PB.

local membrane stress Allowable for normal conditions is 1.5 Sm= 24 ksi for PL and

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel basket/fuel 
assemblies.  

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  
t" Stress evaluated over weld compression region.
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Table 2.6.14.6-3 BWR Canister Pm + Pb Stresses - 1-Foot Side-Drop, Internal Pressure 

Pm + Pb Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -17.1 -0.9 -5.3 0.2 -0.1 -2 16.5 24 0.46 

2 0 -8 0.8 -2.5 -0.6 -0.3 -1.7 9.4 24 1.55 
3** 0 -5.8 0.9 -1.5 -0.4 -0.3 -1.5 7.7 24 2.12 

4** 0 -2.4 1 3.3 0 0 0.4 6.1 24 2.93 

5** 0 -2.4 1.6 3.6 0 -0.1 0.4 6.4 24 2.75 

6** 0 -2.5 1.8 3.7 0 -0.1 0.4 6.6 24 2.64 
7** 0 -2.5 1.7 3.7 0 -0.1 0.4 6.5 24 2.69 

0 -0.6 2.5 -2.4 -0.2 0.4 -0.2 5.2 24 3.61 

9 9 1.1 6.4 -0.3 -0.08 1.6 0.1 7.44 24 2.22 

10 0 -18.9 -2.1 -4.5 -5.3 1 -1.1 20.3 24 0.18 

11 9 4.3 0.9 -1.4 0.8 1.3 2.7 8.4 24 1.86 

12t 0 -28.6 -6.6 -8.2 -4.3 1.6 -0.7 24.5 25 0.02 

13t* 0-7.8 -16.57 -6.23 -6.42 -0.09 1.68 -2 12.49 20*** 0.60 

14 0 -0.7 0 0.3 0 0 0 1.1 24 21.32 

15 90 -0.7 0 -0.1 0 0 0 0.7 24 34.37 

16 0 -0.6 0 0.1 0 0 0 0.7 24 34.67 

The peak temperature as calculated in Section 3.4 is 265°F in the region of Sections 12 and 13.  

The allowable stress is 1.5 (16.7 ksi) = 25.05 ksi based on this temperature.  
* Stress evaluated over weld compression region.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel basket/fuel 

assemblies.  

*** Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.
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2.6.14.7 Stress Evaluation of BWR Canister for Combined Thermal and 1-Foot Side-Drop 

Load Conditions 

The BWR canister is evaluated by applying the thermal stress loads described in Section 2.6.14.3 
in conjunction with the primary loads in Section 2.6.14.6 to produce a combined thermal stress 
plus 1-ft side-drop loading. The stress evaluation is performed according to the ASME Code, 

Section III, Subsection NB. The most critical sections are listed in Table 2.6.14.7-1. The 

stresses reported in this table correspond to the nodal stress at the surface. Results from the side

drop plus thermal load cases for the configurations that result in the minimum margins of safety 
are presented in Tables 2.6.14.7-2 and 2.6.14.7-3. The minimum margin of safety is +0.42 at 

Section 9 (see Figure 2.6.14.3-1) when 3 Sm is used as the stress criterion. The margins of safety 

are calculated as: 

MS = (allowable stress/SI) - 1.
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Table 2.6.14.7-1 BWR Canister Critical Sections for the Combined 1-Foot Side-Drop and 

Thermal Load Condition
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Critical Minimum Margin 

Condition Stress Section Table of Safety 

Side-Drop P + Q 9 2.6.14.7-2 + 0.42 

Thermal (cold) 

Side-Drop P + Q 9 2.6.14.7-3 + 0.60 

Thermal (hot) I I I I _I
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Table 2.6.14.7-2 BWR Canister Pm + Pb + Q - 1-Foot Side-Drop, Thermal Cold 

Pm + Pb + Q Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -16.4 -1.3 -3 0.3 0 -1.7 15.4 47.9 2.12 
2 0 -6.4 1.5 -0.4 0 -0.2 -1.6 8.3 47.9 4.77 

3** 0 -4.6 1.6 0.2 -0.1 -0.1 -1.3 6.8 47.9 6.04 
4** 0 -2.4 0.8 2.1 0 -0.1 0.3 4.7 47.9 9.19 
5** 0 -2.1 -0.4 2.4 0 -0.3 0.4 4.8 47.9 8.98 

6** 0 -1.9 -1.4 2.1 0 0.2 0.4 4.4 47.9 9.89 
7** 0 -2.3 0.3 2.2 0 -0.1 0.3 4.8 47.9 8.98 

8** 0 -0.3 2.2 -1.7 -0.2 0.6 -0.1 4.3 47.9 10.1 
9 0 -26.6 6.7 -9 -2.1 1.7 0.1 33.7 47.9 0.42 
10 0 -18.8 -2.8 -5 4.5 0.9 -1.1 18.8 47.9 1.54 
11 0 -26.3 3 -8.8 -0.3 1.8 -0.1 29.6 47.9 0.62 
12 0 -26.3 -4.9 -7.9 -3.7 1.7 -0.7 23.4 47.9 1.05 
13 0 -32.4 -9.9 -10.6 -1.2 1.9 -1.4 24.4 38.32* 0.57 
14 0 -11.2 -3.3 -9.4 0 0 0 7.9 47.9 5.07 
15 9 -0.7 0 -0.3 0 0 0 0.7 47.9 72.63 
16 0 -0.6 0 0 0 0 0 0.7 47.9 69.59 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.

2.6-280



SAR - UMS® Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-O1B

Table 2.6.14.7-3 BWR Canister Pm + Pb + Q Stresses - 1-Foot Side-Drop, Thermal Heat 

Pm + Pb + Q Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -14.5 -0.3 -3 0.2 0 -1.5 14.3 47.9 2.35 

2 0 -6 0.9 -0.6 -0.3 -0.1 -1.4 7.3 47.9 5.59 
3** 0 -4.3 1 0 -0.3 -0.1 -1.2 5.9 47.9 7.12 

4** 0 -2.3 0.2 1.5 0 0 0.3 4.1 47.9 10.68 

5** 0 -2.1 -0.5 2.1 0 -0.2 0.4 4.4 47.9 9.89 

0 -2 -1.3 1.7 0 0.2 0.4 4.0 47.9 10.98 
7** 0 -2.2 0.3 1.9 0 -0.1 0.3 4.3 47.9 10.14 

8** 0 -0.3 2.2 -1.4 -0.1 0.5 -0.1 4.0 47.9 10.98 

9 0 -23.4 6.3 -8.3 -1.9 1.5 0.3 30 47.9 0.6 

10 0 -16.6 -2.2 -4.9 -3.9 0.8 -0.8 16.6 47.9 1.88 

11 0 -22.8 2.8 -7.9 -0.2 1.5 0 25.9 47.9 0.85 

12 0 -23.4 -4.2 -7.4 -3.2 1.5 -0.4 20.7 47.9 1.31 

13 0 -28.2 -8.6 -9.7 -1 1.6 -1.1 21 38.32* 0.82 

14 0 -9.7 -2.5 -8 0.1 -0.2 0 7.2 47.9 5.63 

15 27 -0.6 0 -0.3 0 0 0 0.6 47.9 75.57 

16 0 -0.6 0 0.1 0 0 0 0.7 47.9 65.48 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

**Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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2.6.14.8 Stress Evaluation of BWR Canister for 1-Foot Corner-Drop Load Condition 

ANSYS is used to perform a structural analysis to evaluate the effect of a 1-ft end-drop impact 
for both the top and bottom corner orientations of the BWR canister. The ASME Code, Section 
fII, Subsection NB requires that the stresses arising from operational loads be assessed on the 
basis of the primary loads. The primary loads for the 1-ft corner-drop result from the 
deceleration of the BWR canister and its contents and the 25-psig pressure load internal to the 
canister. The applied deceleration is 20 g for both orientations. The inertial load of the canister is 
addressed by the deceleration factor applied to the canister density. The contents weight is 
represented by a pressure load on the inner end surface of the canister and a pressure applied to 
the basket by means of pressure acting in the plane of the disks. Displacement constraints are 
applied to the plane of symmetry and the gap elements attached at the canister end to represent 
the top or bottom of the transport cask.  

The locations of the linearized stresses are shown in Figure 2.6.14.3-1. The maximum stresses 
for Pm and Pm + Pb are presented in Tables 2.6.14.8-2 through 2.6.14.8-5 for the conditions that 
result in the worst case stresses. The critical sections for the pressure and the pressure plus the 
deceleration load, with reference to the section and the appropriate tables, are shown in Table 
2.6.14.8-1. The margins of safety in these tables are calculated as: 

MS = (allowable stress/SI) - 1.
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Table 2.6.14.8-1 BWR Canister Critical Sections for the 1-Foot Corner-Drop Load 

Condition
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Critical Minimum Margin 

Condition Stress Section Table of Safety 

Top Comer- Pm 9 2.6.14.8-2 +0.18 

Drop + Pressure 

Top Comer- Pm + Pb 9 2.6.14.8-3 +0.52 

Drop Inertia 

Bottom Comer- Pm 11 2.6.14.8-4 +0.12 

Drop + Pressure 

Bottom Comer- Pm+ Pb 11 2.6.14.8-5 +0.41 

Drop ±Inertia
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Table 2.6.14.8-2 BWR Canister Pm Stresses - 1-Foot Top Corner-Drop, Internal Pressure 

Pm Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -4.5 0.1 -1.2 0.3 -0.1 -0.6 4.8 16 2.32 
2 0 -0.9 0.4 -0.9 0 -0.2 -0.3 1.7 16 8.54 

3** 0 -0.6 0.4 -0.7 0 -0.2 -0.2 1.4 16 10.37 
4** 0 -0.9 -0.3 1.4 0 0 0.2 2.4 16 5.66 
5** 0 -0.9 -0.3 1.4 0 0 0.2 2.4 16 5.70 

6** 0 -0.9 -0.5 1.4 0 0 0.2 2.4 16 5.68 
7** 0 -0.9 -0.9 1.4 0 -0.1 0.2 2.4 16 5.65 

8** 54 0.5 -1.1 0.2 -0.3 -0.2 0.3 2.0 16 7.04 
9 0 -14.8 -1.8 -4 -1.6 0.5 -0.4 13.6 16 0.18 
10 0 -10.2 -4 -3 -1.7 0.2 -0.7 8 16 1 
11 0 -13.9 -6.1 -4.9 -0.6 0.4 -0.4 9.2 16 0.74 

12** 0 -12.9 -5.7 -2.9 -2.7 0.2 -1 11.7 16 0.37 
13** 0 -12.2 -7.3 -3.7 -0.7 0.2 -1 9.3 12.8* 0.38 

14 0 -0.2 0 0.2 0 0 0 0.4 16 44.29 
15'* 0 -0.1 -0.3 0 0 0 0 0.4 16 38.74 
16** 0 -0.2 -0.4 0.1 0 0 0 0.5 16 32.99 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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Table 2.6.14.8-3 BWR Canister Pm + Pb Stresses - 1-Foot Top Comer Drop 

Pm + Pb Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -9.2 -4.4 -2.2 -1.9 -0.1 -0.6 7.8 24 2.06 

2 0 -8.9 4.9 -1.1 0.9 0.8 0.2 14 24 0.72 
3** 0 -6.9 3.6 -0.6 0.5 0.7 -0.2 11.1 24 1.16 

4** 0 -0.9 -0.7 0.5 0 0 0.1 1.5 24 15.00 

5** 0 -0.9 -0.7 0.7 0 0 0.1 1.7 24 13.12 

6** 0 -0.9 -0.9 0.7 0 0 0.1 1.8 24 12.33 
** 0 -0.9 -1.3 0.8 0 -0.1 0.1 2.2 24 9.91 

8** 54 0.1 -1.4 0.1 -0.3 -0.3 0 1.8 24 12.27 

9 0 -15.3 0.2 -4.7 -1.2 0.5 -0.2 15.8 24 0.52 

10 0 -10.8 -5.2 -2.6 -3.1 0.1 -1 9.9 24 1.42 

11 0 -15.5 -8.1 -5 -1.1 0.5 -0.7 10.8 24 1.23 

12** 0 -13.9 -5.5 -3.3 -2.2 0.4 -0.8 12.1 24 0.98 

13"* 0 -14.2 -9.3 -4.8 -1.2 0.4 -0.9 10.4 19.2* 0.85 

14 90 -6.9 -0.1 -6.4 0.1 -0.1 0 6.8 24 2.52 

15** 90 0 -0.3 0.1 0 0 0 0.5 24 51.78 

16** 0 -0.2 -0.3 0.1 0 0 0 0.5 24 51.61 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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Table 2.6.14.8-4 BWR Canister Pm Stresses - 1-Foot Bottom Corner-Drop, Internal 

Pressure 

Pm Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

i,* 0 -5.1 -0.8 -1.5 -0.1 0 -0.7 4.7 16 2.40 
2 36 0 -2.4 -0.3 -0.1 0.1 70.5 2.8 16 4.77 

3** 36 0 -2.4 -0.3 0 0.1 -0.4 2.8 16 4.711 
4** 0 -0.9 -2 1.3 0 0 0.2 ý3.6 16 3.44 
5** 0 -0.9 -1.6 1.4 0 0 0.2 3.2 16 4.00 

6** 180 0 -1.6 1.2 0 0 -0.1 2.9 16 4.52 
7** 180 0 -1.3 11.2 0 0 -0.1 2.7 16 4.88 

8** 63 0.5 -0.7 0.2 -0.2 -0.1 0.3 1.6 16 9.02 
9 0 -13.4 0.4 -3.7 -1.3 0.8 -0.3 14.2 16 01.12 
10 0 -7.3 -0.4 -2.1 -1.2 0.6 -0.6 7.6 16 1.09 
11 0 -14.6 -0.9 -4.3 -0.2 1 -0.3 14 16 0.15 
12 0 -10.7 -2.5 -2.4 -1.9 0.6 -0.8 9.7 16 0.65 
13 0 -10.2 -2.7 -2.6 0 0.7 -1 8.4 12.8* 0.52 

14** 0 -0.3 -0.4 0.2 0 0 0 0.6 16 27.64 
15 0 -0.1 0 0.1 0 0 0 0.1 16 111.46 
16 90 -0.2 0 0 0 0 0 0.3 16 61,79 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 
basket/fuel assemblies.
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Table 2.6.14.8-5 BWR Canister Pm + Pb Stresses - 1-Foot Bottom Corner-Drop 

Pm + Pb Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 
1", 0 -6.3 -0.8 -2 0.2 0 -0.8 6.0 24 3.00 

2 27 -0.2 -4.2 -1.2 -0.1 -0.1 -0.6 4.3 24 4.57 
3** 27 -0.2 -4 -1.1 -0.1 -0.1 -0.5 4.4 24 4.45 

4** 0 -0.9 -2.4 0.8 0 0 0.1 3.5 24 5.86 

5** 0 -0.9 -2 0.8 0 0 0.1 2.9 24 7.28 

,6** 0 -0.9 -1.7 0.9 0 0 0.1 2.6 24 8.23 
7** 0 -0.9 -1.4 0.9 0 -0.1 0.1 2.4 24 9.00 

8** 18 0.3 -1.1 -0.6 0.3 0.5 -0.2 1.9 24 11.63 

9 0 -13.5 2.5 -4.4 -1 0.8 -0.1 16.2 24 0.48 

10 0 -6.9 -0.7 -1.3 -2 0.5 -0.8 7.8 24 2.07 

11 0 -14.2 2.6 -4 -0.1 0.9 0 17 24 0.41 

12 0 -12.9 -3.3 -3.5 -1.6 0.7 -0.6 10.8 24 1.22 

13 0 -16.1 -6.1 -5.3 -0.2 1 -0.8 11.6 19.2* 0.66 

14** 0 -0.3 -0.3 0.1 0 0 0 0.5 24 47.00 

15 45 1.3 0 1.5 0 0 0 1.5 24 15.49 

16 9 -0.9 0 -0.7 0 0 0 0.9 24 26.14 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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2.6.14.9 Stress Evaluation of BWR Canister for Combined Thermal and 1-Foot Comer

Drop Load Conditions 

The thermal stress loads described in Section 2.6.14.3 are applied in conjunction with the 

primary loads in Section 2.6.14.8 to produce a combined thermal stress plus comer impact 
loading. The stress evaluation is performed according to the ASME Code, Section III, 

Subsection NB. On the basis of results in Section 2.6.14.8, the most critical sections are listed in 
Table 2.6.14.9-1. The stresses reported in this table correspond to the nodal stress at the surface.  

The minimum margin of safety is +1.57 when 3 Sm is used as the stress criterion. Tables 
2.6.14.9-2 through 2.6.14.9-5 present the results for top and bottom corner-drop with thermal 

results for the loading conditions that result in the minimum margins of safety. The margins of 

safety are calculated as: 

MS = (allowable stress/SI) -1.
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Table 2.6.14.9-1 BWR Canister Critical Sections for the Combined 1-Foot Corner-Drop 

and Thermal Load Condition

2.6-289

Critical Minimum 

Condition Stress Section Table No. Margin of 
Safety 

Top Corner-Drop + Pm + Pb + Q 2 2.6.14.9-2 +2.02 

Thermal (cold) 

Top Corner-Drop + Pm + Pb + Q 2 2.6.14.9-3 + 2.05 

Thermal (hot) 

Bottom Corner-Drop + Pm + Pb + Q 9 2.6.14.9-4 t1.54 

Pressure + Thermal 

(cold), 45' Basket 

Bottom Corner-Drop + Pm+Pb+Q 11 2.6.14.9-5 +1.62 

Thermal (hot) I I I I
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Table 2.6.14.9-2 BWR Canister Pm + Pb + Q Stresses 

Cold
1-Foot Top Comer-Drop, Thermal

Pm + Pb + Q Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -14.1 -4.7 -2 -2.5 0 -1.1 12.8 47.9 2.73 

2 0 -14.3 1.3 -2.4 -0.1 1 -0.5 15.9 47.9 2.02 
3** 0 -10.7 0.6 -1.4 -0.3 0.8 -0.7 12.4 47.9 2.86 

4** 0 -0.9 -0.7 1.1 0 -0.1 0.1 2.1 47.9 21.81 
5** 0 -0.8 -1.4 2.8 0 -0.2 0.4 4.4 47.9 9.89 

6** 0 -0.6 -2.3 2.2 0 0.3 0.1 4.8 47.9 8.98 
7** 180 0 -2.9 0 0 0 0 3.1 47.9 14.45 

8** 171 -0.1 -3.6 -0.2 0 0.2 0 3.7 47.9 11.95 
9 0 -12.6 0.1 -3.8 -1.1 0.5 -0.2 13 47.9 2.68 

10 0 -10 -4.8 -2.4 -2.6 0.1 -1 9 47.9 4.35 
11 0 -12 -7 -4 -1 0.4 -0.6 8.3 47.9 4.77 

12** 0 -11.7 -4.2 -2.7 -2 0.4 -0.7 10.3 47.9 3.65 
13** 0 -12 -7 -4 -1 0.4 -0.6 8.7 38.32* 3.40 

14 0 -15.6 -1.2 -14.1 0.1 -0.8 0 14.4 47.9 2.34 
15", 72 -0.1 -0.3 0.1 0 0 0 0.4 47.9 110.66 
16** 0 -0.1 -0.4 0.1 0 0 0 0.6 47.9 80.29 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 
basket/fuel assemblies.
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Table 2.6.14.9-3 BWR Canister Pm + Pb + Q - 1-Foot Top Corner-Drop, Thermal Heat

Pm + Pb + Q Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 

Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

1 0 -13.7 -4.6 -2.1 -2.4 0 -1.1 12.4 47.9 2.88 

2 0 -13.9 1.6 -2.3 -0.2 0.9 -0.6 15.7 47.9 2.05 
3** 0 -10.4 0.9 -1.3 -0.4 0.7 -0.7 12.2 47.9 2.93 

4** 0 -0.8 -0.8 0.8 0 0 0.1 1.8 47.9 25.61 

5** 0 -0.9 -1.5 2 0 -0.2 0.1 3.6 47.9 12.31 

6** 0 -0.7 -2.1 1.8 0 0.2 0.2 4.2 47.9 10.40 
7** 180 0 -3 0 0 0 0 3.2 47.9 13.97 

8** 171 -0.1 -3.6 -0.2 0 0.2 0 3.7 47.9 11.95 

9 0 -12.1 0.4 -3.5 -1 0.5 -0.2 12.7 47.9 2.78 

10 0 -9.5 -4.5 -2.2 -2.5 0.1 -0.9 8.6 47.9 4.59 

11 0 -11.4 -6.5 -3.7 -0.9 0.4 -0.6 8 47.9 5.03 

12** 0 -11.1 -3.9 -2.6 -1.9 0.4 -0.7 9.9 47.9 3.84 

13"* 0 -11.4 -6.5 -3.7 -0.9 0.4 -0.6 8.4 38.32* 3.56 

14 0 -14.8 -1.1 -13.5 0.1 -0.7 0 14.4 47.9 2.50 

15** 90 0 -0.3 0.1 0 0 0 0.4 47.9 111.90 

16** 0 -0.1 -0.4 0.1 0 0 0 0.5 47.9 82.69 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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Table 2.6.14.9-4

**

BWR Canister Pm + Pb + Q Stresses - I Foot Bottom Corner-Drop, 

Internal Pressure, Thermal Cold

"2.6-292

Pm + Pb + Q Stresses (ksi) 
Angle of Stress Allowable 

Section Peak Stress Intensity Stress Margin of 
Location Location Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

!** 0 -2 0.1 1.7 0.2 0 -0.2 4.0 47.9 10.98 
2 162 0.1 -4.5 0.8 0 0 -0.3 5.4 47.9 7.93 

3** 162 0.1 -4.4 0.8 0 0 -0.3 5.6 47.9 7.55 
4,*_* 180 0 -3.7 1.3 0 0 -0.1 5.3 47.9 8.04 
5** 0 -0.6 -1.4 3.9 0 -0.3 0.2 5.6 47.9 7.55 

0 -0.7 -2.4 3.4 0 0.2 0.1 6.2 47.9 6.73 
7** 0 -1 -0.6 3.5 0 -0.1 0.3 4.7 47.9 9.19 
8** 0 -0.6 0.6 2 -0.1 0.6 0.3 3.0 47.9 14.97 

9 0 -15.6 2.7 -4.9 -1.2 1.1 -0.2 18.7 47.9 1.57 
10 0 -10.4 -1.7 -2.1 -2.5 0.6 -1.1 10.6 47.9 3.54 
11 0 -15.5 1.4 -5.1 -0.2 1 -0.1 17.1 47.9 1.81 
12 0 -14.8 -3 -3.8 -2 1 -0.8 13.1 47.9 2.65 
13 0 -19 -5.9 -6 -0.6 1.2 -0.9 14.4 38.32* 1.66 

14** 0 -10.9 -4.4 -9.9 0 0.2 0 6.8 47.9 6.04 
15 90 0.9 0 0.9 0 0 0 1 47.9 49.23 
16 18 -0.6 0 -0.3 0 0 0 0.6 47.9 78.82

Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  
Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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Table 2.6.14.9-5 BWR Canister Pm + Pb + Q Stresses 

Thermal Heat

1-Foot Bottom Corner-Drop,

Pm + Pb + Q Stresses (ksi) 

Angle of Stress Allowable 

Section Peak Intensity Stress Margin of 

Location Stress Sx Sy Sz Sxy Syz Sxz (ksi) (ksi) Safety 

Location 
!** 162 0.4 -2.7 1.2 0.2 0.1 -0.3 4.2 47.9 10.40 

2 162 0 -4.3 0.6 0 0 -0.3 5 47.9 8.57 
** 162 0 -4.3 0.6 0 0 -0.3 5.3 47.9 8.04 

4** 180 0 -4.4 0 0 0 0 4.6 47.9 9.41 

5** 180 0 -4 0 0 0 0 4.2 47.9 10.40 

6** 0 -0.7 -2.9 1.8 0 0.2 0.2 5.0 47.9 8.58 
7** 0 -0.9 -1.4 1.5 0 0 0.2 3.2 47.9 13.97 

8** 171 -0.1 -2.4 -0.1 0 0.2 0 2.5 47.9 18.16 

9 0 -15.4 2.3 -5.2 -1.2 1 -0.3 18 47.9 1.66 

10 0 -9.6 -1.4 -2.1 -2.3 0.5 -1 9.9 47.9 3.85 

11 0 -16.6 1.6 -5.4 -0.2 1.1 -0.1 18.3 47.9 1.62 

12 0 -14.6 -3 -4 -1.8 1 -0.8 12.8 47.9 2.75 

13 0 -20.2 -6.4 -6.6 -0.7 1.2 -1 15.1 38.32* 1.54 

14** 0 -9.8 -3.9 -8.9 0 0.2 0 6.2 47.9 6.73 

15 81 1.4 0 1.6 0 0 0 1.6 47.9 29.36 

16 45 -1 -0.1 -0.6 0 0 0 0.9 47.9 52.33 

* Allowable stress includes a stress reduction factor for the weld: 0.8 x allowable stress.  

** Stresses at these locations are increased by 5% to account for the heavier BWR fuel 

basket/fuel assemblies.
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2.6.14.10 Shear Stresses for 1-Foot Drops 

The primary mechanism for shear loading in the canister drop analyses occurs for the bottom 
end-drop in the canister structural and shield lid welds. The maximum stress intensity for either 
sections 12 or 13 during any bottom end-drop is 1.8 ksi for the bottom end-drop with thermal 
heat (Table 2.6.14.5-5). The maximum shear is 1.8/2 = 0.9 ksi. The allowable shear is 0.6Sm per 
the ASME Code, Section Ill, Subsection NB-3227.2 for pure shear loading. The maximum 
canister shell temperature is 380'F and the margin of safety for pure shear is 

MS = 0.6x 16.0/0.9 -1 = 9.66 

2.6.14.11 Canister Bearing Stresses for 1-Foot Side-Drop 

The bearing stress evaluation presented in section 2.6.12.11 conservatively encompasses 

bounding values for both the BWR and PWR canisters.  

2.6.14.12 Canister Buckling Evaluation for 1-Foot End-Drop 

Code Case N-284-1 of the ASME Boiler and Pressure Vessel Code is used to analyze the BWR 
canister for the normal condition 1-ft end-drop (both top and bottom end-drops). The evaluation 
requirements of Regulatory Guide 7.6, Paragraph C.5, are shown to be satisfied by the results of 

the buckling interaction equation calculations of Code Case N-284-1.  

The canister buckling design criteria are described in Section 2.1.2.5.3.  

A 20 g deceleration load was used for all the 1-ft drop canister analyses that are presented in 
Sections 2.6.14.4 through 2.6.14.9. The 20 g-load bounds all 1-ft deceleration loads for all other 
drop angles. The top- and bottom-end drops result in the largest potential for canister shell 
buckling and, therefore, are the two load cases presented here. The side drop load case is not 
considered a credible buckling mode of the canister shell and is, therefore, not presented here.
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The BWR canister is evaluated for buckling in the same manner as the PWR canister (see 

Section 2.6.12.12). The analytical process used for the BWR canister is the same as that 

described in a step-by-step example presented in Section 2.7.12.3 (for the cask inner shell).  

The stress results from the canister analyses are screened for the maximum values of the 

longitudinal compression, circumferential compression, or in-plane shear stresses for the 1-ft 

drop cases (top- and bottom-end drops) with and without pressure. For each loading case, the 

largest of each of the three stress components anywhere regardless of location within the BWR 

canister shell are combined. To these maximum stress components are added the maximum 

stresses from the hot and cold thermal cases (Tables 2.6.14.3-1 and 2.6.14.3-2). Combining the 

maximum stress components in this way produces a conservative, bounding-case buckling 

evaluation of the BWR canister, one which envelopes all 1-ft BWR canister drop cases including 

those presented in Tables 2.6.14.4-4 and 2.6.14.4-6.  

The geometry parameters used in the BWR canister evaluation are presented in Table 

2.6.14.12-1.  

The maximum stress components used in the evaluation and the buckling interaction equation 

ratios for the BWR canister top- and bottom-end drop cases are provided in Table 2.6.14.12-2.  

The results of the buckling evaluation show that all interaction equation ratios are less than 1.0.  

Therefore, the buckling criteria of Code Case N-284-1 are satisfied, thus demonstrating that 

buckling of the BWR canister does not occur.
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Table 2.6.14.12-1 Geometry Parameters for the BWR Canister

Parameter Value 

t = thickness (in) 0.625 

ID = inside diameter (in) 65.81 

R = radius (in) = (ID+t)/2 33.22 

R/t 53.15 

(Rt)°0  4.56 

Overall Length (in) 190.55 

Bottom Thickness (in) 1.75 

Structural Lid Thickness (in) 3.0 

Lo = Length used in evaluation (in)* 185.8 

L 0 = 21rR = circumference (in) 218.7 

v = Poisson's Ratio 0.275 

* Lq = Overall canister length - Bottom thickness - Structural lid thickness.
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Table 2.6.14.12-2 Buckling Evaluation Results for the BWR Canister for 1-Foot End-Drop

Load Condition

Longitudinal 

(Axial) Stress* 

SO (psi)

Circumferential 

(Hoop) Stress* 

S0 (psi)

In-plane 

Shear Stress 

SOO (psi)

Elastic Buckling 

Interaction Equations

Q1 Q2 Q3 Q4

Plastic Buckling 

Interaction Equations

Q5 Q6 Q7
A 1-Ft Top End-Drop 2100 200 400 0.0 .068 .043 0.0 .067 .043 .068 

B 1-Ft Bottom End-Drop 3100 500 300 .040 .099 .108 .040 .099 .108 .099

Component stresses include thermal stresses.  
* Compressive stresses.
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2.6.15 BWR Basket Analysis-Normal Conditions of Transport 

The Universal Transport Cask BWR basket is similar in design to the PWR basket. It is a 

right-cylinder structure fabricated with 56 square fuel tubes, a number of circular support disks, a 

number of heat transfer disks, six tie rods with split spacers, and two end weldment plates. The 

number of support disks and heat transfer disks varies depending upon the class of BWR fuel the 

basket is designed to contain. The basket components and their geometry are illustrated in Figure 

2.6.15-1 and Figure 2.6.15-2. Figure 2.6.15-3 shows the details of the fuel tube with the encasing 

BORAL on two sides. The fuel tubes are open at each end; therefore, longitudinal fuel assembly 

loads are imparted to the canister shield lid or bottom plate, and not the fuel basket structure.  

The fuel basket contains the fuel and is laterally supported by the canister shell.  

In the BWR basket, the fuel assemblies, together with the tubes, are laterally supported in the 

holes in the carbon steel support disks. The aluminum heat transfer disks located at the mid 

section of the cavity are used to fully optimize the passive heat rejection from the package and 

are self-supporting. The dimensional differences between the heat transfer disk and the support 

disk accommodate the different rate of thermal growth between aluminum and stainless steel, 

thereby preventing interference between the tube, support disk, and heat transfer disks.  

The primary function of the spacers and the threaded top nut is the same as those in the PWR 

basket described in Section 2.6.13. As described in that section, the only component that 
requires a detailed finite element analysis is the support disk. The stainless steel fuel tubes are 

not considered to be structural components with respect to the disks other than consideration of 

their mass contribution to loading.  

The basket support disk is designed to restrain 56 fuel assemblies, which would nominally fit 
into a 6.278 inch square slot. Since a populace of BWR fuel assemblies are not expected to fit 

into the 6.278 inch square, four oversized fuel assemblies slots are specified as 6.478 inch 

squares. This will reduce the thickness of the ligament at the outer most comer. However, the 

size of the web (.65 inch) is not changed. Therefore, the oversized slots will not affect the 

buckling calculations, since they pertain to the in-plane and out of plane buckling of the webs. In 

an inspection of the maximum stresses of the BWR basket, the ligament that contains the 
reduction due to the oversized slots, does not appear in the maximum stress summaries. The 

smallest ligament at the comer is still significantly controlled by the .8 inch ligament. Therefore,
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the use of oversized holes is not considered to alter the model of the BWR basket, which 

employs a slot size of 6.278 inches.  

In this section, the BWR fuel basket is evaluated for the normal transport loads. As discussed in 

Section 2.6.13, the g-loads produced by the corner-drops are bounded by the g-loads produced by 

the end and side-drops. Therefore, only the end-drop and side-drop orientations are evaluated.  

The basket is evaluated for the hypothetical accident condition in Section 2.7.10.
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Figure 2.6.15-1 BWR Fuel Assembly Basket
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Figure 2.6.15-2 Support Disk Cross Section Configuration

Note:

Engineering drawings provide appropriate tolerances for dimensions shown.
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Figure 2.6.15-3 BWR Fuel Tube Configuration
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2.6.15.1 Analysis Description 

The criticality and structural design criteria for the BWR basket are similar to those for the PWR 

basket discussed in Section 2.6.13.1. Consistent with the structural design criteria, the main 

structural component in the fuel basket--the stainless steel support disk-is shown to have (in 

any disk for any normal-condition load and position orientation) a maximum primary membrane 

stress intensity and primary membrane plus bending stress intensity that are less than the design 

stress intensity values Sm and 1.5Sm, respectively. The value of Sm is defined at the temperatures 

for the component being analyzed.  

In the side-drop, the loads of the fuel assemblies are transferred into the plane of the support 

disks, from which they are transmitted to the canister shell. In the vertical orientation, the fuel 

basket components are loaded by their own inertial weight and do not experience load from the 

guided but freestanding fuel assemblies. Various radial impact orientations of the support disk 

are evaluated. In addition to the load from inertial weight, the differential thermal expansion of 

the support disk is also evaluated.  

2.6.15.2 Finite Element Model Description - BWR Basket 

As is the case for the analysis of the PWR basket, two finite element models are generated to 

analyze the BWR fuel basket for the normal operating conditions: one for the end-drop, in which 

the loads are perpendicular to the plane of the disk, and one for the side-drop, in which the loads 

act in the plane of the disk. Both models accommodate thermal expansion effects by using the 

temperature distribution from the thermal analysis and the coefficient of thermal expansion.  

A complete basket support disk is modeled for the side impact evaluation because planes of 

symmetry are not present when the impact can be at an arbitrary angle. The basket model for the 

side-drop is shown in Figure 2.6.15.2-1. Although the end-drop orientation exhibits a quarter 

symmetry, the model conversion is simplified by using the same nodal pattern as that for the 

side-drop model.  

The finite element model for the side-drop evaluation of the BWR basket is similar to that used 

for the evaluation of the PWR basket. A detailed description of the model for the side-drop of 

the PWR basket is provided in Section 2.6.13.2. Figure 2.6.15.2-2 shows the ligaments and the
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interface with the BWR canister shell and the cask inner shell. The loads from the fuel assembly 
are modeled as a pressure loading at the inner surface of each support disk slot opening. The 
surface pressure loads applied to the support disk slot opening to represent fuel assemblies are 
determined by performing a comparison analysis of all relevant BWR assemblies. A comparison 
is performed to determine the highest load per disk. The load is then divided by the fuel tube's 
width and the disk thickness to result in a worst case scenario pressure loading. The pressure 
loading applied to each slot opening is calculated as follows.  

Load per disk = (Max. fuel assembly weight + max. fuel tube weight) / No. of loaded 

disk 

Max. fuel assembly weight = 821.3 lbs (very conservative based on actual max fuel 
assembly weight of 696 lbs [GE BWR/2-3 & 4-6]) 

Max. fuel tube weight = 83 

Number of loaded disks= 37 

Load per disk = (821.3 lbs + 83 lbs)/37 disks = 24.4 lbs/disk 

Therefore, the pressure loading applied to each slot opening is (24.4 lbs)(0.625)/ 6.278 = 6.2 psi).  
The loading is multiplied by a g load factor based on the drop condition being analyzed: 

1. Normal condition - 20 g 

2. Accident condition - 60 g 

The PLANE42 element used in the model corresponds to plane stress and the thickness of the 
model is input as 0.625 in., which corresponds to the thickness of the support disk in the BWR 

basket.
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Figure 2.6.15.2-1 ANSYS Model of BWR Basket for Side-Drop
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Close-up of the Ligaments and the Interface with the Canister Shell and 

the Cask Inner Shell
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Thermal Condition and Expansion Evaluation of BWR Support-Disks

The three thermal conditions evaluated for the support disk analysis are as follows: 

Thermal Solar Insolance Applied 16 kW 

Condition Ambient Temperature to Cask Surface Fuel Load 

I -40°F No No 

2 -40°F No Yes 

3 100°F Yes Yes 

The table below reflects the maximum and minimum temperatures required for the support disk 

evaluation. These temperatures were obtained from the thermal analysis of the BWR 

configuration as contained in Section 3.4.2.

Case Condition

No. Tmax Tmin No. 0* E* Ea* 

1 -40OF -40OF 1 NC** NC** NC** 

3 616°F 296 0 F 3 7.598E-6 27.34E3 .2077 

5 524 0F 3490F 2 7.433E-6 27.988E3 .2080

In the structural 

employed.

Case

evaluation of the support disk, the table below shows the temperatures cases

Condition

No. Tmax Tmin No. Wp E* Ea* 

1 -40°F -40°F I NC** NC** NC** 

2 600°F 150 0F 3 7.5425E-6 27.550E3 .2078 

4 516OF 106 0F 2 7.4465E-6 27.934E3 .2080 

Evaluated at average of Tmax and Tmin (a = thermal expansion coefficient, in/in/°F; 
E = modulus of elasticity, ksi) 

** NC denotes Not Compared because of uniform temperature.  

The thermal stress is dependent on the Ea as well as the overall temperature change along the 

basket radius. Consequently, Cases 2 and 4 are enveloping as compared to Cases 3 and 5, which 

are the results of the thermal analysis for the BWR configuration. In comparing Case 2 and 4,
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the larger temperature change occurs for Case 2, and since the Eu's are approximately equal, the 
enveloping thermal stress would be developed in Case 4. To compute the margin of safety, the 
allowables are derived from Case 3 since it corresponds to the maximum temperatures which 
would result in the lowest stress allowables. Thermal condition 1 is also analyzed, since it 
generated the maximum modulus of elasticity, even though stresses arising a thermal gradient are 

zero.  

2.6.15.4 Stress Evaluation of BWR Support Disks for 1-Foot End-Drop Load Condition 

The BWR basket support disks are located by six tie rods with spacers. An ANSYS structural 
analysis evaluates the effect of a 1-ft-end-drop impact that corresponds to the most severe out of 
plane loading. The finite element model described in Section 2.6.15.2 (and Section 2.6.13.2) is 
used in conjunction with a 20 g deceleration. Because shell elements are employed for the 
analysis, the nodal stress for the midplane of the plate or the outer fiber stress can be reported at 
each node. Maximum nodal stresses for the midplane (which correspond to the primary 
membrane stress) and the outer fiber (which correspond to primary membrane plus bending) are 

shown in Figure 2.6.15.4-1.  

The calculated values of maximum primary membrane and bending stresses are provided in 
Table 2.6.15.4-2. The membrane stresses for the 1-ft end drop condition is effectively zero.  

The minimum margin of safety corresponding to a maximum primary membrane plus bending 

stress of 32.5 ksi is 

MS (Pm+Pb) (45.0/32.5) - 1 (1.5 Sm at 500OF = 45.00 ksi for SA533 carbon steel) 

= + 0.39.  

Results of the 1-ft end-drop condition are presented in Tables 2.6.15.4-1 and 2.6.15.4-2.
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Figure 2.6.15.4-1
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Table 2.6.15.4-1 Pm+ Pb Stresses for Support Disk 1-Foot End-Drop, Thermal Case 1 

Principal Stresses (ksi) Stress Allowable Margin of Node t 
S1 S2 S3 Intensity (ksi) Stress (ksi)* Safety 

86 25.3 0.0 -1.0 26.3 45.0 0.71 

474 32.2 2.1 0.0 32.2 45.0 0.40 

1129 29.6 1.5 0.0 29.6 45.0 0.52 

1444 32.2 2.1 0.0 32.2 45.0 0.40 

1564 25.3 0.0 -1.0 26.3 45.0 0'71 

2236 29.6 1.5 0.0 29.6 45.0 0.52 

2558 32.2 2.1 0.0 32.2 45.0 0.40 

2680 25.3 0.0 -1.0 26.3 45.0 0.7i 

3332 29.6 1.5 0.0 29.6 45.0 0.52 

3647 32.2 2.1 0.0 32.2 45.0 0.40 

3765 25.3 0.0 -1.0 26.3 45.0 0.71 

4407 29.6 1.5 0.0 29.6 45.0 0.52 

"*1.5 Sm = 1.5 x 30.0 ksi at 500'F.
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Table 2.6.15.4-2 Pm+ Pb Stresses for Support Disk 1-Foot End-Drop, Thermal Case 4 

Principal Stresses (psi) Stress Intensity Allowable Margin of 

N1 S2 S3 (psi) Stress (psi)* Safety 

86 25.6 0.0 -1.1 26.7 45.0 0.69 

474 32.5 2.1 0.0 32.5 45.0 0.39 

1129 29.9 1.5 0.0 29.9 45.0 0.51 

1444 32.5 2.1 0.0 32.5 45.0 0.39 

1564 25.6 0.0 -1.1 26.7 45.0 0.69 

2236 29.9 1.5 0.0 29.9 45.0 0.51 

2558 32.5 2.1 0.0 32.5 45.0 0.39 

2680 25.6 0.0 -1.1 26.7 45.0 0.69 

3332 29.9 1.5 0.0 29.9 45.0 0.51 

3647 32.5 2.1 0.0 32.5 45.0 0.39 

3765 25.6 .0 -1.1 26.7 45.0 0,69 

4407 29.9 1.5 0.0 29.9 45.0 0.51 

*1.5 Sm - 1.5 x 30.0 ksi at 500TF.
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2.6.15.5 Stress Evaluation of BWR Support Disk for Combined Thermal and 1-Foot End 

Drop Load Conditions 

The thermal expansion loads described in Section 2.6.15.3 (and 2.6.13.3) are applied to the finite 

element model simultaneously with the 20 g end-drop loads described in Section 2.6.15.4 to 

produce a combined thermal expansion plus end-impact loading. The stress evaluation is 

performed according to the ASME Code, Section 111, Subsection NG. Because stress intensity is 

required at the surface only, the extreme fiber stress is required. Thermal Condition 4 is used for 

this evaluation. Maximum nodal stresses for the combined thermal and 1-ft end-drop condition 

are shown in Figure 2.6.15.5-1. The allowable stress intensity range is 3Sm. The maximum 

stress intensity is 52.7 ksi and the 3Sm allowable limit at 500'F for SA533 Type B Class 2 carbon 

steel is 90 ksi, which results in a margin of safety of: 

MS = (90/52.7) - 1 + 0.71.  

Results from the combined thermal and 1-ft end-drop condition are presented in Table 

2.6.15.5-1.
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Figure 2.6.15.5-1
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Table 2.6.15.5-1 Pm + Pb + Q Stresses for Support Disk 1-Foot End-Drop, Thermal Case 4 

Principal Stresses (ksi) Stress Intensity Allowable Margin of 
Node 

51 S2 S3 (ksi) Stress (ksi) Safety 

474 52.7 7.2 0.0 52.7 90.0 0.71 

481 35.0 0.0 -3.1 38.1 90.0 1.36 

1129 40.3 3.6 0.0 40.3 90.0 1.23 

1444 52.7 7.2 0.0 52.7 90.0 0.71 

1451 35.0 0.0 -3.1 38.1 90.0 1.36 

2236 40.3 3.6 0.0 40.3 90.0 1.23 

2558 52.7 7.2 0.0 52.7 90.0 0.71 

2565 35.0 0.0 -3.1 38.1 90.0 1.36 

3332 40.3 3.6 0.0 40.3 90.0 1.23 

3647 52.7 7.2 0.0 52.7 90.0 0.71 

3654 35.0 0.0 -3.1 38.1 90.0 1.36 

4407 40.3 3.6 0.0 40.3 90.0 1.23 
*3.0 Sm = 3.0 x 30.0 ksi at 500'F.
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2.6.15.6 Stress Evaluation of BWR Support Disk for 1-Foot Side-Drop Load Condition 

To determine the structural adequacy of the BWR fuel basket support disk for the 1-ft side-drop 

load condition, a quasi-static impact load equal to the weight of the fuel and tubes multiplied by a 

20 g amplification factor is applied to the support disk structure. The inertial loading of the 

support disk is also included by means of the density input for the SA533 Type B Class 2 carbon 

steel. The value of 20 g is conservative because the Universal Transport Cask impact limiter 

design deceleration for a 1-ft side-drop is 16.4 g. The fuel assembly load is transmitted in direct 

compression through the tube wall to the web structure of the support disk. A conservative 

number of disks is assumed to transmit the load to the canister shell (See Section 2.6.15.2). The 

maximum in-plane loading occurs in the side-drop, which requires a detailed structural 

evaluation. ANSYS and the finite element model described in Section 2.6.15.2 are used to 

perform a finite element analysis.  

2.6.15.6.1 Drop Orientations 

The BWR fuel basket exhibits one-quarter symmetry. A minimal radial thickness between the 

comer of the fuel assembly slot in the basket and the outer radius occurs at 31.82, 49.46, 77.92 

and 900 measured counterclockwise from the +X axis. To ensure that the bounding basket 

orientation is evaluated, basket radial orientations of 0, 31.82, 49.46, 77.92, and 900 are 

considered. These orientations are identified in Figure 2.6.15.6-1. The material properties are 

evaluated at three thermal Cases 1, 2 and 4. Allowables are evaluated at Thermal Cases I and 3.  

2.6.15.6.2 Definition of Cross Sections for Linearized Stresses 

The stress evaluation for the support disk is performed according to the ASME Code, Section III, 

Subsection NG, which requires comparison of the linearized stresses of cross sections of the 

structure against the allowable stresses. Primary membrane stress intensity is compared with Sm 

and primary membrane plus bending stress intensity is compared with 1.5Sm for the material at 

temperature. A conservative temperature distribution is used to determine Sm at each of the cross 

sections. These temperatures are obtained through thermal conduction analysis by using Thermal 

Case 3, where the minimum temperature of the circumference and the maximum temperature is 

applied at the center of the basket.
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To determine the most critical cross sections, a series of cross sections is considered. To aid in 
the identification of these sections, Figures 2.6.15.6-2 through 2.6.15.6-5 show the point 
locations on a support disk. Table 2.6.15.6-1 lists the cross section versus Point 1 and Point 2, 
which spans the cross section of the web in the plane of the support disk. Points 1 and 2 for each 
cross section are shown in the previously cited figures.  

2.6.15.6.3 Analysis Results for 1-Foot Side-Drop 

Finite element analyses are performed for the 1-ft side-drop load conditions for the five different 
radial basket orientations (0, 31.82, 49.46, 77.92 and 900) and for two Thermal Cases that would 
result in the use of different moduli of elasticity throughout the basket. Figures 2.6.15.6-6 
through 2.6.15.6-10 show the locations of maximum nodal stress intensities (SI) for the five 

basket orientations.  

For the normal condition of transport, the allowable stress limit is Sm, for the support disk 
primary membrane stress (Pm) and 1.5Sm for primary membrane plus bending stress (Pm+ Pb).  

The cross sections with the 20 minimum margins of safety are presented in Tables 2.6.15.6-2 

through 2.6.15.6-21. A summary of the minimum margins of safety is presented below.
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Table Number Basket Orientation (Deg) Thermal Stress Evaluation Minimum 

Case Margin of Safety 

2.6.15.6-2 0 1 pi +0.45 

2.6.15.6-3 0 1 Pill + Pb +0.84 

2.6.15.6-4 0 2 Pill +0.47 

2.6.15.6-5 0 2 Pm + Pb +0.88 

2.6.15.6-6 31.82 1 Pil +0.54 

2.6.15.6-7 31.82 1 Pi + Pb +0.19 

2.6.15.6-8 31.82 2 Pi +0.60 

2.6.15.6-9 31.82 2 Pill+ Ph +0.24 

2.6.15.6-10 49.46 1 Pi +0.35 

2.6.15.6-11 49.46 1 Pill+ Pb +0.11 

2.6.15.6-12 49.46 2 Pin +0.43 

2.6.15.6-13 49.46 2 Pil+ Pb +0.13 

2.6.15.6-14 77.92 1 Pm +0.29 

2.6.15.6-15 77.92 1 Pl+ Pb +0.45 

2.6.15.6-16 77.92 2 Pin +0.32 

2.6.15.6-17 77.92 2 Pin + Ph +0.47 

2.6.15.6-18 90 1 Pil +0.09 

2.6.15.6-19 90 1 Pi+ Pb +0.56 

2.6.15.6-20 90 2 Pin +0.12 

2.6.15.6-21 90 2 Pin+ Pb +0.59 

The margins of safety are calculated as 

MS = (stress allowable/stress intensity) - 1.  

The minimum margin of safety for the side-drop (+ 0.09) occurs for the 900 basket orientation at 

Thermal Case 2, no thermal stresses. This margin of safety is based on a primary membrane 

stress of 27.4 ksi.
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Figure 2.6.15.6-1 Support Disk Side-Drop Orientations 
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Figure 2.6.15.6-2 Locations of the Sections Used to Obtain Linearized Stresses for the 

Support Disk for the 1st Quadrant (X>0, Y>0)
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Figure 2.6.15.6-3 Locations of the Sections Used to Obtain Linearized Stresses for the 

Support Disk for the 2nd Quadrant (X<0, Y<0)
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Figure 2.6.15.6-4 Locations of the Sections Used to Obtain Linearized Stresses for the 

Support Disk for the 3rd Quadrant (X<0, Y<0)
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Figure 2.6.15.6-5 Locations of the Sections Used to Obtain Linearized Stresses for the 

Support Disk for the 4th Quadrant (X>O, Y<O)
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Figure 2.6.15.6-6 Locations of Maximum Linearized Stress Intensities - 0' Drop Orientation 
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Figure 2.6.15.6-7 Locations of Maximum Linearized Stress Intensities - 31.82' Drop 

Orientation 
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Figure 2.6.15.6-8 Locations of Maximum Linearized Stress Intensities - 49.46' Drop 

Orientation
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Figure 2.6.15.6-9 Locations of Maximum Linearized Stress Intensities - 77.920 Drop 

Orientation 
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Figure 2.6.15.6-10 Locations of Maximum Linearized Stress Intensities - 900 Drop 

Orientation 
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support Disk

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

4725 32.74 0.33 30.85 0.33 
4727 32.74 -0.33 30.85 -0.33 
4729 -32.74 0.33 -30.85 0.33 
4731 -32.74 -0.33 -30.85 -0.33 
4733 32.07 6.6 30.85 6.6 
4735 32.07 -6.6 30.85 -6.6 
4737 -32.07 6.6 -30.85 6.6 
4739 -32.07 -6.6 -30.85 -6.6 
4741 25.57 20.46 23.89 20.46 
4743 25.57 -20.46 23.89 -20.46 
4745 -25.57 20.46 -23.89 20.46 
4747 -25.57 -20.46 -23.89 -20.46

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39

i 
3 
5 
7 
9 
11 
13 
15 
17 
19 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
53 
55 
57 
59 
61 
63 
65 
67 
69 
71 
73 
75 
77

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 
76 
78

4724 
4726 
4728 
4730 
4732 
4734 
4736 
4738 
4740 
4742 
4744 
4746 
4748 
4750 
4752 
4754 
4756 
4758 
4760 
4762 
4764 
4766 
4768 
4770 
4772 
4774 
4776 
4778 
4780 
4782 
4784 
4786 
4788 
4790 
4792 
4794 
4796 
4798 
4800

4749 17 27.99 
4751 -17 27.99 
4753 -17 -27.99 
4755 17 -27.99 
4757 0 0.33 
4759 3.14 0.33 
4761 3.79 0.33 
4763 6.93 0.33 
4765 10.07 0.33 
4767 10.72 0.33 
4769 13.86 0.33 
4771 17 0.33 
4773 17.65 0.33 
4775 20.78 0.33 
4777 23.92 0.33 
4779 24.57 0.33 
4781 27.71 0.33 
4783 30.85 0.33 
4785 -3.14 0.33 
4787 -3.79 0.33 
4789 -6.93 0.33 
4791 -10.07 0.33 
4793 -10.72 0.33 
4795 -13.86 0.33 
4797 -17 0.33 
4799 -17.65 0.33 
4801 -20.78 0.33

17 27.39 
-17 27.39 
-17 -27.39 
17 -27.39 
0 -0.33 

3.14 -0.33 
3.79 -0.33 
6.93 -0.33 
10.07 -0.33 
10.72 -0.33 
13.86 -0.33 

17 -0.33 
17.65 -0.33 
20.78 -0.33 
23.92 -0.33 
24.57 -0.33 
27.71 -0.33 
30.85 -0.33 
-3.14 -0.33 
-3.79 -0.33 
-6.93 -0.33 

-10.07 -0.33 
-10.72 -0.33 
-13.86 -0.33 

-17 -0.33 
-17.65 -0.33 
-20.78 -0.33
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support 
Disk (Continued)

Section & Point Point Node Node X y x y 
Line # 1 2 1 2 1 1 2 2

40 79 80 4802 4803 -23.92 0.33 -23.92 -0.33 
41 81 82 4804 4805 -24.57 0.33 -24.57 -0.33 
42 83 84 4806 4807 -27.71 0.33 -27.71 -0.33 
43 85 86 4808 4809 -30.85 0.33 -30.85 -0.33 
44 87 88 4810 4811 0 7.25 0 6.6 
45 89 90 4812 4813 3.14 7.25 3.14 6.6 
46 91 92 4814 4815 3.79 7.25 3.79 6.6 
47 93 94 4816 4817 6.93 7.25 6.93 6.6 
48 95 96 4818 4819 10.07 7.25 10.07 6.6 
49 97 98 4820 4821 10.72 7.25 10.72 6.6 
50 99 100 4822 4823 13.86 7.25 13.86 6.6 
51 101 102 4824 4825 17 7.25 17 6.6 
52 103 104 4826 4827 17.65 7.25 17.65 6.6 
53 105 106 4828 4829 20.78 7.25 20.78 6.6 
54 107 108 4830 4831 23.92 7.25 23.92 6.6 
55 109 110 4832 4833 0 13.53 0 14.18 
56 111 112 4834 4835 3.14 13.53 3.14 14.18 
57 113 114 4836 4837 3.79 13.53 3.79 14.18 
58 115 116 4838 4839 6.93 13.53 6.93 14.18 
59 117 118 4840 4841 10.07 13.53 10.07 14.18 
60 119 120 4842 4843 10.72 13.53 10.72 14.18 
61 121 122 4844 4845 13.86 13.53 13.86 14.18 
62 123 124 4846 4847 17 13.53 17 14.18 
63 125 126 4848 4849 17.65 13.53 17.65 14.18 
64 127 128 4850 4851 20.78 13.53 20.78 14.18 
65 129 130 4852 4853 23.92 13.53 23.92 14.18 
66 131 132 4854 4855 0 21.11 0 20.46 
67 133 134 4856 4857 3.14 21.11 3.14 20.46 
68 135 136 4858 4859 3.79 21.11 3.79 20.46 
69 137 138 4860 4861 6.93 21.11 6.93 20.46 
70 139 140 4862 4863 10.07 21.11 10.07 20.46 
71 141 142 4864 4865 10.72 21.11 10.72 20.46 
72 143 144 4866 4867 13.86 21.11 13.86 20.46 
73 145 146 4868 4869 17 21.11 17 20.46 
74 147 148 4870 4871 3.14 0.33 3.79 0.33 
75 149 150 4872 4873 10.07 0.33 10.72 0.33 
76 151 152 4874 4875 17 0.33 17.65 0.33 
77 153 154 4876 4877 23.92 0.33 24.57 0.33
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support 
Disk (Continued)

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

78 155 156 4878 4879 3.14 3.46 3.79 3.46 
79 157 158 4880 4881 10.07 3.46 10.72 3.46 
80 159 160 4882 4883 17 3.46 17.65 3.46 
81 161 162 4884 4885 23.92 3.46 24.57 3.46 
82 163 164 4886 4887 3.14 6.6 3.79 6.6 
83 165 166 4888 4889 10.07 6.6 10.72 6.6 
84 167 168 4890 4891 17 6.6 17.65 6.6 
85 169 170 4892 4893 23.92 6.6 24.57 6.6 
86 171 172 4894 4895 3.14 7.25 3.79 7.25 
87 173 174 4896 4897 10.07 7.25 10.72 7.25 
88 175 176 4898 4899 17 7.25 17.65 7.25 
89 177 178 4900 4901 3.14 10.39 3.79 10.39 
90 179 180 4902 4903 10.07 10.39 10.72 10.39 
91 181 182 4904 4905 17 10.39 17.65 10.39 
92 183 184 4906 4907 3.14 13.53 3.79 13.53 
93 185 186 4908 4909 10.07 13.53 10.72 13.53 
94 187 188 4910 4911 17 13.53 17.65 13.53 
95 189 190 4912 4913 3.14 14.18 3.79 14.18 
96 191 192 4914 4915 10.07 14.18 10.72 14.18 
97 193 194 4916 4917 17 14.18 17.65 14.18 
98 195 196 4918 4919 3.14 17.32 3.79 17.32 
99 197 198 4920 4921 10.07 17.32 10.72 17.32 
100 199 200 4922 4923 17 17.32 17.65 17.32 
101 201 202 4924 4925 3.14 20.46 3.79 20.46 
102 203 204 4926 4927 10.07 20.46 10.72 20.46 
103 205 206 4928 4929 17 20.46 17.65 20.46 
104 207 208 4930 4931 3.14 21.11 3.79 21.11 
105 209 210 4932 4933 10.07 21.11 10.72 21.11 
106 211 212 4934 4935 3.14 24.25 3.79 24.25 
107 213 214 4936 4937 10.07 24.25 10.72 24.25 
108 215 216 4938 4939 3.14 27.39 3.79 27.39 
109 217 218 4940 4941 10.07 27.39 10.72 27.39 
110 219 220 4942 4943 -3.14 7.25 -3.14 6.6 
111 221 222 4944 4945 -3.79 7.25 -3.79 6.6 
112 223 224 4946 4947 -6.93 7.25 -6.93 6.6 
113 225 226 4948 4949 -10.07 7.25 -10.07 6.6 
114 227 228 4950 4951 -10.72 7.25 -10.72 6.6 
115 229 230 4952 4953 -13.86 7.25 -13.86 6.6
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support 
Disk (Continued)

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

2.6-331

116 231 232 4954 4955 -17 7.25 -17 6.6 

117 233 234 4956 4957 -17.65 7.25 -17.65 6.6 

118 235 236 4958 4959 -20.78 7.25 -20.78 6.6 

119 237 238 4960 4961 -23.92 7.25 -23.92 6.6 

120 239 240 4962 4963 -3.14 13.53 -3.14 14.18 

121 241 242 4964 4965 -3.79 13.53 -3.79 14.18 

122 243 244 4966 4967 -6.93 13.53 -6.93 14.18 
123 245 246 4968 4969 -10.07 13.53 -10.07 14.18 
124 247 248 4970 4971 -10.72 13.53 -10.72 14.18 
125 249 250 4972 4973 -13.86 13.53 -13.86 14.18 
126 251 252 4974 4975 -17 13.53 -17 14.18 

127 253 254 4976 4977 -17.65 13.53 -17.65 14.18 
128 255 256 4978 4979 -20.78 13.53 -20.78 14.18 
129 257 258 4980 4981 -23.92 13.53 -23.92 14.18 
130 259 260 4982 4983 -3.14 21.11 -3.14 20.46 
131 261 262 4984 4985 -3.79 21.11 -3.79 20.46 
132 263 264 4986 4987 -6.93 21.11 -6.93 20.46 
133 265 266 4988 4989 -10.07 21.11 -10.07 20.46 
134 267 268 4990 4991 -10.72 21.11 -10.72 20.46 
135 269 270 4992 4993 -13.86 21.11 -13.86 20.46 
136 271 272 4994 4995 -17 21.11 -17 20.46 
137 273 274 4996 4997 -3.14 0.33 -3.79 0.33 
138 275 276 4998 4999 -10.07 0.33 -10.72 0.33 
139 277 278 5000 5001 -17 0.33 -17.65 0.33 
140 279 280 5002 5003 -23.92 0.33 -24.57 0.33 
141 281 282 5004 5005 -3.14 3.46 -3.79 3.46 
142 283 284 5006 5007 -10.07 3.46 -10.72 3.46 
143 285 286 5008 5009 -17 3.46 -17.65 3.46 
144 287 288 5010 5011 -23.92 3.46 -24.57 3.46 
145 289 290 5012 5013 -3.14 6.6 -3.79 6.6 
146 291 292 5014 5015 -10.07 6.6 -10.72 6.6 
147 293 294 5016 5017 -17 6.6 -17.65 6.6 
148 295 296 5018 5019 -23.92 6.6 -24.57 6.6 
149 297 298 5020 5021 -3.14 7.25 -3.79 7.25 
150 299 300 5022 5023 -10.07 7.25 -10.72 7.25 

151 301 302 5024 5025 -17 7.25 -17.65 7.25 
152 303 304 5026 5027 -3.14 10.39 -3.79 10.39 
153 305 306 5028 5029 -10.07 10.39 -10.72 10.39
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support 
Disk (Continued)

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

154 307 308 5030 5031 -17 10.39 -17.65 10.39 
155 309 310 5032 5033 -3.14 13.53 -3.79 13.53 
156 311 312 5034 5035 -10.07 13.53 -10.72 13.53 
157 313 314 5036 5037 -17 13.53 -17.65 13.53 
158 315 316 5038 5039 -3.14 14.18 -3.79 14.18 
159 317 318 5040 5041 -10.07 14.18 -10.72 14.18 
160 319 320 5042 5043 -17 14.18 -17.65 14.18 
161 321 322 5044 5045 -3.14 17.32 -3.79 17.32 
162 323 324 5046 5047 -10.07 17.32 -10.72 17.32 
163 325 326 5048 5049 -17 17.32 -17.65 17.32 
164 327 328 5050 5051 -3.14 20.46 -3.79 20.46 
165 329 330 5052 5053 -10.07 20.46 -10.72 20.46 
166 331 332 5054 5055 -17 20.46 -17.65 20.46 
167 333 334 5056 5057 -3.14 21.11 -3.79 21.11 
168 335 336 5058 5059 -10.07 21.11 -10.72 21.11 
169 337 338 5060 5061 -3.14 24.25 -3.79 24.25 
170 339 340 5062 5063 -10.07 24.25 -10.72 24.25 
171 341 342 5064 5065 -3.14 27.39 -3.79 27.39 
172 343 344 5066 5067 -10.07 27.39 -10.72 27.39 
173 345 346 5068 5069 -3.14 -7.25 -3.14 -6.6 
174 347 348 5070 5071 -3.79 -7.25 -3.79 -6.6 
175 349 350 5072 5073 -6.93 -7.25 -6.93 -6.6 
176 351 352 5074 5075 -10.07 -7.25 -10.07 -6.6 
177 353 354 5076 5077 -10.72 -7.25 -10.72 -6.6 
178 355 356 5078 5079 -13.86 -7.25 -13.86 -6.6 
179 357 358 5080 5081 -17 -7.25 -17 -6.6 
180 359 360 5082 5083 -17.65 -7.25 -17.65 -6.6 
181 361 362 5084 5085 -20.78 -7.25 -20.78 -6.6 
182 363 364 5086 5087 -23.92 -7.25 -23.92 -6.6 
183 365 366 5088 5089 -3.14 -13.53 -3.14 -14.18 
184 367 368 5090 5091 -3.79 -13.53 -3.79 -14.18 
185 369 370 5092 5093 -6.93 -13.53 -6.93 -14.18 
186 371 372 5094 5095 -10.07 -13.53 -10.07 -14.18 
187 373 374 5096 5097 -10.72 -13.53 -10.72 -14.18 
188 375 376 5098 5099 -13.86 -13.53 -13.86 -14.18 
189 377 378 5100 5101 -17 -13.53 -17 -14.18 
190 379 380 5102 5103 -17.65 -13.53 -17.65 -14.18 
191 381 382 5104 5105 -20.78 -13.53 -20.78 -14.18
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support
Disk (Continued) 

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229

383 
385 
387 
389 
391 
393 
395 
397 
399 
401 
403 
405 
407 
409 
411 
413 
415 
417 
419 
421 
423 
425 
427 
429 
431 
433 
435 
437 
439 
441 
443 
445 
447 
449 
451 
453 
455 
457

384 
386 
388 
390 
392 
394 
396 
398 
400 
402 
404 
406 
408 
410 
412 
414 
416 
418 
420 
422 
424 
426 
428 
430 
432 
434 
436 
438 
440 
442 
444 
446 
448 
450 
452 
454 
456 
458

5106 
5108 
5110 
5112 
5114 
5116 
5118 
5120 
5122 
5124 
5126 
5128 
5130 
5132 
5134 
5136 
5138 
5140 
5142 
5144 
5146 
5148 
5150 
5152 
5154 
5156 
5158 
5160 
5162 
5164 
5166 
5168 
5170 
5172 
5174 
5176 
5178 
5180

5107 
5109 
5111 
5113 
5115 
5117 
5119 
5121 
5123 
5125 
5127 
5129 
5131 
5133 
5135 
5137 
5139 
5141 
5143 
5145 
5147 
5149 
5151 
5153 
5155 
5157 
5159 
5161 
5163 
5165 
5167 
5169 
5171 
5173 
5175 
5177 
5179 
5181

-23.92 
-3.14 
-3.79 
-6.93 

-10.07 
-10.72 
-13.86 

-17 
-3.14 

-10.07 
-17 

-23.92 
-3.14 

-10.07 
-17 

-23.92 
-3.14 

-10.07 
-17 

-23.92 
-3.14 

-10.07 
-17 

-3.14 
-10.07 

-17 
-3.14 

-10.07 
-17 

-3.14 
-10.07 

-17 
-3.14 

-10.07 
-17 

-3.14 
-10.07 

-17

-13.53 
-21.11 
-21.11 
-21.11 
-21.11 
-21.11 
-21.11 
-21.11 
-0.33 
-0.33 
-0.33 
-0.33 
-3.46 
-3.46 
-3.46 
-3.46 
-6.6 
-6.6 
-6.6 
-6.6 

-7.25 
-7.25 
-7.25 

-10.39 
-10.39 
-10.39 
-13.53 
-13.53 
-13.53 
-14.18 
-14.18 
-14.18 
-17.32 
-17.32 
-17.32 
-20.46 
-20.46 
-20.46

-23.92 
-3.14 
-3.79 
-6.93 

-10.07 
-10.72 
-13.86 

-17 
-3.79 

-10.72 
-17.65 
-24.57 
-3.79 

-10.72 
-17.65 
-24.57 
-3.79 

-10.72 
-17.65 
-24.57 
-3.79 

-10.72 
-17.65 
-3.79 

-10.72 
-17.65 
-3.79 

-10.72 
-17.65 
-3.79 

-10.72 
-17.65 
-3.79 

-10.72 
-17.65 
-3.79 

-10.72 
-17.65

-14.18 
-20.46 
-20.46 
-20.46 
-20.46 
-20.46 
-20.46 
-20.46 
-0.33 
-0.33 
-0.33 
-0.33 
-3.46 
-3.46 
-3.46 
-3.46 
-6.6 
-6.6 
-6.6 
-6.6 

-7.25 
-7.25 
-7.25 

-10.39 
-10.39 
-10.39 
-13.53 
-13.53 
-13.53 
-14.18 
-14.18 
-14.18 
-17.32 
-17.32 
-17.32 
-20.46 
-20.46 
-20.46
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support 
Disk (Continued)

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

230 459 460 5182 5183 -3.14 -21.11 -3.79 -21.11 
231 461 462 5184 5185 -10.07 -21.11 -10.72 -21.11 
232 463 464 5186 5187 -3.14 -24.25 -3.79 -24.25 
233 465 466 5188 5189 -10.07 -24.25 -10.72 -24.25 
234 467 468 5190 5191 -3.14 -27.39 -3.79 -27.39 
235 469 470 5192 5193 -10.07 -27.39 -10.72 -27.39 
236 471 472 5194 5195 0 -7.25 0 -6.6 
237 473 474 5196 5197 3.14 -7.25 3.14 -6.6 
238 475 476 5198 5199 3.79 -7.25 3.79 -6.6 
239 477 478 5200 5201 6.93 -7.25 6.93 -6.6 
240 479 480 5202 5203 10.07 -7.25 10.07 -6.6 
241 481 482 5204 5205 10.72 -7.25 10.72 -6.6 
242 483 484 5206 5207 13.86 -7.25 13.86 -6.6 
243 485 486 5208 5209 17 -7.25 17 -6.6 
244 487 488 5210 5211 17.65 -7.25 17.65 -6.6 
245 489 490 5212 5213 20.78 -7.25 20.78 -6.6 
246 491 492 5214 5215 23.92 -7.25 23.92 -6.6 
247 493 494 5216 5217 0 -13.53 0 -14.18 
248 495 496 5218 5219 3.14 -13.53 3.14 -14.18 
249 497 498 5220 5221 3.79 -13.53 3.79 -14.18 
250 499 500 5222 5223 6.93 -13.53 6.93 -14.18 
251 501 502 5224 5225 10.07 -13.53 10.07 -14.18 
252 503 504 5226 5227 10.72 -13.53 10.72 -14.18 
253 505 506 5228 5229 13.86 -13.53 13.86 -14.18 
254 507 508 5230 5231 17 -13.53 17 -14.18 
255 509 510 5232 5233 17.65 -13.53 17.65 -14.18 
256 511 512 5234 5235 20.78 -13.53 20.78 -14.18 
257 513 514 5236 5237 23.92 -13.53 23.92 -14.18 
258 515 516 5238 5239 0 -21.11 0 -20.46 
259 517 518 5240 5241 3.14 -21.11 3.14 -20.46 
260 519 520 5242 5243 3.79 -21.11 3.79 -20.46 
261 521 522 5244 5245 6.93 -21.11 6.93 -20.46 
262 523 524 5246 5247 10.07 -21.11 10.07 -20.46 
263 525 526 5248 5249 10.72 -21.11 10.72 -20.46 
264 527 528 5250 5251 13.86 -21.11 13.86 -20.46 
265 529 530 5252 5253 17 -21.11 17 -20.46 
266 531 532 5254 5255 3.14 -0.33 3.79 -0.33 
267 533 534 5256 5257 10.07 -0.33 10.72 -0.33
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Table 2.6.15.6-1 Listing of Cross Sections for Stress Evaluation of Support 
Disk (Continued)

Section & Point Point Node Node X Y X Y 
Line # 1 2 1 2 1 1 2 2

2.6-335

268 535 536 5258 5259 17 -0.33 17.65 -0.33 
269 537 538 5260 5261 23.92 -0.33 24.57 -0.33 
270 539 540 5262 5263 3.14 -3.46 3.79 -3.46 
271 541 542 5264 5265 10.07 -3.46 10.72 -3.46 
272 543 544 5266 5267 17 -3.46 17.65 -3.46 
273 545 546 5268 5269 23.92 -3.46 24.57 -3.46 
274 547 548 5270 5271 3.14 -6.6 3.79 -6.6 
275 549 550 5272 5273 10.07 -6.6 10.72 -6.6 
276 551 552 5274 5275 17 -6.6 17.65 -6.6 
277 553 554 5276 5277 23.92 -6.6 24.57 -6.6 
278 555 556 5278 5279 3.14 -7.25 3.79 -7.25 
279 557 558 5280 5281 10.07 -7.25 10.72 -7.25 
280 559 560 5282 5283 17 -7.25 17.65 -7.25 
281 561 562 5284 5285 3.14 -10.39 3.79 -10.39 
282 563 564 5286 5287 10.07 -10.39 10.72 -10.39 
283 565 566 5288 5289 17 -10.39 17.65 -10.39 
284 567 568 5290 5291 3.14 -13.53 3.79 -13.53 
285 569 570 5292 5293 10.07 -13.53 10.72 -13.53 
286 571 572 5294 5295 17 -13.53 17.65 -13.53 
287 573 574 5296 5297 3.14 -14.18 3.79 -14.18 
288 575 576 5298 5299 10.07 -14.18 10.72 -14.18 
289 577 578 5300 5301 17 -14.18 17.65 -14.18 
290 579 580 5302 5303 3.14 -17.32 3.79 -17.32 
291 581 582 5304 5305 10.07 -17.32 10.72 -17.32 
292 583 584 5306 5307 17 -17.32 17.65 -17.32 
293 585 586 5308 5309 3.14 -20.46 3.79 -20.46 
294 587 588 5310 5311 10.07 -20.46 10.72 -20.46 
295 589 590 5312 5313 17 -20.46 17.65 -20.46 
296 591 592 5314 5315 3.14 -21.11 3.79 -21.11 
297 593 594 5316 5317 10.07 -21.11 10.72 -21.11 
298 595 596 5318 5319 3.14 -24.25 3.79 -24.25 
299 597 598 5320 5321 10.07 -24.25 10.72 -24.25 
300 599 600 5322 5323 3.14 -27.39 3.79 -27.39 
301 601 602 5324 5325 10.07 -27.39 10.72 -27.39
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Table 2.6.15.6-2 Pm Stresses for Support Disk-il-Foot Side-Drop, 0' Orientation, Thermal 

Case 1 

Pm Stresses (ksi) 

Stress Allowable Margin of 
Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

300 10.6 -10.0 -.9 20.7 30.0 .45 

234 8.8 -9.8 1.8 18.9 30.0 .58 
293 6.9 -11.4 .1 18.3 30.0 .64 

227 6.5 -11.0 .0 17.5 30.0 .72 

298 -. 1 -16.8 .2 16.8 30.0 .78 

232 -. 1 -16.2 -. 3 16.2 30.0 .85 

290 -. 1 -14.9 .1 14.9 30.0 1.02 
284 4.7 -10.0 -. 1 14.7 30.0 1.04 

224 -. 1 -14.3 -. 1 14.3 30.0 1.09 

218 4.5 -9.6 .3 14.1 30.0 1.13 

294 6.1 -7.7 .0 13.9 30.0 1.16 

260 4.6 -8.0 -2.0 13.3 30.0 1.25 

296 -1.6 -13.3 -.4 13.3 30.0 1.26 

194 4.5 -8.0 2.1 13.2 30.0 1.27 

281 -. 1 -13.1 .1 13.1 30.0 1.29 

228 5.7 -7.2 .1 13.0 30.0 1.31 

301 3.7 -7.6 -3.2 13.0 30.0 1.31 

230 -1.3 -12.7 .7 12.8 30.0 1.35 

235 2.9 -7.3 3.7 12.6 30.0 1.38 

215 -. 1 -12.6 -. 1 12.6 30.0 1.38
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Table 2.6.15.6-3 Pm+ Pb Stresses for Support Disk-il-Foot Side-Drop, 0' Orientation, 

Thermal Case 1 

Pm + Pb Stresses (ksi) 

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

234 8.2 -14.4 4.6 24.5 45.0 .84 

300 10.5 -12.1 -3.7 23.8 45.0 .89 

235 1.2 -18.4 5.7 22.6 45.0 .99 

301 2.3 -17.3 -5.3 22.3 45.0 1.02 

15 -13.0 -10.6 8.0 19.9 45.0 1.26 

16 -12.5 -10.7 -7.9 19.6 45.0 1.30 

231 -8.0 -17.8 3.5 18.9 45.0 1.38 

293 8.3 -10.5 .4 18.8 45.0 1.40 

297 -7.2 -17.3 -3.5 18.4 45.0 1.45 

227 9.5 -8.7 -.3 18.2 45.0 1.48 

230 -4.7 -16.9 3.6 17.9 45.0 1.51 

298 -. 2 -17.5 .1 17.5 45.0 1.57 

232 -. 3 -17.5 -.2 17.5 45.0 1.57 

260 11.4 -5.4 -.9 16.8 45.0 1.67 

194 12.5 -3.8 .9 16.5 45.0 1.73 

296 -3.3 -15.4 -3.5 16.4 45.0 1.75 

259 8.4 -7.2 .9 15.7 45.0 1.86 

197 -7.0 -14.2 3.1 15.3 45.0 1.94 

290 -. 1 -15.0 .1 15.0 45.0 2.00 

294 11.4 -3.5 -.2 14.9 45.0 2.01
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Table 2.6.15.6-4 Pm Stresses for Support Disk-i-Foot Side-Drop, 0' Orientation, Thermal 

Case 2 

Pm Stresses (ksi) 

Stress Allowable Margin of 
Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

300 10.5 -9.8 -.8 20.4 30.0 .47 
234 8.5 -9.6 1.8 18.4 30.0 .63 

293 6.8 -11.2 .1 18.1 30.0 .66 

227 6.4 -10.8 .0 17.2 30.0 .74 

298 -.1 -16.6 .1 16.6 30.0 .81 
232 -.1 -15.9 -.3 15.9 30.0 .89 

290 -.1 -14.7 .1 14.7 30.0 1.04 
284 4.7 -9.8 -.1 14.5 30.0 1.07 
224 -.1 -14.1 -.1 14.1 30.0 1.13 

294 6.2 -7.8 .0 14.0 30.0 1.15 
218 4.4 -9.4 .2 13.8 30.0 1.17 

260 4.6 -7.9 -2.0 13.2 30.0 1.28 
296 -1.6 -13.1 -.4 13.1 30.0 1.29 
301 3.8 -7.6 -3.2 13.1 30.0 1.29 
228 5.8 -7.3 .1 13.1 30.0 1.30 

194 4.5 -7.9 2.0 13.1 30.0 1.30 

281 -. 1 -12.9 .1 12.9 30.0 1.33 

235 3.1 -7.3 3.6 12.7 30.0 1.37 

230 -1.2 -12.5 .7 12.6 30.0 1.39 

215 -. 1 -12.4 -. 1 12.4 30.0 1.43

2.6-338



SAR - UMS® Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-O1B

Table 2.6.15.6-5 Pm + Pb Stresses for Support Disk-il-Foot Side-Drop, 0' Orientation, 

Thermal Case 2 

Pm + Pb Stresses (ksi) 

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

234 7.9 -14.2 4.5 23.9 45.0 .88 

300 10.4 -11.9 -3.5 23.3 45.0 .93 

235 1.4 -18.2 5.6 22.6 45.0 1.00 

301 2.4 -17.2 -5.3 22.3 45.0 1.01 

15 -13.0 -10.7 8.1 20.0 45.0 1.25 

16 -12.6 -10.8 -8.0 19.7 45.0 1.29 

231 -7.9 -17.7 3.5 18.8 45.0 1.40 

293 8.1 -10.4 .3 18.5 45.0 1.43 

297 -7.2 -17.2 -3.5 18.3 45.0 1.45 

227 9.3 -8.6 -.3 17.9 45.0 1.52 

230 -4.5 -16.6 3.5 17.6 45.0 1.56 

298 -.2 -17.3 ,1 17.3 45.0 1.61 

232 -.3 -17.2 -.2 17.2 45.0 1.61 

260 11.2 -5.3 -.9 16.6 45.0 1.70 

194 12.3 -3.8 .9 16.2 45.0 1.78 

296 -3.1 -15.1 -3.5 16.1 45.0 1.80 

259 8.4 -7.1 .9 15.6 45.0 1.88 

197 -6.9 -14.1 3.1 15.2 45.0 1.96 

294 11.4 -3.6 -.2 15.0 45.0 2.00 

290 -. I -14.8 .1 14.8 45.0 2.04
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Table 2.6.15.6-6 Pm Stresses for Support Disk-i-Foot Side-Drop, 31.82' Orientation, 

Thermal Case 1

2.6-340

Pm Stresses (ksi) 

Stress Allowable Margin of 
Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

295 3.6 -10.4 6.7 19.4 30.0 .54 
277 9.6 -9.2 2.0 19.3 30.0 .56 
229 -11.0 4.3 5.0 18.2 30.0 .65 
301 6.0 -6.6 6.2 17.7 30.0 .69 
300 .6 -5.5 7.7 16.6 30.0 .81 

77 7.8 -8.1 .9 16.1 30.0 .87 
235 -4.9 -2.6 7.5 15.2 30.0 .97 
234 -3.7 -4.4 7.5 15.0 30.0 1.00 
265 -4.6 5.6 5.0 14.3 30.0 1.10 
257 -.2 -2.2 6.7 13.7 30.0 1.20 
273 -.1 -13.3 -.5 13.3 30.0 1.25 
299 -. i -12.9 -.9 13.0 30.0 1.31 
263 -7.1 -12.6 .2 12.6 30.0 1.38 
294 -.1 -8.4 4.7 12.5 30.0 1.40 

73 -.1 -6.1 5.0 11.7 30.0 1.57 
291 .0 -11.3 -1.4 11.6 30.0 1.59 

76 6.2 -4.2 2.6 11.6 30.0 1.59 
103 -8.7 -.2 3.9 11.5 30.0 1.60 
292 -. 1 -11.3 -1.2 11.5 30.0 1.61 
276 4.3 -5.6 2.8 11.3 30.0 1.65



SAR - UMS® Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-01B

Table 2.6.15.6-7 Pm + Pb Stresses for Support Disks-l-Foot Side-Drop, 31.82' 

Orientation, Thermal Case 1 

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

295 -6.9 -35.9 7.8 37.8 45.0 .19 

294 -19.0 -34.8 6.2 37.0 45.0 .22 

293 -22.7 -33.6 5.7 36.1 45.0 .25 

267 -25.7 -31.9 5.9 35.4 45.0 .27 

266 -25.7 -31.8 5.2 34.8 45.0 .29 

288 -26.3 -31.0 5.2 34.4 45.0 .31 

274 -23.3 -32.2 4.0 33.7 45.0 .34 

251 -28.9 -27.0 5.3 33.4 45.0 .35 

275 -20.4 -32.0 3.8 33.1 45.0 .36 

227 -23.4 -30.3 5.2 33.0 45.0 .36 

287 -26.0 -30.2 4.3 32.9 45.0 .37 

260 -24.9 -28.7 5.0 32.1 45.0 .40 

284 -23.3 -30.4 3.7 31.9 45.0 .41 

248 -28.2 -26.8 4.3 31.9 45.0 .41 

74 -22.8 -30.0 3.9 31.7 45.0 .42 

200 -24.7 -28.8 4.4 31.6 45.0 .42 

254 -27.2 -23.3 6.0 31.5 45.0 .43 

301 2.1 -24.1 8.7 31.5 45.0 .43 

268 -24.2 -25.7 6.3 31.3 45.0 .44 

289 -24.1 -26.8 5.7 31.3 45.0 .44
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Table 2.6.15.6-8 Pm Stresses for Support Disk-I-Foot Side-Drop, 31.820 Orientation, 

Thermal Case 2 

Stress Intensity Allowable Margin of 
Section Sx Sy Sxy (ksi) Stress (ksi) Safety 

277 9.3 -8.9 2.2 18.7 30.0 .60 
295 3.5 -9.8 6.5 18.6 30.0 .61 
229 -10.8 4.1 4.9 17.8 30.0 .69 

301 6.1 -6.5 5.9 17.2 30.0 .74 
300 1.4 -5.5 7.6 16.6 30.0 .81 

77 7.6 -7.8 1.0 15.6 30.0 .93 
235 -4.8 -2.8 7.5 15.1 30.0 .98 
234 -3.3 -4.6 7.4 14.9 30.0 1.01 
265 -4.3 5.5 4.7 13.6 30.0 1.20 

257 -.3 -1.4 6.7 13.4 30.0 1.24 
273 -.1 -12.9 -.5 12.9 30.0 1.33 
299 -.1 -12.7 -.9 12.7 30.0 1.36 
294 .1 -8.2 4.5 12.3 30.0 1.44 
263 -6.6 -12.2 .1 12.2 30.0 1.46 
103 -8.4 -. 1 3.9 11.5 30.0 1.62 

73 -.2 -6.0 4.9 11.3 30.0 1.65 
291 .0 -11.0 -1.3 11.3 30.0 1.66 
269 -8.9 -10.2 1.4 11.1 30.0 1.70 

76 5.8 -3.9 2.5 10.9 30.0 1.76 

292 -.1 -10.6 -1.1 10.8 30.0 1.78
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Table 2.6.15.6-9 Pm + Pb Stresses for Support Disk-i-Foot Side-Drop, 31.820 Orientation, 

Thermal Case 2 

Stress Intensity Allowable Margin of 

Section Sx Sy Sxy (ksi) Stress (ksi) Safety 

295 -6.6 -34.3 7.5 36.2 45.0 .24 

294 -17.9 -33.5 5.9 35.5 45.0 .27 

293 -21.6 -32.6 5.4 34.9 45.0 .29 

267 -24.9 -30.9 5.7 34.3 45.0 .31 

266 -24.4 -30.5 5.0 33.3 45.0 .35 

288 -25.3 -29.6 5.0 32.9 45.0 .37 

274 -22.4 -31.3 3.9 32.8 45.0 .37 

275 -19.9 -31.3 3.8 32.5 45.0 .39 

227 -22.5 -29.7 5.0 32.2 45.0 .40 

251 -27.9 -25.8 5.2 32.1 45.0 .40 

287 -25.2 -29.2 4.2 31.9 45.0 .41 

248 -27.4 -25.9 4.3 31.0 45.0 .45 

234 -8.1 -27.2 9.4 31.0 45.0 .45 

284 -22.3 -29.5 3.6 31.0 45.0 .45 

260 -23.5 -27.8 4.7 30.8 45.0 .46 

268 -23.7 -25.1 6.1 30.6 45.0 .47 

200 -23.8 -27.7 4.3 30.5 45.0 .48 

74 -21.7 -28.8 3.7 30.4 45.0 .48 

301 2.3 -23.2 8.3 30.4 45.0 .48 

208 -22.8 -28.7 3.5 30.4 45.0 .48
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Table 2.6.15.6-10 Pm Stresses for Support Disk-I-Foot Side-Drop, 49.460 Orientation, 

Thermal Case 1 

Stress Intensity Allowable Margin of 

Section Sx Sy Sxy (ksi) Stress (ksi) Safety 

277 9.4 -10.8 4.7 22.2 30.0 .35 

265 -8.4 9.4 5.3 20.7 30.0 .45 

77 9.1 -9.4 1.6 18.8 30.0 .59 

257 -3.7 2.9 8.6 18.4 30.0 .63 

295 .8 -7.4 7.4 16.9 30.0 .78 

246 -7.5 .2 7.5 16.8 30.0 .79 

229 -8.3 3.3 5.5 16.1 30.0 .87 

54 -.2 -9.4 6.4 15.7 30.0 .91 

273 -. 1 -15.2 -1.1 15.3 30.0 .97 

262 -8.6 5.7 2.3 15.0 30.0 1.00 

269 -11.6 -12.1 3.0 14.8 30.0 1.03 

264 -14.3 -. 1 -1.0 14.4 30.0 1.09 

103 -7.2 1.8 5.2 13.8 30.0 1.18 

243 -7.0 3.7 4.3 13.7 30.0 1.19 

85 -12.1 -9.7 2.3 13.5 30.0 1.22 

73 1.2 -7.8 5.1 13.5 30.0 1.22 

259 -7.0 5.6 2.1 13.2 30.0 1.27 

65 -3.3 -4.1 6.3 12.7 30.0 1.37 

211 -7.9 2.2 3.8 12.6 30.0 1.39 

81 -.1 -12.4 -.7 12.5 30.0 1.41
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Table 2.6.15.6-11 Pm + Pb Stresses for Support Disk-il-Foot Side-Drop, 
Thermal Case 1

49.46' Orientation,

Stress Intensity Allowable Margin of 

Section Sx Sy Sxy (ksi) Stress (ksi) Safety 

275 -30.2 -36.7 6.3 40.6 45.0 .11 

268 -31.7 -32.7 7.2 39.4 45.0 .14 

241 -33.4 -33.1 5.8 39.0 45.0 .15 

274 -29.8 -35.1 6.0 39.0 45.0 .16 

267 -30.3 -34.9 5.8 38.8 45.0 .16 

295 -10.8 -36.1 8.4 38.6 45.0 .17 

238 -32.7 -32.0 5.5 37.9 45.0 .19 

246 -35.4 -11.8 7.9 37.7 45.0 .19 

243 -36.6 -20.6 4.4 37.7 45.0 .19 

276 -25.6 -34.8 5.7 37.6 45.0 .20 

269 -26.3 -30.2 9.1 37.5 45.0 .20 

24 -35.6 -28.0 4.3 37.5 45.0 .20 

266 -29.1 -33.1 5.1 36.6 45.0 .23 

208 -28.0 -32.8 5.4 36.3 45.0 .24 

173 -30.4 -30.2 5.0 35.3 45.0 .28 

254 -32.9 -21.8 5.6 35.3 45.0 .28 

27 -30.6 -23.5 7.3 35.2 45.0 .28 

294 -23.0 -30.8 7.2 35.1 45.0 .28 

75 -28.2 -32.0 4.4 34.9 45.0 .29 

240 -34.1 -22.2 3.1 34.8 45.0 .29

2.6-345



SAR - UMS Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-O1B

Table 2.6.15.6-12 Pm Stresses for Support Disk-i-Foot Side-Drop, 49.460 

Thermal Case 2

Orientation,

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

277 8.5 -10.0 5.0 21.0 30.0 .43 

265 -7.8 9.0 5.1 19.6 30.0 .53 

257 -3.7 3.2 8.2 17.8 30.0 .68 

77 8.6 -8.7 1.6 17.6 30.0 .71 

246 -7.8 1.4 7.3 17.2 30.0 .74 

295 .9 -7.0 7.0 16.2 30.0 .86 

229 -8.2 3.1 5.4 15.7 30.0 .91 

54 -.2 -9.4 6.2 15.5 30.0 .93 

243 -7.4 4.3 4.1 14.2 30.0 1.11 

269 -11.1 -11.2 3.1 14.2 30.0 1.11 

273 -. 1 -14.1 -1.1 14.2 30.0 1.12 

262 -8.0 5.3 2.3 14.0 30.0 1.14 

103 -7.1 1.9 5.1 13.7 30.0 1.20 

264 -13.4 -. 1 -1.0 13.5 30.0 1.23 

85 -11.8 -8.9 2.5 13.3 30.0 1.26 

73 1.0 -7.6 4.9 13.1 30.0 1.29 

245 -12.3 .0 -1.4 12.6 30.0 1.39 

65 -3.4 -4.0 6.2 12.5 30.0 1.40 

211 -7.8 2.0 3.8 12.5 30.0 1.41 

259 -6.5 5.0 2.1 12.2 30.0 1.46

2.6-346
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Pm + Pb Stresses for Support Disk-i-Foot Side-Drop, 49.46' Orientation, 

Thermal Case 2

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

275 -29.5 -36.1 6.4 40.0 45.0 .13 

268 -31.1 -32.0 7.0 38.6 45.0 .17 

241 -32.8 -32.4 5.8 38.4 45.0 .17 

274 -28.9 -34.2 6.0 38.1 45.0 .18 

267 -29.5 -34.0 5.6 37.8 45.0 .19 

276 -25.5 -34.4 5.9 37.3 45.0 .21 

269 -26.3 -29.9 8.9 37.1 45.0 .21 

246 -35.0 -10.6 7.5 37.1 45.0 .21 

238 -31.8 -31.1 5.5 37.0 45.0 .22 

243 -35.9 -19.3 4.2 36.9 45.0 .22 

24 -34.9 -27.4 4.2 36.8 45.0 .22 

295 -10.1 -34.3 8.0 36.7 45.0 .23 

208 -27.2 -32.1 5.4 35.6 45.0 .27 

266 -27.7 -31.7 4.9 35.0 45.0 .28 

27 -30.5 -23.4 7.1 34.9 45.0 .29 

173 -29.7 -29.4 5.0 34.5 45.0 .30 

244 -28.4 -30.3 5.0 34.4 45.0 .31 

240 -33.4 -21.1 3.0 34.1 45.0 .32 

75 -27.6 -31.1 4.3 34.0 45.0 .32 

254 -31.7 -20.7 5.3 33.9 45.0 .33
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Table 2.6.15.6-14 Pm Stresses for Support Disk-i-Foot Side-Drop, 77.920 Orientation, 
Thermal Case 1 

Stress Allowable Stress Margin of 
Section Sx Sy Sxy Intensity (ksi) (ksi) Safety 
246 -12.1 10.0 3.6 23.3 30.0 .29 
243 -11.4 8.2 1.3 19.8 30.0 .52 
245 -17.6 -.1 -.7 17.7 30.0 .70 

27 -10.1 6.9 2.2 17.5 30.0 .71 
240 -9.6 6.9 1.1 16.6 30.0 .81 

85 -7.6 5.4 4.3 15.6 30.0 .93 

242 -15.2 -. 1 -.6 15.2 30.0 .97 

269 -10.1 5.0 .1 15.1 30.0 .99 

29 -14.6 -. 1 -.7 14.6 30.0 1.05 

244 -14.0 -5.2 .7 14.1 30.0 1.13 

237 -7.9 6.0 1.1 14.1 30.0 1.13 

24 -8.7 4.8 1.1 13.6 30.0 1.21 

276 -7.1 3.1 4.0 12.9 30.0 1.33 

239 -12.8 -. 1 -.6 12.9 30.0 1.33 

254 -8.5 4.1 1.0 12.8 30.0 1.35 

26 -12.7 -. 1 -1.0 12.7 30.0 1.35 

256 -12.6 -. 1 -.3 12.6 30.0 1.39 

241 -12.1 -5.7 1.0 12.2 30.0 1.45 

28 -11.9 -.9 -1.2 12.0 30.0 1.49 
280 -8.5 2.8 -1.9 12.0 30.0 1.51

2.6-348
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Table 2.6.15.6-15
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Pm + Pb Stresses for Support Disk-i-Foot Side-Drop, 77.92' Orientation, 

Thermal Case 1

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

5 -23.1 -30.6 2.0 31.1 45.0 .45 

30 -27.1 -3.4 7.8 29.5 45.0 .53 

27 -28.4 -5.8 3.3 28.9 45.0 .56 

246 -23.3 4.2 3.7 28.4 45.0 .57 

24 -26.5 -10.2 2.3 26.8 45.0 .68 

22 -25.6 -16.7 3.4 26.8 45.0 .68 

25 -25.8 -16.1 3.1 26.7 45.0 .69 

6 -8.2 -25.8 1.2 25.9 45.0 .74 

244 -23.3 -14.8 5.0 25.6 45.0 .76 

77 11.1 24.4 4.2 25.6 45.0 .76 

241 -22.6 -15.6 5.0 25.2 45.0 .79 

75 -21.2 -18.7 5.1 25.1 45.0 .79 

76 11.8 23.8 3.1 24.5 45.0 .84 

19 -23.1 -16.0 3.0 24.2 45.0 .86 

85 .5 23.5 3.3 24.0 45.0 .88 

21 -23.4 -11.0 1.7 23.7 45.0 .90 

74 -19.3 -18.0 4.6 23.3 45.0 .93 

238 -20.3 -15.3 4.6 23.1 45.0 .95 

84 11.6 21.9 3.3 22.8 45.0 .97 

275 -18.3 -16.7 5.1 22.6 45.0 .99
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Table 2.6.15.6-16 Pm Stresses for Support Disk-1-Foot Side-Drop, 77.920 Orientation, 

Thermal Case 2

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

246 -11.8 9.9 3.5 22.8 30.0 32 

243 -11.2 8.0 1.3 19.3 30.0 .55 

245 -17.2 -01 -06 17.2 30.0 .74 

27 -9.8 6.8 2.2 17.2 30.0 .75 

240 -9.4 6.6 1.0 16.1 30.0 .86 

85 -7.8 5.4 4.1 15.5 30.0 .93 

269 -10.0 5.0 .1 15.0 30.0 1.00 

242 -14.8 -. 1 -.6 14.9 30.0 1.02 

29 -14.3 -.1 -.7 14.3 30.0 1.10 

244 -13.7 -4.9 .7 13.7 30.0 1.18 

237 -7.7 5.7 1.0 13.6 30.0 1.21 

24 -805 4.7 1.0 13.3 30.0 1.26 

254 -8.4 4.1 1.0 12.7 30.0 1.36 

276 -6.9 3.1 3.8 12.6 30.0 1.38 

239 -12.5 -. 1 -.6 12.6 30.0 1.39 

256 -12.5 -. 1 -.3 12.5 30.0 1.40 

26 -12.4 -. 1 -1.0 12.4 30.0 1.41 

5 -7.7 -3.7 5.7 12.0 30.0 1.50 

241 -11.8 -5.4 1.0 11.9 30.0 1.51 

257 -7.1 4.1 2.0 11.9 30.0 1.53
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Table 2.6.15.6-17 Pm + Pb Stresses for Support Disk-i-Foot Side-Drop, 77.92' Orientation, 

Thermal Case 2

Stress Intensity Allowable Margin of 

Section Sx Sy Sxy (ksi) Stress (ksi) Safety 

5 -23.0 -29.9 2.2 30.5 45.0 .47 

30 -26.2 -3.6 7.5 28.4 45.0 .58 

27 -27.9 -5.6 3.3 28.4 45.0 .59 

246 -22.9 4.1 3.7 27.9 45.0 .61 

24 -25.8 -9.9 2.2 26.1 45.0 .72 

22 -24.8 -16.1 3.3 25.9 45.0 .73 

25 -25.1 -15.6 3.0 25.9 45.0 .74 

6 -8.1 -25.6 1.2 25.7 45.0 .75 

244 -22.8 -14.4 4.8 25.0 45.0 .80 

77 10.9 23.8 4.1 25.0 45.0 .80 

241 -22.0 -15.1 4.9 24.5 45.0 .84 

75 -20.5 -17.9 4.9 24.3 45.0 .85 

76 11.5 23.1 3.0 23.9 45.0 .89 

85 .0 22.8 3.1 23.6 45.0 .91 

19 -22.1 -15.1 2.9 23.1 45.0 .94 

21 -22.6 -10.6 1.6 22.8 45.0 .97 

238 -19.7 -14.7 4.4 22.3 45.0 1.02 

74 -18.4 -17.0 4.4 22.2 45.0 1.03 

243 -22.1 -1.8 1.2 22.2 45.0 1.03 

84 11.1 21.2 3.1 22.1 45.0 1.04
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Table 2.6.15.6-18 Pm Stresses for Support Disk-i-Foot Side-Drop, 900 
Thermal Case 1

Orientation,

Stress Allowable Margin of 
Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

27 -13.3 14.2 .0 27.4 30.0 .09 
77 -8.3 13.5 3.1 22.7 30.0 .32 

269 -8.3 13.5 -3.1 22.7 30.0 .32 

85 -6.5 12.7 1.2 19.4 30.0 .55 
277 -6.5 12.7 -1.2 19.4 30.0 .55 
29 -19.3 -.1 .0 19.3 3.0 .55 
24 -11.3 7.3 .0 18.5 30.0 .62 

273 .1 17.4 .4 17.4 30.0 .73 
81 .1 17.4 -.4 17.4 30.0 .73 
28 -16.0 .9 .0 16.9 30.0 .77 

26 -16.0 -.2 .0 16.6 30.0 .81 
6 -11.0 -10.3 -5.9 16.5 30.0 .81 
5 -11.0 -10.3 5.9 16.5 30.0 .81 

21 -9.6 5.2 .0 14.8 30.0 1.03 

23 -14.3 -.1 .0 14.3 30.0 1.09 
246 -7.5 6.5 -.2 14.1 30.0 1.13 
54 -7.5 6.5 .2 14.1 30.0 1.13 
25 -13.5 -3.1 .0 13.5 30.0 1.23 

18 -8.1 4.2 .0 12.3 30.0 1.44 
20 -12.2 -.1 .0 12.2 30.0 1.45

2.6-352



SAR - UMS® Universal Transport Cask 
Docket No. 71-9270

March 2001 
Revision UMST-01B

Table 2.6.15.6-19 Pm + Pb Stresses for Support Disk-l-Foot Side-Drop, 900 Orientation, 
Thermal Case 1

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

77 -6.3 22.0 3.0 28.9 45.0 .56 

269 -6.3 22.0 -3.0 28.9 45.0 .56 

27 -13.3 14.2 -.4 27.4 45.0 .64 

6 -17.9 -18.4 -5.8 24.0 45.0 .88 

5 -17.9 -18.4 5.8 24.0 45.0 .88 

85 -5.4 16.4 2.4 22.3 45.0 1.02 

277 -5.4 16.4 -2.4 22.3 45.0 1.02 

2 -3.9 -19.4 -.1 19.4 45.0 1.32 

1 -3.9 -19.4 .1 19.4 45.0 1.32 

29 -19.3 -.1 .0 19.3 45.0 1.33 

24 -11.3 7.3 -1.5 18.7 45.0 1.40 

273 .2 18.6 .4 18.6 45.0 1.42 

81 .2 18.6 -.4 18.6 45.0 1.42 

28 -16.0 .9 3.5 18.3 45.0 1.45 

26 -16.6 -.2 -.1 16.6 45.0 1.71 

268 -5.7 10.4 -.9 16.2 45.0 1.78 

76 -5.7 10.4 .9 16.2 45.0 1.78 

54 -11.7 4.0 .9 15.8 45.0 1.85 

246 -11.7 4.0 -.9 15.8 45.0 1.85 

21 -9.6 5.2 -1.5 15.1 45.0 1.98
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Table 2.6.15.6-20 Pm Stresses for Support Disk-l-Foot Side-Drop, 900 Orientation, 

Thermal Case 2

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

27 -12.9 13.8 .0 26.7 30.0 .12 

77 -8.0 13.4 3.0 22.3 30.0 .35 

269 -8.0 13.4 -3.0 22.3 30.0 .35 

85 -6.6 12.6 1.2 19.3 30.0 .56 

277 -6.6 12.6 -1.2 19.3 30.0 .56 

29 -18.7 -. 1 .0 18.7 30.0 .60 

24 -10.9 7.0 .0 17.9 30.0 .67 

273 .1 17.2 .3 17.2 30.0 .74 

81 .1 17.2 -.3 17.2 30.0 .74 

28 -15.5 1.2 .0 16.7 30.0 .80 

5 -10.7 -10.4 5.7 16.2 30.0 .85 

6 -10.7 -10.4 -5.7 16.2 30.0 .85 

26 -16.1 -.2 .0 16.1 30.0 .86 

21 -9.3 5.0 .0 14.3 30.0 1.10 

246 -7.6 6.7 -.2 14.3 30.0 1.10 

54 -7.6 6.7 .2 14.3 30.0 1.10 

23 -13.9 -. 1 .0 13.9 30.0 1.16 

25 -13.1 -2.9 .0 13.1 30.0 1.29 

20 -11.9 -. 1 .0 11.9 30.0 1.53 

18 -7.8 4.0 .0 11.8 30.0 1.54
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Table 2.6.15.6-21 Pm + Pb Stresses for Support Disk-l-Foot Side-Drop, 900 Orientation, 

Thermal Case 2

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

77 -6.2 21.5 2.9 28.2 45.0 .59 

269 -6.2 21.5 -2.9 28.2 45.0 .59 

27 -12.9 13.8 -.4 26.7 45.0 .69 

6 -17.1 -17.7 -5.7 23.1 45.0 .95 

5 -17.1 -17.7 5.7 23.1 45.0 .95 

85 -5.5 15.9 2.3 21.9 45.0 1.05 

277 -5.5 15.9 -2.3 21.9 45.0 1.05 

2 -3.8 -19.0 -.1 19.0 45.0 1.37 

1 -3.8 -19.0 .1 19.0 45.0 1.37 

29 -18.7 -. 1 .0 18.7 45.0 1.40 

273 .2 18.5 .3 18.5 45.0 1.44 

81 .2 18.5 -.3 18.5 45.0 1.44 

24 -10.9 7.0 -1.4 18.2 45.0 1.48 

28 -15.5 1.2 3.4 18.0 45.0 1.50 

26 -16.1 -.2 -.1 16.1 45.0 1.79 

246 -11.7 4.2 -.9 16.0 45.0 1.81 

54 -11.7 4.2 .9 16.0 45.0 1.81 

268 -5.5 10.1 -. 8 15.7 45.0 1.87 

76 -5.5 10.1 .8 15.7 45.0 1.87 

21 -9.3 5.0 -1.4 14.6 45.0 2.08
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2.6.15.7 Stress Evaluation of BWR Support Disk for Combined Thermal and 1-Foot 

Side-Drop Load Conditions

The loading for the 1-ft side-drop is combined with the thermal loading for Thermal Case 2 to 
produce the largest stress intensities. The allowable stress intensity, 3 Sm, is evaluated at 

Thermal Case 3 (see Section 2.6.15.6.3). The corner-drop condition is bounded by the side and 

end-drops.  

The 20 cross sections with the smallest margins of safety are presented in Tables 2.6.15.7-1 

through 2.6.15.7-5. The margins of safety are calculated as 

MS = (stress allowable/stress intensity) - 1.  

The tables are identified here.

Table Number 

2.6.13.7-1 

2.6.13.7-2 

2.6.13.7-3 

2.6.13.7-4 

2.6.13.7-5

Basket 

Orientation (Deg) 

0 

31.82 

49.46 

77.92 

90

Thermal 

Case 

2 

2 
2 

2 

2

Stress 

Evaluation 

Pm + Pb + Q 
Pm + Pb + Q 

Pm + Pb + Q 

Pm + Pb + Q 
Pm + Pb + Q

Minimum Margin 

of Safety 

+ 1.44 

+0.78 

+0.59 

+ 1.40 

+ 2.08
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Table 2.6.15.7-1 Pm + Pb + Q Stresses for Support Disk - 1-Foot Side-Drop, 00 Orientation, 

Thermal Case 2 

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

14 25.5 18.4 14.5 36.9 90.0 1.44 

13 24.3 17.6 -14.0 35.3 90.0 1.55 

234 6.5 -14.4 5.1 23.3 90.0 2.86 

232 -.2 -23.1 -.2 23.1 90.0 2.89 

298 -. 1 -23.1 .0 23.1 90.0 2.90 

300 8.8 -11.9 -4.1 22.3 90.0 3.04 

290 -. 1 -21.0 .1 21.0 90.0 3.28 

224 -. 1 -20.6 -.2 20.6 90.0 3.37 

281 -. 1 -19.8 .1 19.8 90.0 3.55 

145 -11.9 -14.9 6.0 19.6 90.0 3.60 

111 -11.9 -14.9 6.0 19.6 90.0 3.60 

215 -. 1 -19.3 -.3 19.3 90.0 3.65 

18 -9.3 -15.0 6.2 19.0 90.0 3.74 

266 -9.3 -15.0 6.9 19.0 90.0 3.74 

230 -4.1 -17.4 4.7 18.9 90.0 3.76 

194 -4.1 -17.4 4.7 18.9 90.0 3.76 

270 .0 -18.5 -.4 18.5 90.0 3.87 

134 -15.2 -9.7 5.3 18.4 90.0 3.89 

165 -15.2 -9.7 5.3 18.4 90.0 3.89 

146 -12.9 -12.7 5.4 18.2 90.0 3.93
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Table 2.6.15.7-2 Pm + Pb + Q Stresses for Support Disk - 1-Foot Side-Drop, 31.82' 
Orientation, Thermal Case 2 

Stress Intensity Allowable Margin of 
Section Sx Sy Sxy (ksi) Stress (ksi) Safety 

18 -31.4 -37.3 15.9 50.5 90.0 .78 
266 -31.4 -37.3 15.9 50.5 90.0 .78 
21 -32.9 -35.4 16.0 50.3 90.0 .79 

267 -32.9 -35.4 16.0 50.3 90.0 .79 
238 -29.5 -36.1 13.4 46.6 90.0 .93 
274 -29.5 -36.1 13.4 46.6 90.0 .93 
268 -31.0 -31.6 15.0 46.3 90.0 .94 
24 -31.0 -31.6 15.0 46.3 90.0 .94 

137 -28.6 -33.4 14.1 45.2 90.0 .99 
31 -28.6 -33.4 14.1 45.2 90.0 .99 

138 -30.0 -29.1 13.7 43.3 90.0 1.08 
34 -30.0 -29.1 13.7 43.3 90.0 1.08 

200 -31.6 -28.0 13.0 43.0 90.0 1.09 
32 -31.6 -28.0 13.0 43.0 90.0 1.09 

260 -25.5 -34.1 12.1 42.6 90.0 1.11 
293 -25.5 -34.1 12.1 42.6 90.0 1.11 
275 -26.1 -34.0 11.9 42.6 90.0 1.11 
241 -26.1 -34.0 11.9 42.6 90.0 1.11 
288 -29.0 -30.8 12.1 42.0 90.0 1.14 
251 -29.0 -30.8 12.1 42.0 90.0 1.14
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Table 2.6.15.7-3 Pm + Pb + Q Stresses for Support Disk - 1-Foot Side-Drop, 49.46' 

Orientation, Thermal Case 2

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

24 -38.6 -38.5 18.2 56.8 90.0 .59 

268 -38.6 -38.5 18.2 56.8 90.0 .59 

267 -37.6 -38.9 17.7 56.0 90.0 .61 

21 -37.6 -38.9 17.7 56.0 90.0 .61 

238 -37.1 -39.8 16.1 54.6 90.0 .65 

274 -37.1 -39.8 16.1 54.6 90.0 .65 

241 -37.1 -39.8 15.8 54.3 90.0 .66 

275 -37.1 -39.8 15.8 54.3 90.0 .66 

18 -34.8 -38.9 16.9 53.9 90.0 .67 

266 -34.8 -38.9 16.9 53.9 90.0 .67 

27 -35.5 -35.4 17.3 52.8 90.0 .71 

269 -35.5 -35.4 17.3 52.8 90.0 .71 

244 -34.4 -39.3 15.1 52.1 90.0 .73 

276 -34.4 -39.3 15.1 52.1 90.0 .73 

31 -32.8 -35.2 15.5 49.6 90.0 .82 

137 -32.8 -35.2 15.5 49.6 90.0 .82 

34 -33.4 -32.0 15.2 47.9 90.0 .88 

138 -33.4 -32.0 15.2 47.9 90.0 .88 

32 -34.5 -29.8 14.0 46.4 90.0 .94 

200 -34.5 -29.8 14.0 46.4 90.0 .94
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Table 2.6.15.7-4 Pm + Pb + Q Stresses for Support Disk - 1-Foot Side-Drop, 77.92' 

Orientation, Thermal Case 2

Stress Allowable Margin of 
Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

31 -25.4 -25.2 12.2 37.5 90.0 1.40 

137 -25.4 -25.2 12.2 37.5 90.0 1.40 

24 -30.3 -18.4 11.5 37.3 90.0 1.42 
268 -30.3 -18.4 11.5 37.3 90.0 1.42 

138 -25.1 -23.2 11.8 35.9 90.0 1.51 

34 -25.1 -23.2 11.8 35.9 90.0 1.51 

27 -31.0 -11.6 10.4 35.6 90.0 1.53 

269 -31.0 -11.6 10.4 35.6 90.0 1.53 

25 -29.1 -17.3 10.8 35.5 90.0 1.54 

76 -29.1 -17.3 10.8 35.5 90.0 1.54 

244 -26.9 -22.7 10.5 35.5 90.0 1.54 

276 -26.9 -22.7 10.5 35.5 90.0 1.54 

74 -28.2 -18.9 10.8 35.3 90.0 1.55 

19 -28.2 -18.9 10.8 35.3 90.0 1.55 

2 -31.5 -5.7 10.5 35.2 90.0 1.55 

30 -31.5 -5.7 10.5 35.2 90.0 1.55 

75 -29.6 -15.6 10.6 35.2 90.0 1.56 

22 -29.6 -15.6 10.6 35.2 90.0 1.56 

37 -23.3 -24.0 11.5 35.1 90.0 1.56 

139 -23.3 -24.0 11.5 35.1 90.0 1.56
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Table 2.6.15.7-5 Pm + Pb + Q Stresses for Support Disk - 1-Foot Side-Drop, 90' 

Orientation, Thermal Case 2

Stress Allowable Margin of 

Section Sx Sy Sxy Intensity (ksi) Stress (ksi) Safety 

29 -29.2 .1 .0 29.2 90.0 2.08 

27 -15.5 13.0 -1.2 28.7 90.0 2.14 

77 -15.5 13.0 -1.2 28.7 90.0 2.14 

269 -15.5 13.0 1.2 28.7 90.0 2.14 

17 -28.1 -.4 -. 1 28.1 90.0 2.20 

26 -26.9 -. 1 -. 1 26.9 90.0 2.34 

23 -25.5 .0 -. 1 25.5 90.0 2.53 

20 -24.3 .0 -. 1 24.3 90.0 2.70 

14 17.1 10.0 9.5 23.6 90.0 2.81 

15 17.1 10.0 -9.5 23.6 90.0 2.81 

3 1.2 23.6 .8 23.6 90.0 2.82 

4 1.2 23.6 -.8 23.6 90.0 2.82 

28 -18.9 2.2 5.1 23.4 90.0 2.84 

16 14.5 9.4 8.1 20.5 90.0 3.40 

13 14.5 9.4 -8.1 20.5 90.0 3.40 

137 -13.7 -12.9 7.1 20.4 90.0 3.41 

200 -13.7 -12.9 -7.1 20.4 90.0 3.41 

31 -13.7 -12.9 7.1 20.4 90.0 3.41 

33 -20.4 .1 .0 20.4 90.0 3.41 

25 -17.2 -3.4 5.5 19.2 90.0 3.70
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2.6.15.8 Stress Evaluation of BWR Support Disk for I-Foot Comer-Drop Load Conditions 

As is the case in the PWR basket support disks (see Section 2.6.13.8), the g-loads of the comer
and oblique-drop conditions are bounded by the g-load of the end- and side-drop conditions 
discussed in Section 2.6.15.6. Therefore, no separate evaluation of the 1-ft comer- and oblique
drop conditions is performed.  

2.6.15.9 Stress Evaluation of BWR Support Disk for Combined Thermal and 1-Foot 
Corner-Drop Load Conditions 

The combined thermal and 1-ft corner-drop and the combined thermal and 1-ft oblique-drop 
conditions are bounded by the results of combined thermal and 1-ft end- and side-drop 
conditions. Therefore, no separate evaluation of the combined thermal and 1-ft comer-drop 
condition and the combined thermal and 1-ft oblique-drop condition is performed.  

2.6.15.10 Stress Evaluation of Tie Rods and Spacers for a 1-Foot End-Drop Load Condition 

Tie rods and spacers are provided in the basket to maintain spacing of the support disks.  
Transmission of loads in different drop orientations of the BWR basket is similar to the 
transmission of loads in the PWR basket discussed in Section 2.6.13.10. As is the case in the 
PWR basket, in drop orientations other than on the end, the spacers only experience a portion of 
the weight of the support disks, heat transfer disks, one end weldment, and the spacers that act 
along the axis of the cask. Thus, the end-drop is the critical loading condition.  

During an end-drop, the weight of the support disks, weldment, aluminum heat transfer disks, 
and spacers and end nuts is supported by the spacers on the 6 tie rods. Compressive stress over 
the cross-sectional area of the spacers results. With the largest weight of the two BWR fuel 
classes, the total weight of the basket is 18,199 lb. Because the weights of the bottom-end 
weldment (623 lb) and the fuel tubes (4,665 Ib) are transmitted directly into the end of the 
canister, the remaining load acting over the area of the spacers is 12,911 lb. For the 1-ft end-drop 
the deceleration is 20 g, which results in a total end-drop load of 258,220 lb. The area in 

2 _) r, " compression is nr(3.02- 1.752)/4 = 4.66 in-. The compressive stress is 258,220/(6 x 4.66) = 9,235 
psi and is considered to be a membrane stress.
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The allowable membrane stress, on the basis of the ASME Code, Section 11, Subsection NG 

[15], is 1.0 SM. Using a conservative material temperature for the outer edge of the support disk 

of 500'F, Sm = 17.5 ksi. The corresponding margin of safety is 

MS = (17,500/9,235) - 1 = + 0.89.  

Therefore, structural adequacy of the tie rod/spacer assemblies is demonstrated.  

2.6.15.11 Support Disk Shear Stresses for 1-Foot Drops 

ASME Code, Section 11E, Division 1, Subdivision NG [15], criteria define the Level A allowable 

for shear stress to be 0.6 Sm. The design stress intensity for SA 533 at a bounding temperature 

of 500F (where maximum stresses occur) is 30 ksi. The maximum stress intensity across any 

section (membrane stress) for the 1-ft side-drop is 27.4 ksi for the 0' drop orientation at Thermal 

Condition 1. Similarly, for the end-drop, a maximum membrane stress across a section is 

reported at 0 ksi for the 1-ft drop. Therefore, the maximum shear stress for any normal loading 

condition is 27.4/2 or 13.7 ksi.  

Using the allowable stresses as stated previously, the minimum margin of safety for shear is: 

MS= [2(0.6)Sm /SI]-I = [2(0.6)(30) / 27.4] - 1 = + .0.31 

Therefore, structural adequacy of the BWR fuel basket support disk design for the normal 

conditions of transport, 1-ft side and end-drops is demonstrated for shear stress criteria.  

2.6.15.12 Bearing Stress - Basket Contact with Inner Shell 

For the bearing stress (Sbr) acting along the basket support disk-canister shell interface, an 

angular contact of 18 is considered on the basis of the ANSYS gap element status (at a radius of 

32.75 in.). The load considered to be acting on the support disks is the total contents weight 

(57,044 lb) times the deceleration value of 20 g, divided among 40 support disks in the basket.  

The bearing area is considered to be the 0.625-in. thick disk over an 18' contact area.  

Sbr = (57,044)(20)/[(0.625)(40)(7i)(65.5)/(360/18)]= 4,446 psi.
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The allowable bearing stress is the yield stress, which for SA533 Type B, Class 2 carbon steel at 
a temperature of 400'F, is 63.2 ksi. The margin of safety for the support disk (not the canister) is 
computed as 

MS = (6 3 .2 /Sbr)- 1 = + 13.2.  

2.6.15.13 Basket Weldment Analysis for 1-Foot End-Drop 

The responses of the fuel assembly's top and bottom weldment plates to a 1-ft end-drop is 
evaluated in conjunction with the thermal expansion stress. The top and bottom weldment plates 
are 1.25-in thick and 1.0-in.-thick plates, respectively, of Type 304 stainless steel. The 
weldments support their own weight and the weight of 56 BWR fuel assembly tubes. A finite 
element analysis is performed for both plates, because the support for each weldment is different 
depending upon the location of the welded ribs for each. Both models use the SHELL63 
element, which permits out-of-plane loading. Figures 2.6.15.13-1 and 2.6.15.13-2 show the 
finite element models for the top and bottom weldments, respectively. The load from the fuel 
tube is represented as point forces applied to the nodes at the periphery of the fuel assembly slots.  
An average point force is applied. The application of the nodal loads at the slot periphery is 

accurate because the tube weight is transmitted to the edge of the slot, which provides support to 
the fuel tubes in the end-drop condition.  

The analysis demonstrates that the weldment design satisfies the primary membrane (Pm) and the 
primary membrane plus bending (Pm+Pb) stress criteria. An analysis including the thermal 
expansion stresses is also performed.  

The margins of safety are calculated as 

MS = [(Pm + Pb) / 1.5Sm] 1 or MS=[(Pm +Pb +Q)/3S m ]-1.  

The margins of safety evaluated for the weldments are shown in Table 2.6.15.13-1. The 
weldments are shown to satisfy the stress criteria in the ASME Code, Section III Division I, 
Subsection NG [15].
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Figure 2.6.15.13-1 Finite Element Model of the Top Weldment Plate
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Figure 2.6.15.13-2 Finite Element Model of the Bottom Weldment Plate
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Table 2.6.15.13-1 Minimum Margins of Safety for the Top/Bottom Weldments for a 1-Foot 

End-Drop With and Without Thermal Stresses

Allowable 

Component/Condition P Pm (ksi) Sm (ksi) MS 

Top Weldment/1-ft 8.41 17.38 +1.07 

End-Drop 

Bottom Weldmenti1-ft 11.14 17.56 +0.58 

End-Drop 

Component/Condition __Pm + Pb (ksi) 1.5Sm (ksi) MS 

Top Weldment/l-ft 16.50 26.07 +0.58 

End-Drop 

Bottom Weldment/1-ft 18.98 26.34 +0.39 

End-Drop 

Component/Condition Pm + Pb + Q (ksi) 3Sm (ksi) MS 

Top Weldment/1-ft 16.95 52.14 +2.08 

End-Drop + Thermal 

Bottom Weldment/1-ft 27.26 52.68 +0.93 

End-Drop + Thermal
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2.6.15.14 Sunnort Disk Buckling Evaluation

The BWR fuel basket support disk is subjected to compressive or inertial loads during a 1-ft drop 

of the cask onto an unyielding surface. Depending on the cask orientation for the 1-ft drop 

impact, both in-plane and out-of-plane loads may be applied to the support disk. The in-plane 

loadings (basket side impact component) apply compressive forces on the support disk and the 

out-of-plane inertial loading (basket end impact component) produces bending moments in the 

support disk.  

Buckling of the support disk is evaluated in accordance with the methods and acceptance criteria 

of NUREG/CR-6322. The support disk buckling evaluation for the hypothetical accident 

conditions is presented in Section 2.7.10.3. The characteristics of the support disk are as follows:

2.6.15.14.1 Support Disk Buckling Evaluation Input Data

Material:

Material yield strength for buckling: 

Material modulus of elasticity for buckling: 

Impact load amplification factor:

SA-533, Type B, Class 2 carbon steel plate 

Sy = 70.0 ksi at -40'F (Thermal Case 1) 

S, = 59.3 ksi at 750'F (conservative) 

Sy = 60.5 ksi at 650'F (conservative) 

E = 24.60 x 10-3 ksi at 750'F (conservative) 

E = 29.90 x 10-3 ksi at -40'F (Thermal Case 1) 

20 g for the 1-ft side or end-drop.  

E=25.56 x 10-3 ksi at 650'F (conservative)

Thermal Case 2 or 4 is bounding for Thermal Case 3.  

2.6.15.14.2 Detailed Support Disk Buckling Evaluation 

Conservative temperatures are used in the support disk buckling evaluation.
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Methodology 

The buckling evaluation of the support disk web is based on the interaction described by 
Equations 31 and 32 in NUREG/CR-6322 [16]. These two equations adapt the "Limit Analysis 
Design" approach for structural members for which stresses are beyond the yield limit of the 
material, i.e., for members deformed elastically as a result of both axial load and bending 
moment. Other equations applicable to the calculations are listed later in this section.  

The maximum forces and moments are determined for the end-drop condition and for five 
different radial orientations of the support disk for the side-drop condition considering the 
thermal conditions as presented in Section 2.6.15.3. In this evaluation, thermal loading 
conditions (Loading Cases 1, 2 and 4) employ only the loads developed in the drop condition (no 
thermal stresses are considered), but the thermal cases are used to evaluate the material 
properties. Buckling evaluations are performed for both in-plane (about the strong axis of the 
web) and out-of-plane (about the weak axis of the web) forces and moments. In the in-plane 

buckling evaluation, the compressive forces and bending moments that occur for the 1-ft side
drop condition are considered. For the out-of-plane buckling evaluation, the compressive forces 

for the 1-ft side-drop condition are combined with the moment resulting from the inertial weight 
of the support disk in the 1-ft end-drop condition.  

Detailed buckling calculations are performed in a spreadsheet format by using the methodology 

and equations from NUREG/CR-6322. The load amplification factors used are 20 g for both the 
1-ft end-drop and the 1-ft side-drop conditions. The buckling evaluation is performed for each of 
the sections shown in Figures 2.6.15.6-2 through 2.6.15.6-5. The sections are listed in Table 

2.6.15.6-1.  

The buckling evaluation methodology/equations are summarized as follows: 

Symbols and Units: 

P = applied loads, kips 

M = moment, kips-in.  

P, = allowable axial compressive load, kips 

Per = critical axial compression load, kips 

Pe = Euler buckling loads, kips
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Py = plastic axial load, equal to profile area times specified minimum yield stress, kips 

(for normal operating condition) 

C, = column slenderness ratio separating elastic and inelastic buckling 

Cm = coefficient applied to bending term in interaction equation 

Mm= critical moment that can be resisted by a plastically designed member in the absence 

of axial load, kip-in.  

Mp = plastic moment, kip-in.  

Fa = axial compressive stress permitted, ksi 

Fe = Euler stress for a prismatic member divided by factor of safety, ksi 

k = ratio of effective column length to actual unbraced length 

I = unbraced length of member, in.  

r = radius of gyration, in.  

Sy = yield stress allowable, ksi 

A = area of the ligament, in2 

Z, = plastic section modulus with respect to the major axis, in3 

I = allowable reduction factor, dimensionless.  

P CmM •1.0 

Mmr1-P 

P M -+ <:! 1.0 Py 0.18M • 

where, Pr = 1.7?xAxFa 

S1 ( k-l/2 

2 t r. Cc) .SY kE 
Fa = - - -- for - < C c .5 3(k1)(.>,r 

3( k - I lk 
3 8 r.C ) 8 r.Cc) 

Pe =1.92xAxFe
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F e 7t 2 .E 

1.92(k-12 

Py =SyxA 

Cm = 0.85 for members with joint translational (sideways) 

MP = SY x Zx 

Mm: MI •Mi Y MM MP 1.07 -_rý< M p.  

Load Conditions 

The load conditions considered in the 1-ft drop normal condition buckling evaluation are as 

follows: 

1. Primary loads, Thermal Case 1. (See Section 2.6.15.3) 

2. Primary loads, Thermal Case 2. (See Section 2.6.15.3) 
3. Primary plus secondary thermal loads, Thermal Case 4. (See Section 2.6.15.3) 

For the buckling evaluation different values for the thicknesses are associated with the weak axis 

of the support disk web and with the strong axis of the web. The weak axis corresponds to the 
0.625-in. support disk thickness and is associated with the load which would result in 
displacement perpendicular to the plane of the disk. The strong axis buckling would buckles the 

support disk web in the plane of the support disk.
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Buckling of Support Disk Web Weak Axis

For weak-axis buckling the evaluation parameters are as follows (Section 17): 

Parameter Values Parameter Values 

t 0.625 in. SY 60.5 ksi 

b 0.66 in. Py A x Sy = 24.956 ksi 

A 0.4125 in2 Fa 32.456 

L 6.278 in. C, 91.32 

I b t3 /12 = 0.0134 in4  Pcr 22.76 

r =0.180 Fe 169.55 

K 0.800 Pe 134.289 

KL/r 27.837 MP 3.899 

Z bt2 /4 = 0.064 Mm 3.838 

E 25,560 ksi Cm 0.85 

Using the cross-sectional stresses calculated at each of the sections shown in Figures 2.6.15.6-2 

through 2.6.15.6-5 for the 1-ft side-drop condition, the maximum corresponding compressive 

forces are combined with the maximum out-of-plane moment resulting from the 1-ft end-drop 

condition to obtain the conservative maximum interaction coefficients.  

The terminology used in the buckling analysis is defined as follows:

P, = P/PCr 

P 2 = P/Py

M,=(I- P/ T)Mo, 
CM 

M 2 - M 
1.18 MP

The X and Y directions refer to those webs that are parallel to the global X and Y directions, 

respectively, for the basket (X is the horizontal axis and Y is the vertical axis for the model 

shown in Figure 2.6.15.6-2). Section locations are identified in Figures 2.6.15.6-2 through 

2.6.15.6-5 and Table 2.6.15.6-1.
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The margins of safety are calculated as:

1 
MS1- -1 

P1 + M1
and

1 
MS2 - -1 

P2 + M2

For weak-axis buckling, the minimum margin of safety is +0.659 for the 90' radial basket 
orientation at Section 17 (thermal stresses are included).  

The calculated minimum margins of safety for the drop orientations discussed in Section 
2.6.15.6.1 are presented in Table 2.6.15.14-1. The location of the sections identified in the table 
are shown in Figures 2.6.15.6-2 through 2.6.15.6-5.  

Bucklin2 of Support Disk Web Stron2 Axis

For strong axis buckling the evaluation parameters are as follows:

2.6-373

Parameter Value Parameter Value 

t 0.65 in. SY 59.3 ksi 
b 0.625 in. Py A x Sy = 24.091 ksi 

A 0.406 in2  F, 31.959 
L 6.278 in. C, 90.491 
I b t3 /12 = 0.0143 in4  Per 22.071 
r =0.188 Fe 176.51 

K 0.800 Pe 137.674 

KLJr 26.766 MP 3.915 

Z bt2 /4 = 0.066 Mm 3.87 
E 24,600 ksi Cm 0.85
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Using the cross-sectional stresses evaluated for each of the sections shown in Figures 2.6.15.6-2 

through 2.6.15.6-5, the maximum corresponding compressive forces in conjunction with the 

maximum in-plane moment produces the maximum interaction coefficients. Because the 

locations of the maximum force and the maximum moment may not coincide, the calculation of 

the interaction coefficient is conservative. The maximum magnitude of the moment is used, 

regardless of sign, to ensure the most severe condition.  

The margins of safety are calculated by using Equations 31 and 32 from NUREG/CR-6322 as 

discussed earlier. For strong-axis buckling, the minimum margin of safety is + 1.552 for the 

31.8' radial basket orientation at Section 295 (thermal stresses are included).  

The calculated minimum margins of safety for the drop orientations discussed in Section 

2.6.15.6.1 are presented in Table 2.6.15.14-2. The location of the sections identified in the table 

are shown in Figures 2.6.15.6-2 through 2.6.15.6-5.
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Minimum Margins of Safety from Buckling Evaluation of BWR Support 

Disks (Weak Axis)

2.6-375

Section Disk Drop 

No. G-Load Orientation Heat Case MS1 MS2 

270 20 0 1 +2.56 +2.78 
16 20 0 2 +1.68 +1.79 

270 20 0 2 + thermal +1.22 +1.40 

load 
273 20 31.82 1 +1.93 +2.15 

273 20 31.82 2 +1.57 +1.76 

273 20 31.82 2 + thermal +1.22 +1.40 

load 

273 20 49.46 1 +1.74 +1.95 

273 20 49.46 2 +1.75 +1.96 

17 20 49.46 2 + thermal +1.18 +1.37 

load 

47 20 90 1 +3.09 +3.35 

47 20 90 2 +2.56 +2.78 

17 20 90 2 + thermal +0.66 +0.82 

load 
242 20 77.92 1 +2.22 +2.48 

244 20 77.92 2 +2.66 +2.97 
17 20 77.92 2 + thermal +0.77 +0.94 

load
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Minimum Margins of Safety from Buckling Evaluation of BWR Support 

Disk (Strong Axis)

2.6-376

Section Disk Drop 

No. G-Load Orientation Heat Case MS1 MS2 

298 20 0 1 +2.95 +3.303 

298 20 0 2 +3.0 +3.36 

298 20 0 2 + thermal +1.97 +2.25 

load 

295 20 31.82 1 +1.82 +1.99 

295 20 31.82 2 +1.96 +2.14 

295 20 31.82 2 + thermal +1.52 +1.69 

load 

243 20 49.46 1 +1.98 +2.13 

243 20 49.46 2 +2.00 +2.16 

246 20 49.46 2 + thermal +1.44 +1.60 

load 

244 20 77.92 1 +2.56 +2.85 

244 20 77.92 2 +2.64 +2.93 

244 20 77.92 2 + thermal +1.79 +2.03 

load 

53 20 90 1 +5.56 +6.15 

53 20 90 2 +5.49 +6.08 

53 20 90 2 + thermal +3.42 +3.82 

load
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2.6.16 Universal Transport Cask Cavity Spacers 

This section documents the design analysis of the spacers used to position the Transportable 
Storage Canisters containing PWR or BWR fuel in the Universal Transport Cask cavity during 
transport of fuel. The spacers are freestanding components that are placed at the bottom of the 
cask cavity below the canister bottom, and are confined by the end of the canister and the bottom 
inner surface of the Universal Transport Cask. The spacers are designed to maintain the centers 
of gravity of the canisters at the required distance from the bottom inner surface of the cask.  

The following requirements bound the spacer design: 

1. The spacers must meet the normal conditions of transport requirements detailed in 
10 CFR 71.43(f) when subjected to the free drop (10 CFR 71.71).  

2. The spacers must provide spacing of the canister so that the center of gravity of the cask 
and contents is maintained.  

For impact loading conditions, the spacer is designed to meet the requirements of 10 CFR 
71.43(f) for the 1-ft drop condition (10 CFR 71.71). 10 CFR 71.43(f) requires that no substantial 
reduction in the effectiveness of the package be experienced in normal conditions of transport.  
Classical analysis is used to demonstrate compliance with these requirements.  

2.6.16.1 PWR Cask Cavity Spacers 

Each Transportable Storage Canister containing Class I or Class 2 PWR fuel is located by one 
spacer. Canisters containing Class 3 PWR fuel have no spacers. The PWR spacer is a weldment 
made of Type 304 stainless steel, ASTM A 240, 3/8-in. plate. The weldment consists of a base 
that is 67 in. in diameter with 6 raised cylinders of different diameters welded to it. The six 
different diameters are: 12, 24, 32, 50, 56, and 65 in. The lengths of the spacers used to locate 
the Class 1 and Class 2 fuel canisters vary. The Class 1 spacer is 18.25 in. long and the Class 2 
spacer is 11.25 in. long. A sketch of the PWR spacer is provided below.
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PWR Cask Cavity Spacers Accident Condition

For evaluation purposes, the PWR spacer can be viewed as separate cylinders. The cylinders are 

identified by numbers 1-6 with the inner most cylinder being number 1 and the outer most being 

6 as shown in the following sketch.
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The total load modeled is (73,000 lbs) x 60 g (conservative PWR canister weight).  

CL. Fuel canister loading / Top cover plate 

Cylinders [ f [.  
U/ Cylinder

0 0 @

The forces exerted on each cylinder were obtained from the finite element model: 

F1 =03561 (10)6 lb 
F2 = 0.6028 (10)6 lb 
F3 = 0.8372 (10)6 lb 
F4 = 1.024 (10)6 lb 
F5 = 0.8260 (10)6 lb 
F6 = 0.7346 (10)6 lb 

The membrane stress experienced by each member is as follows: 

Gmembrane = F/A 

, = 0.3561 (10)61b / 27z(5.625 + 0.1875)(0.375)in2= 25,993 psi 
(2 = 0.6028 (10)6 lb / 2rt(51.625 + 0.1875)(0.375) in2 = 21,660 psi 
G3= 0.8372 (10)6 lb / 2 7r(15.625 + 0.1875)(0.375) in2 = 221,469 psi 

G4= 0.82 (10)6 lb / 271(24.625 + 0.1875)(0.375) in 2= 17,516 psi 

c7 = 0.8260 (10)6 lb / 21(27.625 + 0.1875)(0.375) in2 = 12,605 psi 
C76 = 0.7346 (10)6 lb / 2n1(32.125 + 0.1875)(0.375) in 2= 9,649 psi 

Based on the membrane stress the lowest margin of safety is: 

Allowable stress at 300'F = 0.7S,= 46,200 psi
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MS = (46,200 psi/25,9 9 3 psi) -1= + 0.78 

To evaluate buckling the critical stress was determined and compared to the actual: 

cycritica ="- E((0.605 - 10-7 m2)/(m(1 + 0.0040)) 

where: 

E = modulus of elasticity for 304 SS @ 300'F---27 106 psi 

m = R/T = radius/thickness 

O= E/Sy for 304 SS = 27E6/20,000psi = 1,350 psi 

Gcritical- I = critical stress for each individual cylinder 

ycraiical - = 27E6((0.605 - 107(5.8125/0.375)2)/(( 5.8125/0.375)(1 + 0.004(1350)) = 164,602 psi 

Cycritical -2 = 27E6((0.605 - 10-7(l 1.8125/0.375)2)/((1 1.8125/0.375)(1 + 0.004(1350)) = 80,894 psi 

Cycritical -3 = 27E6((0.605 - 10-7(15.8125/0.375)2)/((15.8125/0.375)(1 + 0.004(1350)) = 60,352 psi 

Cycritical- 4 = 27E6((0.605 - 10-'(24.8125/0.375)2)/((24.8125/0.375)(1 + 0.004(1350)) = 38,295 psi 

Cycritical- 5 = 27E6((0.605 - 107(27.8125/0.375)2)/((27.8125/0.375)(1 + 0.004(1350)) = 34,100 psi 

iktcaal - 6 = 27E6((0.605 - 10-7(32.3125/0.375) 2)/((32.8125/0.375)(1 + 0.004(1350)) = 29,257 psi 

The buckling evaluation produces a minimum margin of safety as follows: 

MS = (38,295/17,516) - 1 = + 1.19 

The base disk of the canister spacer is evaluated to determine its ability to carry the loading of the 

canister. ANSYS Version 5.2 is used to construct a finite element model of the canister spacer.  

Plane 42 elements are used to represent the spacer. The model includes the bottom of the 

canister to minimize the bending experienced by the base disk. Link 1 elements are used to 

transmit the load from the canister bottom to the base disk.  

A maximum stress intensity of 11,103 psi is calculated by ANSYS. Based on the maximum 

stress intensity a margin of safety is calculated as follows: 

Allowable stress at 300'F = 0.7Su= 46,200 psi.
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MS = (46,200/11,103) - 1 = +3.2 

PWR Cask Cavity Spacers Normal Condition 

The normal condition cask cavity spacer evaluation was performed by ratioing stresses based on 
the linear accident condition analysis results.  

The compressive buckling load is calculated as 

SI-ft = (S 3 0-ft )(20 g/60 g) = (17,106)(20 g/60 g) = 5,702 psi 

The critical buckling allowable stress calculated earlier is 38,295 psi.  

The minimum margin of safety for critical buckling is: 

MS=(38.29516 - 57 MS 5.70216 +5.71 

The maximum stress intensity in the canister spacer was calculated to be: 

(SI)I-ft = (SI)30-ft2g = 11,000 F-i = 3,667 psi y60g) 60) 

The allowable stress (Sm) for the PWR spacer at 300'F is 20,000 psi. This results in the 
following margin of safety: 

MS = r 20,000 psi -1= +4.45 
M 3,667psi) 

2.6.16.2 BWR Cask Cavity Spacers 

Each canister containing Class 5 BWR fuel is located by one spacer. Canister containing Class 4 
BWR fuel is located by 4 spacers. The lengths of the canisters containing Class 4 and Class 5 
BWR fuel are 185.75 and 190.55 in., respectively. To maintain the centers of gravity of these 
canisters at the required distance from the bottom inner surface of the cask, spacers of 1.5 and 6
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inches in length are designed to be placed at the bottom of the cask cavity below the canister 

bottom.  

Each spacer used in the BWR cask consists of 1.5-in.-thick plate of ASTM B209 6061-T651 

aluminum alloy. A sketch of the BWR spacer is provided below.

The aluminum alloy material is selected as the spacer material because it has the low weight, 

good thermal conductivity, and strength needed to meet the design requirements. This material is 

evaluated below for normal conditions of transport.  

BWR Cask Cavity Spacers Accident Conditions

To apply a 1-ft end-drop load to the spacer, a total bounding load of 4,560,000 lbs 

(76,000 x 60 g) is applied.  

The area of the spacer is taken to be 3,318 in2, This results in a crushing pressure of 

Pr = (4,560,000 lb)/(3,318 in') = 1,374 psi.  

The yield strength of 6061-T651 aluminum alloy at 300'F is 22,050 psi. Because the pressure 

load is less than the yield strength, the spacer will not permanently deform during the 1-ft drop.  

The margin of safety is 

MS = (22,050/1,374) - 1 = + 15.05
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BWR Cask Cavity Spacers Normal Condition 

The normal condition cask cavity evaluation was performed by rationing stresses based on the 

linear accident condition analysis results.  

The compressive stress was calculated to be: 

20g 20g 
60 = 1,37445ps S1ift = SI30-ft 0 3 60g) =458 psi 

The allowable stress (Sm) for the BWR spacer at 300'F is 8,400 psi. This results in the following 

margin for safety: 

MS = ( 8'4005 )-1 = +17.46
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2.7.1.5 Lead Slump Resulting from a Cask Drop Accident 

Following a drop accident, the shielding capability of the Universal Transport Cask may be 

reduced as a result of lead slump. The effect of the lead slump due to a bottom end-drop and a 

side-drop from a height of 30 feet on the dose rates is conservatively evaluated in Chapter 5.0 of 
this report. The dose rate as a result of the corner-drop is bounded by that for the bottom end

drop accident. The results of the evaluation are summarized in this section.  

In the event of an end-drop, the lead gamma shielding could slump and fill the annular gap (if 

one exists) created by the cooling of the lead after fabrication. This accident could create a 

maximum gap of 3.05 in. at the top of the lead annulus. This gap is determined by considering 

the conservation of total lead volume: 

71(r' -ri'Ha =7r(r'j -ri)H 

where subscript "a" indicates quantities after slump, "b", before slump, H is the total lead height, 
ri and r, are the inner and outer lead radii, respectively. Using the transport cask geometry 

dimensions, the computed slump height is 

Hb - H, = 180.0-176.95 = 3.05 inches 

Note that the slumped lead is allowed to fill the gap between the before-drop lead outer radius 
and the outer shell inner .radius. The parameters used in the caIlculation are shown in Table 

2.7.1.5-1. Dose rate calculations on the basis of this 3.05-in. axial lead slump show that the peak 
1 m total dose rate is 47 mrem/hr for the cask loaded with design basis PWR fuel assemblies and 

64 mrem/hr for the cask loaded with design basis BWR fuel assemblies.  

For a 30-ft side-drop accident, the lead may slump into the lower portion of the annulus between 

the inner and outer shells; thus, a reduction in the thickness of lead shielding may occur on the 
upper side of the cask as shown in Figure 2.7.1.5-1. An evaluation of the side-drop accident 

shows that the lead may sag at the opposite side by a maximum of 0.91 inch. The slump height 

is computed by equating the before- and after-drop cross sectional areas: 

-r2 )+2fsin2ode-,=(b r2) 
-20 0 2
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is the angle subtended by the top of the slumped lead, as measured from the vertical,' and .the 

integral term gives the area of that part of the upper semi-circle bounded by the slumped lead.  

The integral is evaluated analytically and the Excel Solver utility is used to solve the resulting 

transcendental equation for 0. Given 0, the resulting slump height is 37.599 inches. Table 

2.7.1.5-1 provides the parameters and results of the lead slump analysis. The radial slump is: 

r. -r.. 38.51- 37.599 = 0.91inch 

Dose rate calculations on the basis of this 0.91-in. radial lead slump show that the peak 1 meter 

total dose rate is 27 mrem/hr for the cask loaded with design basis PWR fuel assemblies and 21 

mrem/hr for the cask loaded with design basis BWR fuel assemblies.  

The above dose rates resulting from a lead slump condition are significantly below the 

hypothetical accident dose rate limit of 1,000 mrem/hr at 1 meter from the surface of the cask.  

Thus, the hypothetical accident dose rate limits of 10 CFR 71.51 are satisfied.  

2.7.1.6 Impact Limiter Analysis - Hypothetical Accident Conditions 

Removable upper and lower impact limiters are provided on the Universal Transport Cask to 

ensure that the design impact loads on the cask are not exceeded for any of the defined impact 

conditions. The defined conditions are that the cask falls 1 foot (normal conditions of transport) 

or 30 feet (hypothetical accident conditions) and lands (a) on its side, so that both impact limiters 

are impacted simultaneously; (b) flat on one impact limiter at either end; or (c) oblique on one 

impact limiter at either end.  

Detailed analysis of the impact limiters for normal conditions of transport and hypothetical 

accident conditions is provided in Section 2.6.7.5. The analysis is based on the assumptions that 

the cask impacts on an unyielding surface and that the impact limiter remains in position on the 

cask during all impact events. A finite element computer program, LS-DYNA [33] is used to 

analyze the impact limiters for an impact event to determine the dynamics of the event, the forces 

generated during that event, and the depth of crush. Results of the analysis are provided in 

Section 2.6.7.5.  

As demonstrated by the results, the deceleration g-loads predicted by the LS-DYNA analysis for 

the 30-ft cask drop conditions are lower than the g-loads for which the Universal Transport Cask 

and the Transportable Storage Canister are designed.
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2.10.1 Computer Program Descriptions 

The structural evaluation of the Universal Transport Cask body, closure lid, canister, baskets, 

and impact limiters is accomplished using the ANSYS and- LS-DYNA computer codes. These 

programs are described in the following sections.  

2. 10. 1. 1 ANSYýS 

The structural analysis of the main body, the closure lid, the canister, and the baskets of the 

Universal Transport Cask is performed by the finite element analysis method using the ANSYS 

structural analysis computer program [32]. The ANSYS computer program is a large-scale, 

general purpose computer program for the solution of several classes of engineering analyses 

that include: static and dynamic; elastic, plastic, creep and swelling; buckling; and small and 

large deflections. The matrix displacement method of analysis based on finite element 

idealization is employed throughout the program. The large variety of element types available 

gives ANSYS the capability of analyzing two-dimensional and three-dimensional frame 

structures, piping systems, two-dimensional plane and axisymmetric solids, three-dimensional 

solids, flat plates, axisymmetric and three-dimensional shells, and nonlinear problems, including 

gap element interfaces.  

A three-dimensional model is used in the analysis of the cask for the 3 free-drop cases. Two

dimensional axisymmetric models are used to evaluate the cask lid for puncture. The interface 

gap elements provide the capability of realistic modeling and evaluation of the interactions 

between the lead layer and the surrounding stainless steel shells; between the top forging, and the 

lid; and between the neutron shield material and the steel in the bottom of the cask.  

The ANSYS preprocessing routine (PREP7) is used to construct the finite element mesh, 

describe each cask component material (temperature-dependent) property, assign unique 

identifiers for cask components, model displacement boundary conditions and prescribe 

temperature, point loads, or surface tractions of appropriate element faces or nodes. The PREP7 

graphics option is a valuable tool that permits the user to check the model for completeness. The 

ANSYS analysis option uses the PREP7 file to generate a solution file and to provide a 

user-oriented printout of the solution phase.  

A variety of ANSYS post-processors (for example, Postl) utilizes the solution file to sort, print, 

or plot selected results from the ANSYS analysis. The post-processors can provide many useful
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features including a maximum set of variables (such as stress components or displacements) or 

sectional stresses along a designated path. Additionally, the structural behavior can be viewed 

by model displacement and stress contour plots.  
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2.10.3 Confirmatory Testing Program - UMS® Impact Limiters and Attachments 

This section provides a description of the scale model test program, which was carried out as 

confirmatory support of the analysis and licensing effort for the design qualification of the 
NAC-UMS® TransportCask impact limiters and attachments. More specifically, the purpose of 

the UMS® Scale Model Test Program was to confirm (1) the capability of the impact limiters to 

restrict the deceleration of the cask to the design limits used in the structural evaluation of the 

transport cask; and (2) the impact limiters remain attached to the cask body.  

The test results confirm the impact limiter analysis and provide physical evidence that the UMS® 

impact limiters will function as designed to limit the deceleration applied to the cask and its 

contents and to remain attached to the transport cask during an accident condition impact.  

The scale model test program for the NAC-UMS® impact limiters included: (1) 30-foot drp s of 
a quarter-scale model of the UMS cask in the top end, side, and top comer impact orientations 

and (2) a static compression test for the top end drop cask orientation. The total weight of the 

quarter-scale model and impact limiters (4,060 pounds) corresponded to the full-scale 260,000 

pounds design limit of the NAC-UMS® Transport Cask.  

This section presents the scale model impact limiter and attachment drawings, the Jest 

descriptions, test results, and conclusions that demonstrate the design qualification of the impact 

limiters and their attachments.  

2.10.3.1 Confirmatory Testing Program Results Summary 

Three 30-foot drop tests were performed for the, UMS® transport cask scale model test program.  

The top end drop and top comer drop test were performed at the drop test facility, at the Oak 

Ridge National. Laboratory (ORN]) in April 199.9, The side drop test was performed at Sandia 

National Laboratory (SNL) using a different quarter-scale model in March 2001.  

Since the purpose of the LuMS® Drop Test Program was to confirm the design of the UMS 
transport cask impact limiters and attachments, the design of the scale model package focused on 

the limiters and their -attachments to the cask body,. The scale model' body, was, designed to 
accurately represent the interface between tthe impact liiters and the weigt, 

CG and mass moment of inertia of the cask body and its. contents. The use of a sae model'i is 
appropriate to perform these tests and the scale selected for the tests was a quarter-scale model.
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Using a smaller scale model would present fabrication difficulties, while use of a larger scale 
model would increase the drop pad requirement (mass and geometric size). The drop pads at 
ORNL and SNL meet the requirement of the IAEA to simulate an unyielding surface for the 

IMSS® quarter-scale model. The test data consisted of measurements of the deformations of the 
impact limiters, the package accelerations, and inspection of the retaining rods. Impact limiter 
measurements were performed before and after each test to determine the crush depth of- the 
impact limiters. The measured crush depths are used to demonstrate that the impact limiter 
design calculations are bounding. The accelerations are recorded by accelerometers attached to 
the model body. The accelerometers are positioned and oriented so that a single accelerometer 
records the vertical acceleration of the model. The acceleration data obtained from the 
accelerometers contained contributions to the acceleration signal that were extraneous based on 
the frequencies of the contributions. For this reason, the acceleration data was further processed 
to extract accelerations, which were compared to the accelerations calculated by the LS-DYNA 
finite element analysis program. Additional test documentation included high-speed 
photography that confirmed the orientation of the cask at impact and still photographs of the 
scale model, impact limiters, and the impact limiter retaining rods. Post-test inspection of the 
retaining rods and the impact limiters confirmed that the impact limiters have a significant 

margin of safety for remaining attached to the cask body d ng and after a 30-foot drop test 
impact.  

The LS-DYNA analyses for the quarter-scale model are presented in Section 2..10.3 9.  

The quarter-scale model 30-foot drop test acceleration values and the LS-DYNA predicted 
(calculated) values are summarized in the following table: 

UMS Quarter-Scale Drop Test Results LS-DYNA Prediction Design 

Cask model (g)(g)___Basis Acceleration 
Top Bottom Top Bottom 

Drop orientation Accelerometer Accelerometer Accelerometer Accelerometer (g) 

Top Comer 121 N/A 143 N/A 240 

Top End 207 N/A 226 N/A 240 

side 190 198 220 213 240 

The drop test measured crush depths and the LS-DYNA predicted (calculated) values are 
summarized in the following table:
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UMS® cask Quarter-Scale Drop Test Results (inch) LS-DYNA Prediction (inch) 

Model Drop Original Final Measured Original Final Total 
Orientation Thickness Thickness Crush Depth Thickness Thickness Crush Depth 

Top End Dropp- - 2.00 - - 2.21 

Top Corner Drop -.- 2.95 - - 3.36 

Side Drop-Under 3.50 0.63 2.87 3.47 0.38 3.09 

the trunnion 
Side Drop-Bottom SieDo-otm 5.13 2.38 2.75 5.13 2.39 2.74 

impact limiter 

These results of the UMS® Drop Test Program confirm the design-basis accelerations and crush 
depths used for the evaluation of the transport cask.

2.10.3.2 Acceptance Criteria for Model Performance

Acceptance criteria were established only for the scale model impact imters andI thir 
attachment components, since the purpose of the scale model test program was to confirm their 
performance capabilities. The function of , the scale model impact limiters is to limit the 
deceleration of the scale model package du ng the 30-foot drop event, while remaining firmly 
attached to the cask body. The impact limiter acceptance criteria requires that: 

1. The crush depth be limited to prevent an impact of the cask body on the impact surface.  

2. The accelerations be limited to be less than or equal to those used in the design analysis.  

3. The impact limiters remain attached to the cask body and in position after the impact 

event.  

The results of the UMS® Drop Test Program confirm: 

1. The scale model body did not impact the pad surface confirming that the UMS® transport 
cask possesses a sufficient depth of wood to absorb all of the energy of a 30-foot drop in 

any orientation.  

2. The maximum acceleration's determined from. the scale model tests are less than the 
design-basis values used to evaluate the UMS® transport cask components for a.30-foot 

drop accident.  

3. The impact limiters remain attached to the transport cask body.

2110.3-3



SAR - UMS® Universal Transport Cask March 2001 

Docket No. 71-9270 Revision UMST-01B 

2.10.3.3 30-Foot Top End Drop and 30-Foot Top Corner Drop Tests Performed at ORNL 

A. quarter-scale model was used for the confirmatory testing of the UMS® impact limiters and 
attachments for the top end drop and top cormer drop. These drop tests were perfomed at the 
Oak Ridge National Laboratory (ORNL) in April 1999. The quaer-scae moel was only 
required to represent the appropriate cask body weight, center of gravity, and attachment 
interface materials and dimensions of the impact limiters and their attachments to the cask body.  
For this reason, a 20-inch diameter Schedule 160S stainless steel pipe was used to represent the 

.cask body. To properly represent the weight and the location of the center of gravity of the cask 
and the mass moment of inertia, a series of weight disks (circular steel plates) were positioned 
inside the pipe. Three of the weight disks were 4 inches thick while a fourth was 4.5 inches 
thick. The actual location of the plates and the corresponding axial location of the center of 
gravity are shown in the model drawing 790-,301, Sheets 1 thro ugh 3.  

The total weight of the quarter-scale mo del including the impact limiters was 4033 pounds, 
which closely approximates (1/4) S 1/64 of the full-scale transport cask weight of 26.0,000 
pounds.  

The overall'length- ofthe model (without the, impact limiters) is 52.31 inches, which is compriseqd 
of a 41.31-inch length of 20-inch diameter pipe welded to a 6-inch thick plate at the top end and 
a 5-inch thick plate at the bottom end. Both plates are Type 304 stainless steel. The top end 
plate was machined to represent the scaled outside diameters and axial dimensions of the upper 
forging and the neutron shield top plate. A 16.06-inch diameter through holle- was ..machined in 
the center of thetohe model body Also, a recess was machined into the top end 
plate to accommodate the placement of the bolted lid. Two steel bars, scaled to represent the 
diameter and length of the cask lifting trunni elded in the appropriate locations on the 
outside diameter of the top end plate.  

The model lid outer di.aeter and the lid bolt recess diameter are quarter-scale dimensions,. but 
the lid thickness and the number of lid olts were not scaled. Scaling of the lid thickness and the 
bolts was not necessary because the purpose of the lid and bolts was only to back the upper 
impact limiter and to retain the dummy weights in the cavity of the model cask.  

The t5inch tick bottom end plate of the model was .machined to represent the scaled outside 
diameters and the axial dimensions of the bottom end of the UMS' cask, including the neutron 
shield bottom end plate. The bottom plate thickness is not scaled, since it is only required to
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provide backing area for the bottom impact limiter and to contribute to the weight and CG 

location of the scale model.  

The four interior circular weight disks were positioned by spacers (cylinders), but were not' 
attached (welded or bolted) to the spacers or the body of the scale model. The spacers were 
fabricated from 16-inch diameter Schedule 160 pipe, which 'provided adequate strength to 
maintain the position of the weight disks. The lengths of the spacers were designed to properly 

position-the CGof the scale model package. This ensures that the load distribution to the model 
impact limiters for the drop tests is representative of the loading that would occur on the 

full-scale UMSc transport cask.  

Since t'he top end drop and top cormer drop tests involve only the top end of the model, there wa s 

no need to include a bottom impact limiter on the model for these tests. To ensure that the total 
scale model package weight and CG are properly represented for the top end and top corer drop 
tests, a steel plate corresponding to the weight of the bottom impact limiter was designed, 
fabricated, and bolted to the bottom end of the model.  

The model impact limiters were quarter-scale representations of the full-sca•e impact limiters.  
The redwood bad basa wood used in the model limiters met the same specifications that are 
defined for the full-scale limiters in this SAR. The wood section shapes, joints, and bonds of the 
scale model impact limiters duplicate those of the full-scale impact limiters., The grain 
orientation of the redwood and balsa wood in the scale model impact limiters is identical to that 
as designed in the full-scale impact limiters. The scale model impact limiter, shells were 
fabricated from 16 gauge (0.0625-inch thick) Type 304 stainless steel sheets and the screw tubes, 
which serve as the penetrations for the impact limiter retaining rods, were fabricated from 
0.035-inch thick, 0.75-inch diameter tubes. Each model impact limiter is attached to the cask by 
sixteen quarter-scale retaining rods fabricated from ASME SA-193 .Grade B8S stainless steel.  

The model impact limiter shells -i.e., material thickness, geometry, and Welds 7. ar appopri!ately 
quarter-scale. The diameter of the screw tubes is quarter-scale, but the tube wall thickness is 
fullscale €due to fabricabinty ad materialaya'ilability limitations. The use of the thickeri ube is 
considered to, beconservative, since it tends, to. increase the stiffness of the limiter. Theaxial 
stiffness of the model screw tube is increased' byv a factor of four, and the rotational stiffness of 
the screw tube attached to the impact limiter shell ~is also significantly increased. The effect of 
the tube thickness on the drop st results is insign 

primary crush regions of the impact limiter.
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2ý.103.3.1 Equipment and Instrumentation for the Tests Conducted at ORNL 

The pad at ORNL functions as the essentially unyielding impact surface and is considered to 
meet TAEA requirements. The pad consists of concrete and armor plate, and the total weight is 
approximately 60 tons, which is approximately 30 times the test weight of the quarter-scale 
model. The 60-ton weight of the pad is considered to be conservative, since the pad rests on a 3
foot diameter column of reinforced concrete that extends vertically down 10 feet to bedrock.  
The armor plate, which is the impact surface of the paId, is 6-inch .thick steel plate.  

Lifting and dropping the model was performed with a mobile, crane with a singl~e ,point 
suspension system in conjunction with an explosive cable cutting. release. This release' 
mechanism allowed the free fall of the package to be initiated in an unimpeded fashion with 
minimum perturbation to the angular position of the model or its lateral position with respecto 
the pad surface.  

To assess the model performance with respect to the acceptance criteria, a set of basic data was 
required to be collected throughout each test. This data included: 

L Acceleration data - to determine the maximum impact acceleration, of the cask.. All of 
the accelerometers used in the drop tests were the same model and they were calibrated to 
MST traceable standards corresponding to frequencies ranging from 2K Hz to 10K Hz.  
individual accelerometers were mounted on steel blocks welded to the cask model; the 
I actual ocations of the blocks are shown on Drawing 390-301, Items 23, 24, ad 25. All 
of the accelerometers were positioned to record only the vertical acceleration component.  
Therefore, a combination of time histories was not required to compute the resultant 
vertical acceleration. The number and locations of the accelerometers weretailored to 
each individual drop test,as shown below.

2.10.3-6

Number of 
Drop Test Acceleromeiers Accelerometer Location 

Top end drop 3 All three accelerometers were located 11 inches from the 
top end of the model and were spaced circuinferentialIy at 
the 600, 1500, and 270' positions.  

Top comer drop 3 Two accelerometers were located 8 inches from thetop 

end of the cask body and IS00 apart, circumferentially. A 
third accelerometer was located, 12.5 inches from the. .top 
end of the cask body and was at the same circumnferential 

______________location as one of the other accelerometers.
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The acceleration time histories were stored electronically, which permitted them to be 
filtered after the tests were completed. The unfiltered data consisted of acceleration (in 
units of gravity "g") points corresponding to time increments of 30.5 microseconds.  

2. Impaci limiter deformation' data - to evaluate the behavior of the impact limitersI the 
crush depth for each orientation and the condition of the limiter attachment to the model 
body after each test. After each test, the impact limiters were inspected to determine the 
amount of deformation that had occurred (the crush depth) and to determine the condition 
of the retaining rods. Photographs were taken to record the post-test condition of the 
impact limiters and retaining rods.  

3. High speed photography - to review and assess the actual angle of impact dthe 
behavior of thie cask body and impact limiters during the impact.  

Two high speed cameras were used to record the behavior of the quarter-scale model as 
impacted the target surface. Film speeds were 500 frames/second or greater. One camera was 
positioned and focused to obtain a close up view of the impact deformation. The other camera 
was focused to record an overall view of the impact and to verify the orientation of the cask as 
the impact was initiated.  

2.10.3.3.2 Filter Frequency Identification for the End Drop Accelerometer Data 

Accelerometers can be sensitive to high frequency vibrations in parts of thestructure that could 
be considered to be remote from the actual location of the accelerometer. The purpose of the 
accelerometer is -to determine the rigid body deceleration of the model body during the impact, 
not the high frequency vibration dynaric response of other components of the model body. High 
frequency vibrations typically correspond to mode shapes, which are excited by the impact.  

The electronically stored acceleration time histories include the peaks corresponding to the high 
frequency vibration dynamic response of the spacers and weight disks inside the model body.- To 
reduce the effects of the high .frequency responses. in theacceleration time histories, the 
acceleration time histories are filtered, iie., a filter frequency is determined, suchL that 
acceleration time points corresponding to the high frequency vibration. dynamic responris nes are 
effectively removed from the data. Since these, igh frequency vibration dynamic responses are 
a function of the loadings on the model body, sepa ate filter frequencies are determined and 
applied for each of the different drop ofientations. The corner drop impact orientation produces 
an axial loading on the cask components inma manner similar to the end drop.
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Whil the end drp orientation does provide excitation to the+weight disks and pacers, the 

lowest frequency of concern corresponds to the longitudinal mode, which combines the m.ass of 

the shell weldment (2,107 pounds) and the lid (157 pounds) and the bottom test weight (13.4 

pounds). The total weight (W) of these components is W = 2,398 pounds. The mass (M) is 

computed as 2,3981386.4 or 6.21 lb-sec2/inch. The equivalent axial stiffness (K) of the sys tem 

is: 

K = AX E/L 

Where: 

A = cross sectional area of the model body 111.5 in 2 

E = modulus of elasticity of Type 304 stainless steel (70') 28.3 E6 psi 
L = distance from the 5-inch thick bottlom plate to the inner surface of the 2-inch thick.  

model lid 
= '45.3 inches 

Substituting, 

K = (lll.5)(28.3+E6)/45.3 pound/inch 
K = 69.7E+6 pound/inch 

The corresponding natural frequency is 

f =(1/2n') K0m f -= 533Hz) 

Afilter frequency of 550 Hz is used to avoid including the high frequency vibration dynamic 

response of the shell of the body of the model.  

2.10.3.3.3 Results/valuation for the 30-Foo1tTop End Drop Test 

The 30-foot top end dop Was performed first. Prior to lifting he scale model package tor the 
30-foot drop height, the torque for the retaining rods and nuts was verified to ensure that the 

torque specifications were met.
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Two high speed cameras were used to record the top end drop impact. In reviewing the high 
speed camera results, it was determined that the high speed camera recording the detailed view 
of the impact limiter crush had malfunctioned, causing the film to be under-exposed, The high 
speed camera used to record an overall view of the drop test showed that the scale model's 
longitudinal axis was essentially vertical and that the model impacted the drop test facility pad as 
targeted. The scale model remained upright during and after the impact. The high speed camera 
also showed that the model rebounded an estimated 18 to 24 inches back up into the air after the 
initial 30-foot drop impact.  

2.10.3.3.3.1 Impact Limiter Deformation and Attachment Data 

After the top end drop test the scale model package was lifted off the ground to remove the top 
end impact limiter. Removal of the top impact limiter from the cask body required that two 
hydraulic jacks be inserted between the impact limiter and the bottom end plate to force the 
impact limiter off the cask body. During the impact limiter removal, it was noted that several 
retaining rods were broken. The retaining rods were removed from the impact limiter and 
inspected, whereupon it was observed that the rods had undergone plastic buckling, having been 
confined to the screw tube, which is surrounded by redwood oriented in its strongest direction.  

The impact limiters were, then. sectioned by sawing into approximately four equal quarter
sections to permit observation of the deformations of the impact limiter shells in the crushed 
region of the impact limiter directly under the cask. The crush depth of the four quarter sections 
was measured, and the average crush depth was found to be 2.04 inches. The post-test 
inspection of the scale model top impact limiter indicated that the !'pseudo" top neutron shield 
plate on the model body had contacted the impact limiter and had left an indentation on the outer 
top surface of the impact limiter. The pretest nominal gap between the top surface of the impact 
limiter and .the top neutron shield plateis, (4.61 - 2.75) inches, or 1.86 inches. The observed 
average crush depth. of 2.04 inches corroborates the observed indentation, since the associated 
model movement would h.av.e. closed the, 1.1860 inch pretest gap and, resulted int•he top surface 
indentation as observed.  

2.10.3.3,3.2 Accelerometer Data 

The unfiltered accelerometer traces were electronically stored to permit filtering after the tests.  
The trace shown captured the initial ..impact.. of ,the.. scale. model. An initial observation
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of the trace is the significant "noise" vibrations associated with the accelerations. Additionally, 

"inspection of the traces showed that the initial acceleration change was over 500 g, Which 

occurred over three time points and the time between individual time points in the trace is 30.5 
microseconds. Thus, the trace suggests that the acceleration achieves this initial value in 

approximately 60 microseconds and then begins to subside (from the maximum value). The 

impact limiter is evaluated to determine whether there is a basis for this large. accelerometer 

response. A cursory review of the immediate load paths in the impact limiter does not support 

the ability to generate this type of loading. Four considerations are discussed below.  

1 . If the scale model retaining rods (ASME SA- 193 Grade, B8'S) did not buckle-, but -instead, 
initiated metal flow, the load path through the rods would be an immediate load path 

from the scale model to the impact plane. This immediate load path could arise, since the 

retaining rods attach directly to the scale model lid.  

The immediate acceleration (Atj0,) in units of gravity would be the ratio of the product of 
the total area of the retaining rods multiplied by the dynamic flow stress of the material to 

the weight of the scale model package.  

Af.... .N(2t.4)(d) 2.. d)IW = 22.2 (g) 

Where: 

C= (95+50)/2= 72.5 ksi (the average of the tensile and yield strengths at 70T0 

for ASMI, SA-193 Grade B8S) 

W model weight acting on the retaining rods = 3,945 pounds(3,811, pounds 

for the' modelbody and 134 pounds for the test weight representing the 

bottom impact limiter.  
N - number of retaining rods = 16 rods 

d - diameter of the retaining rod = 0.3 1 inch.  

2. If the- scale. , model impact limiter shell did not buckle at the 18.7-inch inner recess 
diameter,, but instead,' initiated metal flow, this section of the shell would be an 

immediate load path between the model lid and the impact plane. Before other sections 

of the model impact limiter shell can deform in the axial directi6n, the load must b6'e 
transferred throuah the inner recess shell first.  

The immediate acceleration An0,) in units of gravity would be the ratio of the,pr•oducof 

the total area of this section of the model impact limiter shell and ihe dynamic flow stress 
of the material to'the weight of the scale model package.
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Aflw ()(187)(.06)(52,500)/3,945 46.9 (g) 

Where: 

d=Thickness of the scale model impact limiter shell is 0.06 inch 

qd = (75+30)/2 = 52.5 ksi (the average of the tensile and yield streIngths at 

70°F for Type 304 stainless steel) 
W = model weight = 3,945 pounds (3,811 pounds for te model body ad134 

pounds for the test weight representing the, bottom impact limiter) 

3. If the entire area of the redwood in the scale model impact limiter (outside diameter = 311 

inches) would instantly initiate crushing, the force applied to the model for deceleration 
would be the ratio of the product of the cross-section area of the impact limiter and the 
intial crush strength of the redwood to the weight of the scale model package.  

A =ow (ffI4)(31)2(640)/4,078 = 118 (g) 

Where: 

d Outer diameter of the model impact limiter shell = 31 inches 

ad = The initial crush strength of the redwood in the direction perpendicular to 
the grain 640 psi 

W = model weight acting on the top impact limiter bolts= 4,078 pounds (3,811 

pounds for the model body, 133 pounds for the top impact limiter and 13n 4 
pounds for the test weight representing the bottom impact limiter) 

4. If the redwood in the backed area of the model impact limiter (area directly under the 
model cask body) is considered as an elastic component only, the minimum immediate 
response time can be computed using the fundamental mode of the mass of the model 

acting on the redwood.  

The total weight (X) of these components is W,- 3,945 pounds (3,811 !,polunds for -the 
model body and I34 pounds for the test weight representing the bottom impact limiter)' 

The corresponding mass (m) is computed as 3,945/386.4 or 10.21 lb-sec2/inch. The' 
equivalent axial stiffness (K) of the system is:

2'.16.3-1i I
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K= A x E/L = 48.1 E6 pounds/ inch 

Where: 

A= cross sectional area (backed area) of the redwood (rd4) (18.7)2 =274.6 

in
2 

E modulus of elasticity of redwood 1.4 E6 psi 

L= inches(10.75-2.75) 

The corresponding natural frequency is: 

f = (1/27r) (K/rn) (Hz) 

f = 345 Hz 

Based on this natural frequency, the accelerometer trace should indicate that for the initial peak, 
the acceleration varies from a positive maximum value to a negative one, corresponding to the 
signal period/2 or (1/345)/2 1,449 micro-seconds. Since the time points on the acceleration 
trace are 30.5 micro-seconds, there should be approximately 48 (1,449/30.5) acceleration points 
showing the motion from zero to the initial maximum negative value. The accelerometer traces 
do not demonstrate this hypothesis. Thus, the use of the elastic properties for the redwood is 
significantly over-conservative.  

It is -concluded from the foregoing four considerations, that these conservative calcuIations 
confirm that -the initial acceleration vaues are a result of high frequency effects in the 
accelerometer and, therefore, filtering the acceleration data is appropriate, The filtered results do 
not show the steep rise time nor the associated level of accelerations that are present in the 
unfiltered trace. The filtered result is superimposed on the unfiltered trace in Figure 2.101.3-2.  
The filtered data was integrated to obtain the velocity of the model body and was shown to 
match the 527.4 in/sec initial velocity. The peak acceleration is shown to be 51.8 g for the full

scale UMS® package.  

2.10.3.3.4 Static Crush Test for the End Drop Orientation 

To further con.fir. the design oft the UMS® impact limiters, a static crush test in atop end drop 

orientation was, conducted. The purpose of the static test was to: 1) identify any potent ial initial 
stiffness in the impact limiter, which would corroborate the large accelerations observed on the 
accelerometer traces during the early part of the 30-foot top end drop impact; and, 2) indicate
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any effect of the thick-walled screw tubes on the impact limiter crush force in the end drop 

orientation.  

To provide test data for these objectives, two tests were performed: 

1. Static Test 1 used an uncrushed section ofthe quarter-scale impact limiter design exactly 
as tested in the 30-foot end drop test.  

2. Static Test 2 used an uncrushed section of the quarter-scale impact limiter without the 
0.035-inch thick screw tubes, but otherwise identical to the end drop test limiter.  

For the UMSO impact limiter design in the end drop orientation, the grain direction of the 
redwood. is perpendicular to the direction of crush. The retaining rods and the screw tubes are 
equally spaced every (3600/16), or 22.50. The static crush test used a 45 -section of a model 
"impact limiter, which included two retaining rods and two screw tubes. Thus, the Iateral 
circumferential edges of the test section correspond to the circumferential midpoint between two 
bolts. For a 450-sectionheboundary conditions at the edges require that all displacements 
perpendicular to. the side be zero. For the thin impact limiter shell, the additional requirement of 
constraining certain rotation components (as would be performed in an analytical evaluation) is, 
required. For structures developing their strength from flexure, this is a significant restraint 
condition, but the strength of the impact limiter shell is due to membrane stiffness not flexural 
stiffness. Therefore, relaxing the rotation condition at the edge of the section ofthe model 
impact limiter for this test has no effect on the results.  

Additionally, the model lid must remain horizontal as it moves into the model impact limiter, just 
as in the case of an end drop. Two new retaining rods and associated nuts were used to connect 
the 45'-section of the impact limiter to a 450 -section of the model lid. IThe section of the model 
lid used in the static crush test included the recess for the lid bolts. The static test uncrushed 
section model used the'same design and materials for the retaining rods and lid bolts as uised in 
the scale model .30-foot end drop test.  

The static test 45,-section of the scale model impact limiter was inserted into the Istatic, test 
fixture between the lid, Which connected to the upperhead of the testing machine, ad a bottom 
plate representing the impact plane. The details of the fixture are shown in NAC Drawing 790

401, "Crush Fixture, End Drop, UMS, Testing," Sheets lthrough 3.
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In the, stati c test fixture, the lateral restraints were provided by 1-inch thick steel plates supported 
by 1-inch thick, triangular gussets. The sides of the fixture and the gussets were welded to the 

1- -,inch I .thick base plate. All welds were fillet welds and all were located outside the region 

containing the 450 section of the model impact limiter. To ensure that the 450 section of the 

impact limitqr did not move outward in the test fixture during the test,, a cauredbr 
(rectangular cross section of 0.18 inch by 1 inch) was fitted around the outer surface of the model 
impact limiter section and bolted to the lateral plates of the test fixture.  

The recorded test data included the force-deflection curve for the 450 -section of the model 

limiterI as well as the displacements at the. lateral sides of the test fixture and the radial 

displacement of the limiter.  

The static Itests were conducted at Precision Components Corporation in York, Pennsylvania, 
using aTinius Olsen testing machine capable of applying 500,000 pounds of compressive load.  
The use of this equipment established a slow compression speed representative of a static test.  
Thus, the crush strengths observed in the test correspond to static crush strengths. To account for 

the dynamic effect in crushing the redwood, the static forces are factored by 1.058 (Section 
2.6.7.5.3). Since the static test uses an 1 1 h section (45') of the quarter-scale model impact 

limiter, the total force (Ftoti) generated for a full quarter-scale model is determined as eight4(8) 
times the force value observed in the static test. The corresponding acceleration for the quarter
scale model is (Ftotmt/4,033),. where 4,033 pounds corresponds ti the minimum, weight of the 

quarter-scale model.  

The energy absorbed (Eijjter) by the model impact limiter section during the static test is 
computed by integrating the area under the force-deflection curve. In the end drop orientation, 
the crush depth of the limiter must be included in the total potential energy (E•t) calculation for 

a 30-foot drop.  

Etow= _(4,033)(360+8) 

Where: 

W modefl-eight = 4,033 pounds 

D I drop hfifghtý• 366 inches 

8 =-the crush'dep
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The force applied in the static crush test was increased until the energy absorbed by the model 
impact limiter section (Ei ..ite,) was equivalent to, or greater than, the total potential energy (Eotma) 
of the quarter-scale model for a 30-foot drop.  

2.i0.3.3.4.1 Static Test Results 

1. The lateral displacements of the sides of the test fixture were measured to be less than 
0.001 inch and the outward radial displacement of the test article was less than 0.1 inch.  
These values indicate that the boundary conditions were satisfied.  

2. No malfunctions of the equipment or instrumentation were experienced.  

3. The force-deflection curves for the model impact limiter sections used in Static Test, 1 
and Static-Test 2 are shown in Figures 2.10.3-3 and 2.10.3-4, respectively. These curves 
include the previously discussed geometry and dynamic load factors of 8 and 1.058, 

respectively.  

4. the following crush and accelerations were determined based on Static Test 1 and Static 
Test 2. These values correspond to the conditions at the end of the test in which the 
energy absorbed by the model limiter section equals or exceeds the total potential energy 
of the scale model for a 30-foot drop. The force values include the geometry and 
dynamic load factors of 8 and 1.058, respectively.  

CruhDepth,(in) Force (kips) Acceleration (g) 
Static Test (6) (Ftotw) (Fto IuW) 

1 (base line case) 3.24 701.7 174 
2 (without the screw tube) 3.70 680.0 1168.6 

2.10.3.3.4.2 Static Test Observations 

1. No initial peaks in the loading were observed for either Static Test 1 or Static Test 2. The 
crush forces developed in a monotonic manner increasing from zero to the maximum 
force reported above. During the static tests, there were no mechanical shocks observed 
in the equipment nor in the floor on which the testing machine was supported.
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2. While the screw tubes aret a source of significant strength, the initial deformation of. the 

impac limiter does not occur in the region of the screw tubes. The calculated final 
accelerations for the model impact limiter design.with the screw tube was only 3 percent 

larger than the design without the screw tubes.  

3. The axial section of the model impact limiter shell at the 18.7-inch diameter next to the 
model lid buckled in the same general shape in the static test as in the 30-foot top end 
drop. Since the crush force developed in a monotonic manner and the, mode of 

deformation between the static and dynamic drops are the same, it indicated that this 

section of the model impact limiter shell does not deform by plastic flow of the metal and 
does not contribute to large initial accelerations.  

4. The crush and the accelerations reported above for the section of a model impact limiter 
is compared to the LS-DYNA results presented in Section 2.10.3.7. The static crush, test 
results are compared to the LS-DYNA results in the following table: 

LS-DYNA LS-DYNA 
Quarter-Scale Quarter-Scale Quarter-Scale Calculated Calculated 
End-Impact Crush Depth Acceleration Crush Depth Acceleration 
Static Test (in) W (in) (g) 

Test 1 3.3 174 21 226 

Test 2 3.7 169 ....  

For the maximum acceleration case, the Static Test results are enveloped by the LS-DYNA 
analyses.  

2.10.3.3.4.3 Summary of the Static Tests 

The results of the static tests indicate that the initial high accelerations observed in the drop tests 
are a result of accelerometer high frequency effects. The filtered acceleration data more 
accurately reflects the response of the impact limiter in an end drop impact. Additional ly,the 
static tests confirm that the impact limiter for the end drop has sufficient energy absortion 

capacity.
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2.10.3.3.5 Results/Evaluation for the 30-Foot Top Comer Drop Test 

The 30-foot top comer drop test was the second test to be completed using the UMS® quarter
scale model. Prior to lifting the scale model package to the 30-foot drop height, the torque for 
the retaining rods and nuts were, confirmed to ensure that the torque specifications were met.  

Only the upper impact limiter was attached to the cask model. The bottom end of the scale 
model used the same test weight that was used for the top end drop. This test weight is an 
inexpensive substitute for a bottom impact limiter and ensures that the tested package has the 

proper weight and CG location for the UMS ® transport cask.  

Two high speed cameras were used to record the top comer drop impact. One of the high speed 
cameras recorded a close-up view of the impact limiter crush in the region of the impact plane.  
The other camera recorded an overall view of the drop test and showed that the cask orientation 

was very close to the target angle of 230 from vertical.  

2.40.3.3.5.1 Accelerometer Data 

An initial observation is that significant "noise" vibrations associated with the accelerations do 
exist and that - filItering of the accelerometer data is appropriate. The filtered result is 
superimposed on the unfiltered data in Figure 2.10.3-4. The results from the LS-DYNA finite 
element analysis program, and_,the maximum acceleration determined from the three 
accelerometer traces, are: 

Quarter-Scale Model LS-DYNA Calculated 
Location Acceieration (g) Acceleration (g) 

Top Impact Limiter 121 143 

The acceleration determined from the quarter-scale model top conmer droP test is envelopedd by 
the LS-DYNA calculated design basis accelerations.  

2.10.31.3.5.2 Summ4a of the Top Comer Drop Test Results 

The crush depth anid impact accelerations determined from-the 30-foot top comer drop test of the 
UMS® quarter-scale model are enveloped by the LS-DYNA calculated design-basis analysis
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data used in the SAR. The UMS& impact limiters are confuimed to provide adequate design 

margin to limit the acceleration and the crush depth of the transport cask for the, 30-foot top 

comer drop. Thus, the UMS® cask body will not contact the impact plane during the 30-foot top 

corner drop.  

2.10.3.3.6 Impact Li iter Deformation and Attachment Data 

After the top comer drop test, the scale model package was lifted off the ground to remove the 
impact limiter. Similar difficulties in removing the deformed impact limiter were encountered, 

as with the top end drop, due to the plastic buckling of the retaining rods inside the screw tubes.  

Upon removing the upper impact limiter, it was observed that the three retaining rods nearest the 

point of impact were broken. Due to the difficulty of the process, removal of the upper impact 

limiter after the test may have broken these retaining rods (as in the case of the top end drop).  

The remaining 13 of the 16 retaining rods were intact and were still threaded into the end of the 

model. These, results confirm that the upper impact limiter remained attached to the cask model 

during and after the top corner drop test.  

Measurements of the model inpact limiter dimensions after the top corner drop test were 

obtained to determine the crush depth. The measured crush depth is tabulated as follows, along 

with the LS-DYNA calculated crush depth. The quarter-scale model cruslhdepth is multiplied by 

4 (the scaling factor) to obtain the full-scale design crush depth. The crush depthireported in this 
section is the maximum crush depth for the upper impact limiter away from the trunnion cutout 

region.  

Quarter-Scale Model 
Impact Limiter Crush LS-DYNA Calculated Crush 

Location Depth (inch) Depth (inch) 

Top Impact Limiter 3.2 3.4 

The resulting crush depth determined from the quar ter-scal e model top corner drop test is 

enveloped by the LS-DYNA calculated design-basis crush depths for the full•scale UMS® 

transport cask for a 30-foot toP comer drop with impact limiters.
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2.10.3.4 30-Foot Side Drop Test Performed at SNL 

A quarter-scale model was used for the confirmatory testing of the UMS impact limiters and 
attachments for a 30-foot side drop. The drop test was performed at Sandia National Laboratory 
(SNL) in March 2001. The quarter-scale model represents the materials and physical dimensions 
of the impact limiters and their attachments to the cask body in conjunction with the appropriate 
cask body weight, center of gravity, and attachment interface dimensions. Details of the, test 
model are shown in the model drawing 790-308, Sheets I and 2.  

The cask body is constructed of carbon steel. The 52.31-inch overall length of the cask body is 
comprised of a 38.64-inch length of 20-inch diameter schedule 120 pipe welded to an 8.36-inch 
thick plate at the top end. A 5.57-inch thick end plug welded to the inner shell seals the top end.  
At the bottom end, the 20-inch pipe outer shell is welded to a 3.3-inch thick lower end ring and 
2-inch thick lower cap plate.  

The top end plate is machined to represent the scaled outside diameters and axial dimensions of 
the upper forging and the neutron shield top plate. Two steel bars, scaled to represent the 
diameter and length of the cask lifting trunnions, are welded in the appropriate locatiions on the 
outside diameter of the top end plate. The 3.3-inch thick lower end ring and 2-inch thick lower 
cap plate are machined to represent the scaled outside diameters and the axial dimensions of the 
bottom end of the UMS® cask, including the neutron shield bottom end plate. The lower cap 
plate thickness is not scaled, since it is only required to provide backing area for the bottom 
impact limiter and to contribute to the weight and CG location of the scale model.  

The inner shell of the cask body is constructed of a 14-inch diameter Schedule 80 pipe. The 
inner shell nds the length of the cask body and is flush with the top surface of the top end 
plate, At the lower end, the inner shell is welded to the inside surface of the lower cap plate._ To 
properly represent the uniform axia weight distribution of the fuel and basket, the space between 
the inner and outer shells is filled with a uniform thickness of lead. The thicknesses of the inner 
and outer shells were selected to allow the cross sectional moment of inertia of the cask body 
cross'section to correspond to (1/) 4 of the full-scale design. The thickness of the top and bottom 
plates were adjusted to allow the model CQ and polar moment of inertia to be scaled to the full.  

scale design. This ensures that the load distribution to the model impact limiters for the drpp test 
is reprsentative of the loading .t Ihat Iwoul ,d occur on -the full-scale UMSO transport .cask.
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The total weight of the quarter-scale model, including the impact limiters, was 4,062 pounds, 
which closely approximates (1/4)3 = 1/64 of the full-scale transport caoskweight of 260,000 
pounds.  

The model impact limiters are quarter-scale representations of the full-scale impact limiters. The 
redwood and balsa wood used in the model limiters meets the same specifications that are 

defined for the full-scale UMS. transport cask limiters in this SAR. The wood section shapes, 

joints, and bonds of the scale model impact limiters duplicate !those of the full-scale impact 
limiters. The grain orientation of the redwood and balsa wood in the scale model impact limiters 
is identicalto that is designed in the full-scale impact limiters. The scale model impact limiter 
shells were fabricated from 1 6 gauge (0.0625-inch thick) Type 304 stainless steel sheets, and the 
screw tubes, which serve as the penetrations for the impact limiter retaining rods..were fabricated 

from 0.035-inch_ thick, 10.75-inch diameter tubes. Each model impact limiter is attached to thie 
cask by sixteen quarter-scale retaining rods fabricated from ASME SA-193 Grade B8S stainless 

steel.  

The model impact limiter shells - i.e., material thickness, geometry, and welds - are appropriately 
quarter-scale. The diameter of the screw tubes is quarter-scale, but the tube wall thickness, is 
full-scale due to fabricability and material availability limitations. The use of the thicker tube is 
considered to be conservative, since it tends to increase the stiffness of the limiter, if it has any 
effect at all. The effect of the tube thickness on the drop test results is insignificant, since the 

tubes are not located in the primary crush regions of the impact limiter.  

2.10.3.4.1 Equipment and Instrumentation for the Tests Conducted at SNL 

The pad for the side drop test at the SNL functions as thle essentially unyielding i mpact surae.  
The surface of the target consists of armor plate measuring 34 feet by16 feet and has a varying 
thickness from 8 inches to 4 inches.- The plate is attached to reinforced concrete that allows -the 

total mass of the system to be 1,000 tons. The total mass of the target is approximately 500 times 
that of the quarter-scale test model, which is large compared to the ratio of 30 recommended by 
LAEA. The pad at SNL is considered to meet the JNAA requirements for a drop test pad.  

Lifting and dropping the model was performed with a system of cables to provide sufficient 

restraint from lateral motion of the cask, as_,well as limi't the'moti on of the cables upon releas-e of 
the cask model. The cask model was attached to the' cable system via a single point,.and an 
explosive. bolt mechanism was used to release the cask ,from the cables; This mechanism
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allowed the free fall of the package to be initiated in an unimpeded fashion with minimum 
perturbation to the horizontal position of the cask model.  

To assess the model performance with respect to the acceptance criteria, a set of basic data is 
collected. This data included: 

1. Accelerometer data - to deter-ine the maximum impact acceleration of the cask. All of 
the accelerometers used in the drop tests were the same model and they were calibrated to 
traceable standards. Individual accelerometers were mounted on steel blocks attached to 
the cask body. Three accelerometers were mounted near the top end of the cask and three 
were mounted near the bottom end of the cask to record the vertical accelerations during 
impact. Figure 2.10.3-5 is a photograph of the quarter-scale model, which shows the 
location of the accelerometers. The acceleration time histories were stored electronically, 
which permitted them to be filtered after the test was completed.  

2. Impact limiter deformation data - to evaluate the behavior of the impact limiters, th 
crush depth and the condition of the impact limiter attachment.  

3. High speed photography - to review and assess the actual angle of impact and the 

behavior of the impact limiters during the impact.  

2.10.3.4.2 Filter Frequency Identification for the Accelerometer Data for the Side Drop 

In the side drop (horizontal) orientationthe load i.n the model, body must be transferred to the 
impact limiters attached to the ends of the model body. The fundamental mode shape for the 
side drop corresponds to a beam with free-free end boundary conditions. Since thejlength to 
diareter ratio is approximately 2 , the flexibility due to shear must be Iincluded: I This Iis 
accomplished by computing the natural frequency due to the shear and the corresponding 

frequency due to flexure and then combining them.  

The natural frequency for the mode shape due to shear for free-free end boundary conditions, 

(fs), is given by: 

fs = X - Blevins [50], Table 8-15, Case #1
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Where: 

L 
k/ 

G 

P

= 7t (Blevins, Table 8-15) 
= distance between supported ends = 446 inche 

= shear coefficient = 0.54 

= shear modulus of elasticity = (28.3E+6)/((2) (1Iv)) = 10.9 E+6 psi 

= effective mass density = 2812 /(87.2 x.44.0)/386.4 = 0.100187 lb-sec finp

Note that the 2,812 pounds includes the weight of the pipes. and the lead. The outer shell is 

comprised of a 20-inch Schedule 120 pipe the inner shell consists of a 14-inch Schedule 80 

pipe.  

The shear coefficient, k, is dependent on the cross sectional shape of the model body:

k' 6(1+ v)(1+M
2) 2 

(7+6v)(1+M 2) 2 + (20 +12v)M2
Blevins, Table 8-14

M =b/a 

v = Poisson's ration= 0.3 

For a 20-inch diameter Schedule 120 pipe 

b = 8.5in b 

a = 10.0 in 

Therefore: 

k' = 0.54 

Substituting, 

fs = 629,Hz 

The, natural frequency for the mode shaPe due to bending for the free-free end boundary 

conditions, (fb), is given by:

f 2  El 

2it27r FI
Blevins, Table 8-1
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Where: 

L = 44.6 inches 

Using the cross-section of both pipes, the moment of inertia is: 
7E4 t 4 4 

I2 =-•-E(Do -D4)=-- (20 -17 )=3,754 in ,for the 20 -inch pipe,and 
64 64 
71 4 D4= 7E 

114 -- (Do - )-- -(144-12.5 )=687 in 4 for thel4 -inch pipe 
1464 '64 

The total moment of inertia is 4,441 in 4.  

E = 28.3E+06 psi 

p' = effective mass per unit length of beam 
= 2,812/44.6/386.4 = .163 lb-sec2 /in 2 

Substituting, 

fb = 694 Hz 

In accordance with Blevins, the shear and bending mode frequencies are combined as: 
1/fc = 1/fs + 1/fb 

or 

fc = 330 Hz 

The filter frequency is conservatively selected to be 450 Hz for the side drop.  

2.10.3.4.3 Results/Evaluation for the 30-Foot Side Drop 

The 30-foot side drop was the only tIest performed at SNL using the quarter-scale model for the 
transport cask. Prior to lifting the scale model package to the 30-foot drop height, the torque for 
the retaining rods and nuts were inspected to ensure that the torque specifications were met.  

High-speed cameras were positioned at two locations with respect to the model. Cameras were 
positioned to view the model from the end and cameras were positioned to obtain a side view of 
themodel impacting the pad. The lateral view confirmed that the axis of the cask model was
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effectively horizontal at the time of impact. There appeared to be no rocking of the cask during 

the drop and the model rebound was less than six inches after the initial 30-foot drop impact.  

2.10.3.4.4 Impact limiter Deformation and Attachment Data 

After the side drop test, it was observed that the impact limiters remained attached to the cask 

body model (see Figure 2.10.3-5). The impact limiters were removed and it was observed that 
twelve attachment rods remained intact for the top impact limiter and nine attachment rods 
remained intact for the bottom impact limiter. These results indicate that both impact limiters 
remained attached to the cask body during and after the side drop test. Upon inspection of the 
rods, it was determined that the rods, which failed outside the crushed region, exhibited a tensile 
failure at the location where the attachment rod abruptly changed diameter (threaded undercut).  
The design of the square cut out in the attachment rod has been reversed to allow the thread run 
out to terminate at the location of the previous square cut out.  

Measurements of the deformed model impact limiter dimensions were obtained after the side 
drop test to determine the crush depth that occurred. These dimensions are tabulated below, 
along with the crush depth calculated by LS-DYNA for the quarter-scale model (The description 
of the LS-DYNA analyses supporting these values is presented in Section 2.10.3.7).  

Model Drop Test Crush Depth LS-DYNA Crush Depth Prediction 

(inch) (inch) 

Original Final Measured Original Final Total 
Location Thickness Thickness Crush Thickness Thickness Crush 

Side Drop-under 3.50 0.63 2.87 3.47 0.38 3.09 
the trunnion 
Side Drop-bottom 5.13 2.38 2.75 5.13 2.39 2.74 
impact limiter 

2.10.3.4.4 Accelerometer Data from the 30-Foot Side Drop Test 

The unfiltered accelerometer traces were.electronically stored to permit filtering afterthe tesjts.  
Three acceleration traces were obtained near the bottom of the model and three acceleration 

traces' were obtained near the top of the model. The acceleration time histories, both the filtered 
and the, unfiltered data with maximum accelerations, are shown in Figure 2.10.3-6 for the top end 

and Figure 2.10.3-7 for the bottom end locations on the cask model. Figure 2.10.3-8 sho!ws, the 
acceleration trace containing the maximum acceleration for the top end along Wihh the 
acceleration time history computed by LS-DYNA (as described in Section 2.10.3.9). A similar
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set of curves is shown in Figure 2.10.3-9 for the bottom end of the cask that compares the 
maximum acceleration obtained from testing to the acceleration time history obtained from the 

LS-DYNA analysis in Section 2.10.3.9. The peak accelerations for the quarter-scale model are 

shown below.  

LS-DYNA Acceleration I Model Acceleration Results Prediction Design 

Cask Model (g) Basis Acceleration 

Drop Orientation Top Bottom Top Bottom (g) 
Accelerometer Accelerometer Accelerometer Accelerometer 

Side 190 198 220 213 240 

2.10.3.4.5 Energy Absorption Capacity of the Impact Limiter in the 30-Foot Side Drop 

The capacity to absorb energy is the function of the impact limiter. For a side impact, the energy 
absorption of the impact limiter can be obtained from the 30-foot side drop test results.  
Similarly, the results of the static test for the end drop orientation can be used to determine the 

energy absorption for the end orientation. The side drop acceleration time history can be 
integrated twice to obtain the displacement, which can be plotted versus the force (the product of 
the acceleration time history and the model weight, i.e., the acceleration time history in units of 
g). This force versus displacement time history is shown in Figure 2.10.3-10. The area under 
this curve corresponds to 1.46E6 inch-pounds, which is within 1% of the total energy (TE) of the 
side drop test (1.47E6 inch-pounds). The total energy is obtained by multiplying the model 
weight of 4,060 pounds times the total distance traversed, which is 360 inches plus the average 
of the crush depths (2.87 + 2.75)/2. From the side drop test results, the upper impact limiter has 
a 0.5-inch depth of uncrushed wood remaining at the trunnion cutout and the lower impact 
limiter has a 2.25-inch depth of uncrushed wood remaining at the maximum crush location.  
Thus, the upper limiter is most limiting. Since the upper impact limiter can crush until the 
trunnion comes into contact with the impact plane, there is an additional 0.5-inch crush depth 

available. Using 750,000 pounds (which represents the total force from the top .nd bottom 
impact limiter) from the force-displacement time history curve, this potential additional 0.5-inch 

crush distance corresponds to 0.5x(750,000) or 375,000 inch-pounds of additional energy, which 

could be absorbed. Thus, for a side impact, the UMS® impact limiters have an additional energy 
absorption capacity of approximately 25% (375,000/1.46E6).
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2.10.3.4.5 Summgary of the Side Drop Test 

The comparison of the maximum test accelerations to those computed by LS-DYNA is 
considered to be acceptable. The LS-DYNA results shows that the predicted accelerations are 
approximately 10% above the test values. Additionally, the design acceleration corresPonding to 
the quarter-scale model is 240g. This:indicates that, not only is there a 10% margin between LS
DYNA and the design basis acceleration, but there is considered to be additional margin between 
the predicted values and the test data. With respect to maximum crush depth, LS-DYNA was 
shown to provide a conservative prediction. Using the dynamic force-deflection curve, the 
uMS impact limiter design is shown to have an additional 25% energy absorption capacity 
required to decelerate the transport cask. The side drop test performed at Sandia National 
Laboratory confirms that the UMS® impact limiters are adequate to limit the cask Component 

accelerations well within the design basis accelerations.  

2.10.3.5 Evaluation of the 30-Foot Oblique Drop 

In Section 2.6.7.5.5, a parametric study was performed to show that for the NACý-STC cask,the 
side drop produces the maximum lateral accelerations. This is due to the low length to radius of 
gyration ratio for the STC cask. The following table compares the IJr of the UMS® and the 
NAC-STC casks. Based on this comparison, it is concluded that the side drop provides bounding 
accelerations over shallow oblique drops. Consequently, a separate oblique drop test is not 
required.  

2.10.3.6 Scale Model Drawings 

The drawings for the ORNL and SNL quarter-scale models are included in this sectioIn fo0r 

reference.  

2.10.3.6.1 ORNL Drop Test Model 

The detailed dimensions, welding and materials are shown on the drawings of the model body 
and impact limiters used in the ORNL drop tests.
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Drawing Number Sheet Revision Title 

790-300 1 3 Drop Test Assembly 1/4 Scale Model 

790-301 1 through 3 6 1/4 Scale Cask Model, NAC- UMS® 

790-401 1 through 3 2 Crush Fixture, End Drop, UMS® Testing 

790-602 1 0 Lower Impact Limiter, 1/4 Scale Model, NAC-UMS® 

790-603 1 0 Upper Impact Limiter, 1/4 Scale Model, NAC-1UMS® 

2.10.3.6.2 SNL Drop Test Model 

The detailed dimensions, welding and materials are shown on the drawings. of the model body 

and impact limiters used in the.SNE drop test.  

Drawing Sheet Revision Title 

Number 

790-308 1and 2 0 .1/4 Scale Cagk Body 2001 Drop Confiramation NAC-UMS' 

790-309 1 0 Drop Test Assembly, 2001 Drop Confirmation NAC-UMSI 

790-302 1 and 2 3 Lower Impact Limiter, 1/4 S-cale Model, .,AC-MS® 

790-303 1. and 2 6 Upper Impact Limiter, 1/4 Scale Model, NAC-UMS®

2.10.3.7 LS-DYNA Analyses of the UMS® quarter-Scale Model

The finite element model of the quarter-scale UMS® cask equipped with redwood impact i mteIrs 

was built using LS-DYNA's Finite Element Model Builder. The top end, top comer, and side 

impact analyses were performed using the LS-DYNA program. The model is constructed of 8

node brick and 4-node shell elements. Using the symmetry planes that exist for the various drop 

orientations, the model was, simplified so that only a half-model was necessary for the analyses.  

The, finite -element model used, in the analyses corresponds to the quarter-scale cask body and 

impact limiters. The complete finite element model is shown in Figure 2.10.3-11.  

The cask -body_ sec'tion-,pf the model con~sists 'of a -single -shell" using -an elastic m~ateria17"T96 

elastic mdulus of the cask-body was adjusted to, allow the cross sectional modulus o th~e Tnt 

element model to be,.equa1 to that of~the quarter-scale modell._' As sho0n. iFigure 2.0.3-1.1the 

model containsa detaiIfd rementation of the trunnion and the cut- out (pno pocket) ii 

top impact limiter. The imp44ct limiters_ are attached _to the cask ends by, _bqamn elements 

correspon-, ing to -the attachmentbot for the-iplpact -limi ,t er " The redwood and the balsa wood 

were modeled as an isotropic foam material. The room temperature stress-strain curves used as
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input into the LS-DYNA model, were obtained by dynamic crush testing of redwood and balsa 

woo-d speclimens as described in Tables 2.6.7.5-3 and 2.6.7.5-4.  

to account for the deformation of the T Iype 304 stainless .steel shells and gussets, these 
components were modeled with an elasto-plastic material. The LS-DYNA material Type 24 was 

used ("Piecewise LinearPlasticity"). The required input data for the stainless steel consists of 

the stress-strain data contained in Section 2.6.7.5.  

2.10.3.7.1 Boundary Conditions and Initial Conditions 

LS-DYNA "Surface.toSurfaceý"contact interfaces are employed between the cask body and the 

impact limiter shells. The unyielding surface, is modeled as. being flat. using the 

Rigidwal .Geom.et.ricFlat. option in LS-DYNA. Symmetry boundary conditions, are- imposed 
on the nodes in the X-Z plane for all drops. An initial velocity of 527.4 in./sec is applied to the 

entire model to represent the 30-foot drops. A uniform gravitational field corresponding to 386.4 

in/sec2 is also applied in the direction of the drop.  

Three drop orientations are considered in this e.valuati on:.top end, G .over.top corner, and'side 

drop., The end drop provides the maximum axial accelerations•.-. The, coner- drop results in the 

largest crush dept of the limiter. The side drop provides the maximum acceleration .in~ the' 
lateral direction oftthe cask.  

2.10.372 Results 

To obtain results from LS-DYNA, •odes of interest are used to record output data. The nodes 

ear e located on the cask body tthe pla6ne6of symmeptry approximaately•_ 10 inches from•t• Pa~ct 

limiters, These data nodes corresp-on'd• to thee location of the accelerometers rmounte donte 

,quarter-scale mode~l.. FIor the, side._drop,, th node--S record the lateral acceleration, an'd. fort h'&en 
dotey record the axial acceleration., Fr the CGI over corner orientation, the output 

acceleration corresponds to the, direction of the drop.  

'the LS-DYNA out-u is in-'h f~rn orm ipa'rn' n aclrto time histories. Ho~yy 
the ac~cel-eration tiehsoiscontain hgh frequeficy ~ that do not rereen te, 
re.spopnse of caskto the•ex&m-acthelefore,' the -acceieration time histories ae itere, 

to obtais true acceleion_ scspo ndstrcssing to.Suhe imat.aFor thisevaluatienothe Butterwortf 

lowý-pass filter inI LS-DYNA's.psprcso isusd it a filter freQuency of 450 H.z for th~e
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Figure 2. 10,3- i
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Figure 2.10.3-2
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Figure 2.10.3-3
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Figure 2.10.3-4
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Figure 2.10.3-5 UMS® Quarter-Scale Side Drop Accelerometer Locations 
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Figure 2.10.3-6 
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Figure 2.10.3-7 Typical Filtered Acceleration (Bottom Accelerometer) Time History for 
the Quarter-Scale Model Side Drop, Overlayed with the Unfiltered Data
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Figure 2.10.3-8 
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Figure 2.10.3-9 
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Figure 2.10.3-10 Quarter-Scale Model Side Drop Force-Displacement Curve 
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Figure 2.10.3-11 LS-DYNA Quarter-Scale Model
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Figure 2.10.3-12

0 

CI) 

C-

250 

200 

150 

100

50 

0

-50 L 

-0.010

Comparison of Quarter-Scale Top End Drop (LS-DYNA and Drop Test) 

Results

-0,005 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 

Time (sec.)

2.10.3-41

(
-4

Test Daa(RL

4



SAR - UMS® Universal Transport Cask 

Docket No. 71-9270

March 2001 

Revision UMST-01B

Figure 2.10.3-13
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Figure 2.10.3-14 Comparison of Quarter-Scale Test Model and LS-DYNA Deformation 

During the Side Drop
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2.11.1.1 Maine Yankee Site Specific Spent Fuel 

The standard spent fuel assembly for the Maine Yankee site is the Combustion Engineering (cE) 

14xI4 fuel assembly. Fuel of the same design has also been supplied by Westinghouse and by 

Exxon'. The standard 14x 14 fuel Iassemblie .s are included in the population of the design basis 

PWR fuel assemblies for the UMS® Transport System (see Table 1.2.5). The structural 

evaluation for the UMS0 transport system loaded with the standard Maine Yankee fuels is 

bounded by the structural evaluations in Sections 2.6 and 2.7 for the normal conditions of 

transport and hypothetical accident conditions, respectively. The Maine Yankee site specific fuel 

is described in Section 1.3.1.  

The weight of a standard 14x14 fuel assembly with the control element assembly inserted is 

1,360 lbs. This weight is bounded by the weight of the design basis PWR fuel assembly 

(37,608/24 = 1,567 Ibs) used in the PWR support disk analysis presented in Section 2.6.13. The 

fuel configurations with removed fuel rods, with fuel rods replaced by solid stainless steel or 

Zircaloy rods, or with poison rods replaced by hollow Zircaloy rods, all weigh less than the 

standard 14xi4 fuel assembly. The configuration with instrument thimbles installed in the center 

guide tube position weighs less than the standard assembly with the control element assembly 

installed. Consequently, this configuration is also bounded by the weight of thedesign basis fuel 

assembly. Since the weight of any of these fuel assembly configurations is bounded by the 

design basis fuel assembly weight, no additional analysis of these configurations is required.  

A s tructural evaluation isrequired for the•support disk for the configuration holding c•onsolidated 

fuel. There are two consolidated fuel lattices, each constructed of 17x17 Zircaloy fuel grids and 
stainless steel enrd-fittings 'which are connected by 4-tils selspot rods. One of the ~~stilsste supportm•; n; iie 

consolidated fuel lattices. has 283 fuel rods with 2 empty positions. The other has• 172 fuel rods 

with the remaining positions either empty or hioldingstailnles s"st eel rods•. The," calculate d ., weight 

for the heaviest of the two consolidated fuel lattices is.- 2,100 lbs.  

A. parametric study is.perfo.rmed to showthat the PWR support disk holding a Maine Yankee 

consolidated fuel lattice is bounded by the UMS® PWR support disk stress evaluation presented 

in Section 2.6.13. Note 'that only one consolidated fuel lattice will be loaded in any §i•ng.e 

Transportable Storage Canisterand that the loading position of the consolidated fuel assembly is 

restricted to a basket corner position (see Section 1.3. 1. 1).

2.11.171
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However, Maine Yankee fuel cans holding other intact or damagzed fuel can be loaded in -the 
other three coner positions of the basket (Maine Yankee fuel cans may be loaded only in the four 
coner positions, of the basket. See Figure ..2.11. 1. 1-1 for corner positions). Therefore, the 
bounding case for Maine Yankee is the basket configuration. with twenty. (20) Maine Yankee 
fuel assemblies, three (3) fuel cans containing spent fuel, and one (1) fuel can containing 
consolidated fuel.  

The two-dimensional ANSYS model used in the support disk evaluation (see Figure 2.6.13-2) in 
Section 2.6.13 is employed for the parametric study. The boundary condition of the mode i s 
modified by restraining the outer surface of, the canister shell. The load from a PWR fuel 
assembly is modeled as a pressure load at the inner surface of each support disk slot opening.  
The design basis fuel pressure loading is 12.26 psi (see Section 2.6.13.2 Based on the same 
desig n parameters (slot size = 9.272 in., disk thickness = 0.5 inch, and the number of disks = 30), 
the pressure load corresponding to a Maine Yankee standard CE 14x.4 fuel assembly is 10.3 psi.  
The pressure load is 11.3 psi for a Maine Yankee fuel can holding an intact or damaged fuel 
assembly. For a Maine Yankee fuel can holding consolidated fuel, the pressure load is 17.0 psi.  

This study considers both the 1-foot (20g) and the 30-foot (60g) side drop conditions for four 
different drop orientations: 00, 18.220, 26.280, and 450, as shown in Figure 2. 11.1.1-1. A total of 
five cases are considered in the study. Inertial loads are app•lied'tote spor disk ina cases.  

The base case considers that all 24 fuel positions h.old design basis PWR fuel assemblies. The 
other four cases (Cases 1 throu h 4) represent four possible load combinations for te plac~ment 
of four IMaine Yankee fuel cans in the coer positions, one of which holds consolidated fuel.  
The. remaining twenty (20) basket positions hold Maine Yankee standard 14X14 fuel assemblies.  
The bSasket loading positions are shown in Fig re 2. 11. 1.11. The lfoad combinaionsealuated 

in the fou•rMaine Yankee, fuel an. loading casesare:I 

Case Baskket Position Basket Position Basket Position Basket Position 
_ _12 3 t4 

1 Consolidated Damaged Damaged Damaged 
2 Damaged Consolidated Damaged Damaged 
3 D maged Damaged Damaged Consolidated 
4 Damaged Damaged Consolidatd Damaged

2.11.172
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Table 2.11.1.1-1 provides a parametric comparison between..the Base Case and the 4 cases 

evaluated, based on the maximum sectional stresses in the support disk. As shown in the table, 

the maximum stress in the UMS® basket support disk loaded with 20 standard fuel assemblies 

and four Maine Yankee fuel cans, including one holding consolidated fuel, is bounded by that for 

the support disk loaded with the design basis PWR fuel.  

Additionally, a support disk analysis is performed for the Maine Yankee fuel configuration (20 

standard fuel assemblies, three fuel cans containing spent fuel and one fuel can containing the 

consolidated fuel assembly), using the two-dimensional PWR support disk model for the 
Sgovering case (450 basket orientation and thermal condition B) for the side drop condition 

(Section 2.6.13.6). The loading condition corresponds to Case I of the parametric study 

previously discussed. The analysis results of the P.. and P. + Pb stresses are summarized in 

Tables 2.11.1.1-2 and 2.11.1.1-3, respectively. The minimum margins of safety for the P. and 

Pm + Pb stresses are + 0.82 and + 0.24, respectively. The minimum margin of safety for the 

corresponding analysis for the support disk for the UMS® System design basis PWR 

configuration is +0.79 and +0.19 for Pm, and Pm., + Pb stresses, respectively (see,,Table-s 

2.'6.13.6-16 and 2.6.113.6-17). This comparison further substantiates the conclusion 'of -the 

parametric study based on the normalized stress ratios using a two-dimensional model (Table 
2.11.1.,1-1).  

Since no credit is taken for the structural• intemity of the consolidated fuel or damaged fuel inside 

the fuel can, it is assumed that 100% of the fuel rods fail during an accident. For a Maine 

,Yankee standard 14x14 fuel assembly, the volume of 176 fuel rods (100%) and 5 guide tubes 

will fill up 103.6 inches of the fuel can (span over 21 support disks) assuming a 50.% volume 

compaction factor. For the consolidated fuel, the volume of 283 rods (100%) and 4 connector 

rods will fill up 109.6 inches of the fuel can (span over 22 support disks) assuming _a 75% 
compaction factor. The compaction factor of 75% for the consolidated fuel considers that the 

number of rods in the consolidated fuel is approximately 1.5 times the number of rodsin the 

standar Maine ankee fuel and these rods are initially more closely spaced.  

The corresponding pressure load on the support disk ligamnent is 15.3 psi for the 100% failed 

Maine Yankee, damaged fuel and 22.5 psi for the consolidated fuel. -Since the fuel cans holding 

damaged fuel. and 'con solidated fuel are limlited jo the corner locations of the basket, the total load 

per support disk for ihis Maine Yankee configuration, remains bounded by the total load per 

support disk for the UMS® System design basis configuration. To demonstrate that there is no

2.11.1-3
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adver se impact on the maximum stress of the support disk, the ýWR support disk analysis 
(Section 2.6.13.6) is reperformed for the Maine Yankee, configuration (20 standard fuel 
assemblies, three fuel cans containing, 100% failed fuel and one fuel can containing the 100%1 
failed consolidated fuel) for the- governing case of the side drop condiion (45' basket drop 

orientation and thermal condition B). The analysis results indicate the minimum margins of 
safety for the Pm and Pm + Pb stresses are +0.80 and +0.23, respectively, The minimum margin.of 
safety for the corresponding analysis for the suppo rt disk for the UMS® System desig-n basis 
PWR configuration is ±0.79 and +0.19 for'the Pm, and IPm -+ Pb stresses, re 1spectively (Tables 
2.6.13.6-16 and -2.6.13.6-17). Therefore, the maximum stress in the support disk for the Main~e 
Yankee configuration, assuming 100% rod failure of the damaged and consolidated fuel in the 
fuel cans, is bounded by the maximum stress in the support disk calculated for the UMSO desi*g 
basis fuel.  

2.11.1.-1.1. Maine Yankee Fuel Can 

The Maine Yankee fuel can, shown in Drawings 412-501 and 412-502, is provided to 
accommodate Maine Yankee damaged fuel. The fuel can fits within a standard PWR basket fuel 
tube. The primary function of the Maine Yankee fuel can is to confine the fuel material within 
the can to minimize the potential for dispersal of the fuel material into the canister cavi•ty 
volume.  

The Maine Yankee fuel can is designed to hold an intact fuel assembly, a dam• aed fuel 
assembly, a fuel assembly with a bumup between 45,000 'and 50,000 MWD/MTU and hav'ing a 
cladding oxidation layer thickness greater than 80 microns, or consolidated fuel in-thie.Maine 
Yankee fuel inventory.  

The fuel.can is a square cross-section tube made of Type 304 stainless steel with a total length of 

.162.,8, inches. The can walls are 0.04,8-inch thick sheet (18 gauge). The miinimum internalVwidth Tofthefu can is 8.52 inches. The bottom of the can is a 0.63sc tr holes ii the 
plates, !screened with a Type 304 stainless steel wire screen (250 openings/inch x 250 
openings/inch mesh), permit water to be drained from the can during loading operations, Since 
the bottom surface- of the fuel can rests on the canister bottom plate, additional slots "are 
machined in the fuel can (extending from the holes to the side of the bottom assembly) to -allow 
the water to be drained from the can. At the top of the can, the wall thickness is increased to0.15 

Sinch to permit the -can to be handled.- Slots in the top assembly side plates allow thee us e - f ,a
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handling. tool to lift the can and contents. To confine the contents within the can, the top 

assembly consists of a 0.88-inch thick plate with screened drain holes identical to those in the 

bottom plate. Once the can is loaded, the can and contents are inserted into the basket, where the 

canr may be supported by the sides of the fuel assembly tube, which are backed by the structural 
support disks. Alternately, the empty fuelI can may be placed in the basket prior to having the 

designated contents inserted in the fuel c-an.  

Structurai evaluation of the Maine Yankee fuel can is shown below. The end drop and side dro 

conditions (both normal and accident conditions of transport) are considered in the evaluation.  

End Drop Conditions 

For the bottom end drop, the top assembly (lid), the side plates, and the tube body act against the 

bottom assembly. For the top end drop; the bottom assembly, tube body, and side plates act 

against the top assembly. Because the top assembly is heavier, the bottom end drop is the 

governing case for tube body compression. The can contents bear against the bottom assembly 

through which the loads are transferred to the TSC bottom plate.  

The Maine Yankee fuel can tube body Is subjected to compressive stresses. Un der normal .  

operating conditions, the tube is evaluated for a 20g acceleration. This approach addresses the 

transport condition 1-foot drop and bounds the storage deadweight and handling condition, 

including a i0% dynamic load factor. The compressive load (P) on the tube is-thecb 

weight of the lid, side plates, and tube body times 20: 

P= (1i7.89 lb + 6.57 lb +- 78.77 ib) X 20'=2,064.6,lb; use 3,000 lb for evaluation.  

The compressive stress (Se) in the tube body is: 

SP 3,000 lb 1,5 psi A A 1.714 in' , 5p 

where: 

A = 8.622 8.522 = 1.7-14 in 2
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S1=: 16,700 psi-1= 8.5 for noral 6000 F 
1,750 psi 1 . o omloperating conditions at 60F

Under accident conditions, the tube is evaluated for a 60g acceleration.  

The compressive load (P) is: 

P =(17.89 lb + 6.57 lb + 78.77 ib) x.60g = ,9.lb; use 8,5.00 lIb for evaluation'.  

The compressive stress (S,)in the tube body is: 

S P = 8,500 4,959 psi 
A 1.714 in 2 4,5 p 

where the margin .of safety (MS) is then:

MS 0.7S -1 
MSe

psi I = + 7.9 for accident conditions at 600'F.  
4,959 psi

The tube is evaluated using the Euler formula to determine the critical buckling load P,)

7T' EI PcL t 2 (25.2X10 6 )(20.98) 16.5x 10 6 l 
2(15 7. 8)

where: 

E = .x 16pi 

862 2098 in 

.12 298n 

4 2L (worst case condition) 
L =tube-b-ody.length (157.'8 in)

24'i1.1- ý-6
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Because the maximum compressive load (8,500 ib under the accident condition) is much less 

than the critical buckling load (16.5 x 106 ib), the tube has adequate resistance to buckling.  

The lid is analyzed for compressive stresses in a top-end drop where compressive loads are 

transferred through the lid structure to the TSC shield lid. The compressive load (P) is the 
weight of the fuel assembly plus the weight of the lid (18.01 ib; use 30 lb for analysis) times the 

appropriate acceleration factor.  

Case 1: The Maine Yankee fuel can contents is in an intact (although damaged) Maine Yankee 

fuel assembly, a CF-i fuel rod storage insert, or a consolidated fuel assembly. The compressive 

load for Case I acts directly through the support ring and the lift tee, which are directly in line 

with the axis of the upper end fitting posts in the top-end drop configuration.  

Case 2: The Maine Yankee fuel can contents is a fuel rod storage insert with a 314 - 10 threaded 

rod that transfers the compressive load to the center of the lid directly in line with the lift tee axis.  

For-Case 1, the contents weight is conservatively, analyed as the consolidated fuel weight(2,100 

ib); Case 2 considers the heaviest standard Maine Yankee fuel assembly (1,3001ib).  

Note: Because the lid thickness is greater than the free space between the top and the Maine 

Yankee fuel can and the bottom of the TSC shield lid, the-lid cannot become disengaged from the 

can.  

Case1i: 

For normal operating conditions, the comprpessiive stress (ac) is: 

?: P' 2130 (20) 1b . !( ? 
c A 7.66 in2  5,561 psi (using 30 lb for lid weight) 

where A is the combined cross-,sectional area -of the, support ring, and.telf tee; 

A =--(( 6 .6 3 2 -6.07 2)+l•.6252)= 7.66 in2 

4
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The margin of safety (MS) is: 

NS 16,700 pi -1 = I+ 2.0 (normal operating condition) 
G 5,561 psi 

For accident conditions, the compressive stress (a)is: 

P = 2130(60) =16,68ps 
CA 7.66 8 s 

The margin of safety (MS) is: 

MS=0.7S u .(330psi) I .6(accident condition) 
Gc =16,684 psi 

Case 2:, 

For normal operating conditions, the compressive stress (Y0 ) is:

P 1330(20) lb 
CG= = ..2 = 12,850 psi 

A 2.07 in
(using 30 lb for lid weight)

where A is the cross-sectional area of. the, lift tee: 

A (1.625)2 in2 

The margin of safety (MS) is: 

M = 1,-70 Ips`-1= ±0.30 (normal operating condition) 

ac 12,850 psi 

For accident conditions, the compressive stress (a0) is:

2.11.178
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Pr=__= 3 0(60) =38,551 psi SA 2.07 

The margin of safety E(MS) is: 

_____•.7u -/ 0.7(63,300 psi):.. 2 t"', i .- odin, 

MS = .7SU -1 = -13 = +0.15 (accident condition) 
ac 38,551 psi 

Side Drop Conditions 

The majority of the tube body is contained within the fuel tube in the basket assembly. Because 

'both the tube body and the fuel tube have square cross-sections, they will be in full contact (for 

130inches longitudinally) during the side drop and no significant bending. stress will, be, 
introduced into the tube body. The last 4.8, inches of the body tube and the 5.0-inch length oqf the 

side plates will be unsupported past the fuel tube flange in the side drop configuration.  

The tube body will be evaluated as a cantilevered beam with the combined .weight (P) of the 

overhanging tube body, top assembly, and side plates multiplied by the appropriate deceleration 

factor and, conservatively, concentrated at the top end of the side plates.  

p tube body 

side plates -- \ .... fuel tube flange

9.8 I

211 A179
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Normal condition (one-foot drop): 

The maximum bending stress (fb) is determined as follows: 

M,,,c _6,860(4.31) 1,410psi 
1 20.98

where:

M11, =PgxL =35(20)(9.8) =6,860 lb-in.  

P =351ib; (side plates, 6.57 lb + tube body (05 lb/in. x 4.8 in. =2.4) + top assembly, 
17.89 lb, equals 26.86 lb; use 35 lb for this analysis.) 

g =20 (normal condition) 

L 9.8 in. (the total overhung length of the tube body and end plates) 

c = 8.62/2 = 4.31 in.  

=bh - bih' 8.62 4-8.52 = 2094n 
I = =: .. =20.98 in 4 

12 12 

The shear stress (t)_is: 

Pg 35(0 409p 
A 1.7-14

where: 

A 8.6Y2 -8.5 2' =1'.714in2

UP(2 =! ýb+ 7 lý,410 ± 1,410'+ 440) 

The stress in~tensity (GcJ-) = 1 1 - (521 = 1,63.0 psi

=1,520 psi and -110 psi

2 11.1-10
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The margin of safety (MS) is: 

__i5S : 1.5(16,700) psi':: i 

MS= 1  m1. -1 +14 for the normal condition (20g acceleration) 
CY max1,630 psi 

Accident condition (30-foot drop): 

The maximum bending stress (fb) is determined as follows: 

= Mnc 20,580(4.31) = 4,228 psi 
1 20.98

where:

Mm,, = PgxL = 35(60)(9.8) = 20,580 !b-in.

g =60 (accident condition) 

The shear stress ($)is: 

TPg -35(60) =1,225 psi 
A 1,714 

C' . (f f -- f+4 1) 4•224 8,2 ± 84(12225) =4,558 psi and -330psi 

The2 s n = - a 2 = 4,888 psi 

The stress in~tensityl ic,- CF1 4,888 psi

2.11.1-11
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The margin of safety (MS) is: 

MS=.0osu l, :.0(63,300) 1= +12 for the accident condition (60g acceleration) 
C7m1ax 4,888 

Side Drop - Consolidated Fuel 

The fuel can is evaluated using the same method as in the previous section with the additional 
uniformly distributed weight (w) of the consolidated fuel.  

'Norma conditiona (1foo •drop); 

The maximum bendilngstress (fb) is detemnined as follows: 

M ma. c _ 17,409(4,31) 
= I 20.98 3,57 psi

where:

+ L(L"2.38) )19.16(9.8-2.38)2 
S2 2

17,409 lb in 

2.38 in. =the distance from the top of the side plate to the bottom of the lid assembly 

2,100 lb 
109.6 in Xiin.  

2, 100 lb -=-the consolidated fuel weighti 

P 35 1b; (side plates, 6.57 lb + tube body (0.5 lb/in. x 4.8 in. 2.4)j 

top assembly, 17.89 lb = 26.86 ib; use 35 lb for this analysis.)

2.11.1,12
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The shear .stress (,r) is:

(P + w (L -2.3 8))g
A

(35 +19.16(9.8 - 2.38))o 2,68 psi 

1.714

I'2 (f,± + 4f• T 2 3,577 357-72 +4(2,068)2 4,523 psi and -946 psi 

The stress intensity (a.) = 1 - q2I = 5,4169 psi 

The margin of safety (MS) is: 

M _S -m 1.5(16,700) psi -1 = +3.58 for the normal condition (20g acceleration) 
Umax 5,469 psi 

Accident condition (30-foot drop): 

The maximum bending stress (ft) is determined as follows: 

M ,c _'52,226(4.31) 1729 psi 
f 20.98

where:

M PL= w w (L - 2 S j(60g)= 35(9.8)+ 2 (60g) 52,226 *- 3 in 

~P+ ~ .82 2______

The.shear stress (101 is: 

T +w(L-238))g (35 +19.16(9.8--2.38)I0 6,202 psi
A 1.714

2.11.1-13
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g =6O (accident condition) 

,a] ý 2 =@(fb ýfT+f4' 2 ) 10,729 + 10729 + 4(6,202)) = 13,565 psi and - 2,836 psi 

The stress intensity (a. = 10-2 = 16,401 psi 

The margin of safety (MS)is: 

S= u -1- 1.0(63,300) 1= +2.86 for the accident condition (60g acceleration) MS = CT : 16,401 1 

The welds joining the tube body to the side plates are full penetration welds (Type If NG-.  
3352.3). Per Table NG33521, the weld quality factor (n) for a Type I weld with visual surface 
inspection is 0.5.  

The margin of safety (MS) for the welds is: 

MS =n 15 -S = 0.5(1.5)(16,700 psi) 1 +1.29 (normal condition) Y Max .. 5,469 psi 

MS = - 1 L -Su 0.5(1.4X63,300 psi) -1 =+0.93 (accident condition) 
16,401 psi 

1i00% Faied Fuel Analysis 

Nomnal Conditions: 

Accident Conditions:

2.11.1-14
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The Maine Yankee fuel can may hold 100% failed/damaged fuel or consolidated fuel. An 

evaluation is performed to demonstrate that the fuel can maintains its integrity during a tip-over 

accident for this condition.  

The fuel can is designed to hold either Maine Yankee standard fuel assemblies (1i300 lb) or 

consolidated fuel assemblies (2100 ib). For 100% failed fuel, the pressure load applied to the 

fuel can is:

standard fuel: 

consolidated fuel:

1 300: Ps= 130 _ = 1.47psi: 
8.52x103.6 =1.  

P 2100 2.25 psi 
c 8.52= , =9.6 5

1300 lbs 

2100 lbs 

8.52 in 

103.6 in 

109.6 in

- Maine Yankee standard fuel weight 

= maximum consolidated fuel weight 

- inside width of fuel can 

= height occupied by 100% failed standard fuel 

= height occupied by 100%, failed consolidated fuel

Therefore, the bounding pressure. load on, the fuel can is the consolidated fuel, .2.25 psi, 

multiplied by 60g (135 psi).  

An ANSYS model of the Maine Yankee fuel can (8.57 in x 8.57 in) is constructed to evaluate the 

fuel can for a 60g loading. Note that 8.57 inches is the dimension of the fuel can based on the 

centerlines of its side walls.  

It should be noted that the fuel tube, the BORAL plate and its cover are not included in the 

model. Therefore, the fuel can anal is i ative.

2.11J715

where:
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Typical Support Disk 
Location-Gap Elements

Symmetry 
Restraints 
Uz, Rx, Ry

Symmetry 
Restraints 
Uz, Rx, Ry

The finite element analysis results show that the maximum stress in the fuel can is 25.4 ksi, 
which is local to the sections of the tube resting on the support dissks. At 750, F,"the ultimate 
strength for Type 304 stainless steel is 63.1 ksi. The margin, of safety is: 

... 63.1 : 
MS= -31= +1.48 

25.4 

The analysis shows that the maximum total strain -is 0.050 inchlinch (see Figure A71),_ .efining 

the acceptable elastic-plastic response ofesu e stainless steel as one-half of the material failure 
strai n of 0.40 inch/inch, at 715.0F, the, resulting margin of safety is:

ýý.1 1.1-16
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0.4ý0/ 
,MS= 2-1+3.0 

0.05 

Similarly, the margin of safety for elastic-plastic stress becomes: 

MS =63.1-17.3 1=+.6 
-~25.4 -17.3 

wher th yild strength of Type,304 stainless steel is 17.3 ksi at 750TF.

2.11-1-17
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Figure 2.11.1.1-11 PWR Basket Drop Orientations and Case Study Loading -Positions for 

Maine Yankee Consolidated Fuel

Indicates an evaluated 
position for consolidated 
fuel or damaged fuel

2.11.1-18
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Normalized Stress Ratios - UMS® PWR Basket Support ,Disk'Sectional 

Stresses Due to Maine Yankee Consolidated Fuel to the Design Basis 

PWR Fuel Basket Maximum Stresses (Base Case)

Support Disk Sectional Stress Intensity (ksi),- Membrane 

Case Normal Conditions, 20g Accident Conditions, 60g 
00 18.220 26.280 450 00 18,220 26.28° 450 

Base Case 1.00 1.00 1.00 1.00 :1.00 :1.00 1.00 1.00 

Case 1 0.96 0.91 0.96 0.96 0.91 0.94 0.94 0.94 

Case 2 0.95 0.92 0.96 0.96 0.91 0.94 0.94 0.95 

Case 3 0.96 0.93 0.97 0.96 0.91 0.95 0.95 0.95 

Case4 0.95 0.93 0.97 0.96 0.91 0.95 0.95 0.96 

Support Disk Sectional Stress Intensity (ksi) - Membrane + Bending 

Case Normal Conditions, 20g Accident Condition, 60g 
00 18.220 26.280 450 00 18.220 26.280 1450 

Base Case' 1.00 1.00 .100 1.00 1.00 1.00 1.00 1.00 

Case 1 0.96 0.92 0.96 0.95 0.96 0.94 0.94 0.94 

Case 2 0.96 0.92 0.96 0.96 0.95 0.95 0.95 0.95 

Case 3 0.96 0.93 0.96 0.95 0.96 0.95 0.95 0.95 

Case 4 0.96 0.93 0.97 0.97 0.96 0.98 0.98 0.97 

1. Tables 2.6.13.6-16 and 2.6.13.6-17.

2.1 1.1-19
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L.1.1-2 ,4 'Orientation, Pm Stresses for Support Disk-i-Foot Side Drop 5 

Thermal Case B, Structural Case 1

Table 2.11

2.11.1-20

Stress Allowable 
Sx Sy Sxy Intensity Stress Margin of 

Section (ksi) (ksi) (ksi) (ksi) (ksi) Safety 

1120 9.7 -9.8 7.6 24.8 45 0.82 
114 -9.9 9.7 7.6 24.8 45 0.82 
35 :13.9 -1.5 6.4 20 45 1.25 
23 -1.4 14.1 6.3 20 45 1.25 
21 -7.6 -15.9 6.6 19.5 45 1.31 
:37 15.8 -7.8 6.6 19.5 45 1.31 
112 7.1 -5.9 6.1 17.8 45 1 52 
!1.1 -5.8 7.1 6!.1- 17..7 45 15 

63 1.6 -9.8 5.5 15.9 45 1.83 
96 -9.5 1.6 5.6 15.7 L45 186 
9 -0.5 -11.2 5.6 15.5 45 1.91 
49 11 -0.5 5.6 15.4 45 1.92 
28 -9 2.8 4.3 14.7 45 2.07 
40 2.8 -8.9 4.4 14.6 45 2.07 
7 3 11.6 5.5 14.3 45 2.15 

104 -7 0.2 6.1 14.2 45 2.17 
51 11.3 3 5.5 14.1 45 2.19 
66 0.2 -7.1 6 14.1 45 2.2 
72 10.6 -9.6 3.8 14 45 2.23 
98 -9.7 -10.7 3.7 13.9 45 2.23 
95 -3.2 -11.6 4.1 13.3 45 2.4 
42 -6.3 -10.2 4.6 13.2 45 2.4 
26 10.3 -6.2 4.5 13.2 45 2.4 
110 13.2 -0.1 ,0.5 13.2 45 2.41 
64 11.3 -3.3 4.2 '13.1 45 2.43 
119 -0.1 -13.1 .0.5 13.1 45 2.43 
94 12.1 -0.1 -0.3 12.2 45 2.7 
71 -0.1 -12 -0.3 12 45 2.74 
79 1 8.9 3.7 10.8 45 3.17 
80 8.6 1 3.7 10.7 45 3.2 
124 3.6 -6.5 1.3 10.4 45 3.34 
108 -4.1 5 2.2 10.1 45 3.44 
22 -2.5 -0.8 -4.9 10 45 3.5 
36 -0.8 -2.6 -4.9 9.9 45 3.53 
74 -0.2 '9 2.1 9.8 45 3.6 
99 -9 -0.2 2.1 9.8 45 3.61 
115 0.5 -4.6 3.9 9.3 45 3,82 
122 4.5 0.5 3.9 9.3 45 3.85 
116 -0.1 -9.1 0 9.1 45 3.96 
92 2.2 -6.8 0.2 9 45 4.02
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Table 2.11.1.1-3 Pm + Pb Stresses for Support Disk-l-Foot Side Drop, 45'Orientation,

Thermal Case B, Structural Case 1 

Stress Allowable 
Sx Sy SXy Intensity Stress Margin of 

Section (ksi) (ksi) (ksi) (ksi) -0ksi) Safety
37 
21 
23 
35 
34 
20 
4 

1 112 

51 

7 
2 
3 

49 
9 
64 
95 
63 
96 

120 
114 
42 
26 
6 

48 
36 
22 
80 
79 
72 
98 
40 
28 

75 

25 

123 
115

-38.5 
-44.9 
33.4 

36.5 
-40.7 
-41 
37.9 
41.6 
-18.1 
-41.6 
30.9 
34.6 
-37.8 
-37.2 

-30.8 
-30.9 

-31 

-30.1 
-30.2 
-30.4 
0.2 

-34.8 
-18.9 
-32.9 

32.1 
32.9 

-31.7 

25 
24.7 
-18 
=25 

-9.7 
-29.3 

7.8 
13.4 

-18.8 
-27.9 
-14.5 
-12.4

-45.1 
-38.5 
36.6 
33.4 
-41.2 
-40.8 
41.6 
37.9 
-42 

-18 
34.8 
31.1 
-37.2 
-37.8 
-31 

-30.9 
-30.4 

-31.2 

-30.7 
-30.5 
-34.9 

0.2 
-33 

-18.7 

33.1 
32.3 
-32 
-3.7 

25 
25.2 
-25.2 
-17.9 

-29.6 -91.5 
28.1 
19.9 
-28 

-18.3 
-27.6

12 

102 10.2 

10.1 
3.2 
3.2 

3 
3 

3.7 
3.6 
9 

9.1 
2.6 
2.6 
8.6 
8.7 
8.2 
8.2 
8.3 
8.3 
5.5 
5.4 
7.6 
7.5 
1.6 
1.6 

44.1 

6.5 
6.5 

8.8 
8.7 
4.8 
4.7 
6.3 

-12.3 
1.6 
1.6 

-0.3

54.2 
54.1 

45.3 
45.2 
44.2 
44.1 
43.3 
43.3 
42.5 
42.2 
42.1 
42 

40.1 

40.1 
39.6 
39.5 
38.9 
38.8 
38.8 

38.8 
36.7 
36.6 
36.3 
36.1 
34.3 

34.2 
32.6 
32.4 
31.5 
31.5 
31.1 
30.8 
36.7 
30.4 
29.9 
29.4 

28.3 

27.6

67,5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67T5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67,5 

67.5 
67.5 
67.5 

67'.5 
67.5 6735 
67-.5 
6735 
67.5 
67.5 

67.5 
67.5 
67,5 

67.5 
67.5 
67.5 

67.5

0.24 
0.25 
0.49 
0.49 
0.53 
0.53 
0.56 

0.56 
0.59 
0.6 
.0.6 

0,61 
0.68 
0.68 
0.71 
0.71 
0.73 
0.74 
0..74 
0.74 
0.84 
0.84 

0.86 
0.87 
0.97 
0.98 
1.07 
1.09 
1.14 
1.14 
1.17 
1.19 

1.22 
1.26 

ý1.39 

1.44
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