
APPENDIX 3.B - ANALYSIS OF DAMAGED FUEL CONTAINER

3.B.l Introduction 

This appendix contains an analysis of the damaged fuel container that is used for the HI-STAR 

100 MPC. The objective of the analysis is to demonstrate that the storage container is 

structurally adequate to support-the -loads that develop during normal lifting operations and 

during an end drop.  

The upper closure assembly is designed to meet the requirements set forth for Special Lifting 

Devices in Nuclear Plants [2]. The remaining components of the damaged fuel container are 

governed by ASME Code Section III, Subsection NG.  

3.B.2 Composition 

This appendix was created using the Mathcad (version 6.0+) software package. Mathcad uses 
the symbol ':=' as an assignment operator, and the equals symbol '=' retrieves values for 
constants or variables.  

3.B.3 References 

1. Crane Manufacture's of America Association, Specifications for Electric Overhead 
Traveling Cranes #70.  

2. ANSI N14-6, Special Lifting Devices for Loads Greater than 10000 lbs. in Nuclear 
Plants.  

3. ASME Boiler and Pressure Vessel Code, Section III Subsection NG, July 1995 

3.B.4 Assumptions 

1. Buckling is not a concern during an accident since during a drop the canister will 
be supported by the walls of the fuel basket.  

2. The strength of the weld is assumed to decrease the same as the base metal as the 
temperature is increased.  

3.B.5 Method 

Three cases are considered: 1) normal handling of container, 2) evaluation of lifting 
attachment to ANSI N14-6 criteria, and 3) accident drop event.  
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3.B.6 Acceptance Criteria

1) Normal Handling 

a) Container governed by ASME NG[31 allowables: 
shear stress allowable is 60% of membrane stress intensity 

b)Welds are governed by NG Code allowables with appropriate quality factors; 
stress limit =60% of tensile stress intensity(per Section III, Subsection NG-3227.2).  

2) Drop Accident 

a) Container governed by ASME Section 1II, Appendix F allowables: 
(allowable shear stress = 0.42 Su) 

3.B.7 Input Data 

The damaged fuel container is only handled while still in the spent fuel pool. Therefore, its 
design temperature for lifting considerations is the temperature of the fuel pool water (1 50oF).  
The design temperature for accident conditions is 7250F. All dimensions are taken from the 

design drawings and bill of materials in Chapter 1. The basic input parameters used to 
perform the calculations are:

Design stress intensity of SA240-304 (150 0 F) 

Design stress intensity of SA240-304 (7250F) 

Yield stress of SA240-304 (150 0F) 

Yield stress of SA240-304 (7250F) 

Ultimate strength of SA240-304 (150 0F) 

Ultimate strength of SA240-304 (7250F) 

Ultimate strength of weld material (150 0F) 

Ultimate strength of weld material (7250F) 

Weight of a BWR fuel assembly 

Weight of the damaged fuel container

Sm,:= 20000-psi 

S,2a:= 15800-psi 

Sy :=27500-psi 

Sy2:= 17500-psi 

Sul :73000.psi 

Su2 :63300. psi 

Suw:= 70000. psi 

Suwacc:= Suw.  
Sul 

WfueI:= 400- Ibf 

Wonainr:= 150- Ibf

Table I.A. 1

Table 1.A.3

Table 1.A.2

3.B-2HI-STAR FSAR 
REPORT HI-2012610

Rev. 0



Wall thickness of the container sleeve 

Thickness of the base 

Inner dimension of the container sleeve 

Wall thickness of container collar 

Distance from end of sleeve to top of engagement slot 

Diameter of the shear pin 

Diameter of the lead-in 

Wall thickness of the lead-in (Sch. 160 pipe) 

Thickness of weld between lead-in ext. and collar 

Length of the load tab 

Height of the load tab 

Width of the load tab 

Thickness of weld between locking shaft and load tab 

Thickness of fuel spacer tubing 

Size of fuel spacer (square) tubing 

Size of square cutout in fuel spacer tubing 

Quality factor for full penetration weld (visual inspection) 

Quality factor for single fillet weld (visual inspection) 

Dynamic load factor for lifting [1]
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tslve :=0.12-in 

tb,: 0. 12. in 

idsl,.:= 4.93-in 

tconar:= 0.12-in 

dot := 0.44-in 

Dpin:= 0.375- in 

Dleadin:= 0.75-in 

t1wdin:= 0.218-in 

tweldi:= 0.125-in 

itab:= 2.15-in 

hab:= 0.5-in 

wtab:= 0.5- in 

tweld2:= 0.1875-in 

ttub := 0.25- in 

Stul•:= 4.0-in 

scutot:= 1.75-in 

n:= 0.5 
Table NG-3352-1 

nf:= 0.35 

DLF:= 1.15
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3.B.7 Calculations 

3.B.7.1 Lifting Operation (Normal Condition) 

The critical load case under normal conditions is the lifting operation. The key areas of concern 
are the container sleeve, the weld between the sleeve and the base of the container, the 
container collar, and the upper closure assembly. All calculations performed for the lifting 
operation assume a dynamic load factor of 1.15.  

3.B.7.1.1 Container Sleeve 

During a lift, the container sleeve is loaded axially, and the stress state is pure tensile membrane.  
For the subsequent stress calculation, it is assumed that the full weight of the damaged fuel 

container and the fuel assembly are supported by the sleeve. The magnitude of the load is

F:= DLF. (Wntaine + Wfuel) F = 6321bf

The cross sectional area of the sleeve is 

Asleeve := (idsleeve + 2"s teeve) 2- idsleeve2 

Therefore, the tensile stress in the sleeve is 

F

Asleeve

Asleeve = 2.42 in
2

a = 261 psi

The allowable stress intensity for the primary membrane category is Sm per Subsection NG of 
the ASME Code. The corresponding safety factor is

Sml 
SF := 

a
SF = 76.6

3.B.7.1.2 Base Weld 

The base of the container must support the amplified weight of the fuel assembly. This load is 
carried directly by the full penetration weld which connects the base to the container sleeve.  
The magnitude of the load is

F := DLF-Wfuel
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The area of the weld, with proper consideration of quality factors, is

Awld:= n.4. idsj.e-tbas Aw,,d= 1.18inf

Therefore, the amplified shear stress in the weld, including the quality factor, is

F 
Aweld a = 389psi

From the ASME Code the allowable weld shear stress, under normal conditions (Level A), is 
60% of the membrane strength of the base metal. The corresponding safety factor is

0.6- Sm SF.  
a 

3.B.7.1.3 Container Collar

SF = 30.9

The load tabs of the upper closure assembly engage the container collar during a lift. The load 
transferred to the engagement slot, by a single tab, is

DLF.(W.ntainer + WfueL) 
F2 2 F = 316.25 Ibf

The shear area of the container collar is

Acojlar := I"dslo' (tsleeve + tcollar) 

The shear stress in the collar is

F 

AcoIlar

Acouiar = 0.211 in2

a = 1497 psi

The allowable shear stress from Subsection NG, under normal conditions, is

lallowable:= 0.6- Sml

Therefore, the safety factor is

0 allowable 
SF.

aallowable = 12000 psi
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3.B.7.1.4 Upper Closure Assembly

The upper closure assembly is classified as a special lifting device [2]. As such the allowable 
tensile stress for design is the lesser of one-third of the yield stress and one-fifth of the ultimate 
strength.

Syl 
3

a, = 9167psi

S.1 
02:=

02 = 14600psi

For SA240-304 material the yield stress governs at the lifting temperature.  

0 allowable := 01

The total lifted load is

F := DLF (Wonmainer + Wfuel) F = 632 lbf

The shear stress in the shear pin under this load is calculated as

Ir 2 
Apmn: - .Dpin 

4 

F 

2.Apin

Apin = 0.11 in2 

a = 2863 psi

The safety factor is

0. 6 7allowable SF- SF = 1.92
a 

The bearing stress in the lead-in and the corresponding safety factor are

F 
2- Dpin'tleadin 

0allowable 
SF.  

0

a = 3869psi 

SF = 2.37
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The stress in the full penetration weld between the lead-in extension and the lead-in collar is 
(quality factor is 0.5) is computed from the available weld area and the force F

Aweld := •.Dleadin-tweldl Aweld= = 0.295 in2

The shear stress in the weld is

F 

Aweld
a = 2148 psi

The safety factor is

rF: , n O(allowable 
SF Y SF = 2.13

The shear stress in the load tabs due to the lifted weight is computed as follows:

The safety factor is

Atab := htab Wtb 

F 
2. Atb 

.6. Oalowable 
SF

Arab = 0.25 in
2 

a= 1265 psi

SF = 4.35
a 

If the full weight of the lift is supported by the fillet welds between the locking shaft and the 
load tabs, the shear stress in the welds is

Aweld:= 2-htab-tweid2 

The safety factor is

Aweld = 0.1 87 in2

nf..6 -. allowable 
SF.- SF-= 1.14

3.B.7.2 60g End Drop (Accident Condition) 

The critical member of the damaged fuel container during the drop scenario is the lower fuel 
spacer. It is subjected to direct compression due to the amplified weight of the fuel assembly.  
The lower fuel spacer has four leg members at the comers of the tube. The load per leg due to 
a 60g end drop is
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The cross sectional area of each leg is

Al := (S - s,- t)-tt 

The stress in the member is

F 

Aleg

Aeg = 0.56 in2

a= 10667psi

The allowable primary membrane stress from Subsection NG of the ASME Code, for accident 
conditions (Level D), is 

0 allowable:= 2.4- Sn2 

Oallowable = 37920 psi

The safety factor is

Uallowable 
SF: 

ay

SF = 3.6

3.B.8 Conclusion

The damaged fuel container and the upper closure assembly are structurally adequate to 
withstand the specified normal and accident condition loads. All calculated safety factors are 
greater than one, which demonstrates that all acceptance criteria have been met or exceeded.
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APPENDIX 3.C - RESPONSE OF CASK TO TORNADO WIND LOAD 
AND LARGE MISSILE IMPACT 

3.C.1 Introduction 

The objective of this analysis is to determine the response of the cask to the combined load of the 

wind due tothe design basis tornado and the large missile impact (loading case B) specified in.  
Section 2.2.3. It is demonstrated that under this loading condition, the cask will not tip over. The 

case of large missile impact plus the instantaneous pressure drop due to the tornado passing the 

cask is also considered. The two cases need not be combined.  

Impacts from two types of smaller missiles are considered in Appendix 3.G.  

3.C.2 Method 

In this analysis, the cask is simultaneously subjected to a missile impact at the top of the cask and 

either a constant wind force or an instantaneous pressure drop leading to an impulsive adder to 

the initial angular velocity imparted by a missile strike. The configuration of the system just prior 

to impact by the missile is shown in Figure 3.C. 1.  

The first step of the analysis is to determine the post-strike angular velocity of the cask, which is 

the relevant initial condition for the solution of the post-impact cask equation of motion. There 

are certain limiting assumptions that we can make to compute the post-impact angular velocity of 
the cask. There are three potential limiting options available.  

a. Assume a coefficient of restitution (ratio of velocity of separation to velocity of approach) = 

1. This assumption results in independent post impact motion of both the cask and the missile 
with the change in kinetic energy of the missile being entirely transmitted to the cask.  

b. Assume a coefficient of restitution =0. This assumption results in the missile and the cask 
moving together after the impact with a certain portion of the kinetic energy lost by the missile 
being dissipated during the collision so that the post impact kinetic energy is less than the energy 
change in the missile.  

c. Assume a coefficient of restitution = mass of missile/mass of cask. This assumption brings the 
missile to rest after the impact. There is kinetic energy dissipated during the impact process but 
the kinetic energy acquired by the cask is larger than in case b.  

Missile impact tests conducted under the auspices of the Electric Power Research Institute ( see 
EPRI NP-440, Full Scale Tornado Missile Impact Tests", 1977) have demonstrated that case c 
above matches the results of testing.  
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Determination of the force on the cask due to the steady tornado wind is the next step.  
The primary tornado load is assumed to be a constant force due to the wind, acting on 
the projected area of the cask and acting in the direction that tends to cause maximum 
propensity for overturning.  

The equation of motion of the cask under the wind loading is developed, and using the 
initial angular velocity of the cask due to the missile strike, the time-dependent solution 
for the post-impact position of the cask centroid is obtained.  

In the second scenario, the missile impact occurs at the same instant that the cask sees 
the pressure drop due to the passing of the tornado.  

3.C.3 Assumptions 

The assumptions for the analysis are stated here; further explanation is provided in the 
subsequent text.  

1. The cask is assumed to be a rigid solid cylinder, with uniform mass distribution. This 
assumption implies that the cask sustains no plastic deformation (i.e. no absorption of 
energy through plastic deformation of the cask occurs).  

2. The angle of incidence of the missile is assumed to be such that its overturning effect 
on the cask is maximized.  

3. The missile is assumed to strike at the highest point of the cask, again maximizing the 
overturning effect.  

4. The cask is assumed to pivot about a point at the bottom of the baseplate opposite 
the location of missile impact and application of wind force in order to conservatively 
maximize the propensity for overturning.  

5. Inelastic impact is assumed, indicating that the missile velocity is reduced to zero 
after impact. This assumption conservatively lets the missile impart the maximum 
amount of momentum to the cask.  

6. The missile does not adhere to the cask, even though the coefficient of restitution is 
assumed to be zero.  

7. The analysis is performed for a cask without fuel. A lighter cask will tend to rotate 
further after the missile strike. The weight of the missile is not included in the total 
post-impact weight. A lower bound weight of 189,000 lbs is used in this analysis.  
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8. Planar motion of the cask is assumed; any loads from out-of-plane wind forces are neglected.  
In typical impacts, a portion of the energy will be expended in rotating the cask. No such energy 
dissipation is assumed.  

9. The drag coefficient for a cylinder in turbulent crossflow is conservatively taken as 0.6. Per 

Mark's Standard Handbook for Mechanical Engineers [3.C.1], the drag coefficient (Cd) for a 
cylinder in crossflow at the calculated Reynold's number is less than 0.5. The use of a higher 
drag coefficient results in a greater overturning force.  

10. The missile and wind loads are assumed to be perfectly aligned in direction.  

11. The instantaneous pressure drop is converted to an initial angular motion of the cask by an 
impulse-momentum relation.  

12. The coefficient of friction between the cask and the foundation is assumed to be infinite. In 

other words, there is no conversion of the missile kinetic energy into translational motion of the 
cask.  

It is recognized that the above assumptions taken together impose a large measure of 
conservatism in the dynamic model, but render the analysis highly simplified. In a similar spirit of 

simplification, the calculations are performed by neglecting the geometry changes which occur 

due to the dynamic motion of the cask. This linearity assumption is consistent with the spirit of 
the simplified model used herein.  

Certain overseas and domestic sites may have different missile and wind load requirements. The 
evaluation for the specific site shall consider its design basis loads, but shall utilize the 
methodology presented in this appendix.  

3.C.4 Input Data 

The following input data is used to perform the analysis. All dimensions are obtained from the 
Design Drawings in Section 1.5.  

The weight of the cask plus contents, Wc := 189000. lbf 

The cask total height, L := 203.125. in 

The diameter of the cask base in contact with the supporting surface, a := 83.25. in 

The maximum diameter of the overpack, D := 96.0. in 

Gravitational acceleration, g := 386.4---
sec 

The weight of the large missile (1800 kg, from Table 2.2.5), Wm := 3960. lbf 
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The maximum tornado wind speed (from Table 2 .2 .4 ),vt:= 360-mph 

The pre-impact missile velocity (from Table 2.2.5), Vm := 126. mph 

The translation speed of the tornado (from Table 2.2.4), Vtr := 70. mph 

The drag coefficient for cylinder in turbulent crossflow, Cd 0.6 

lbf 
The density of air, Pair := 0.075.-- ("lbf" indicates pounds "force") 

ft
3 

-7 lbf 
The viscosity of air, 9tair 4.18.10- ft sec 

Maximum instantaneous pressure drop (from Table 2.2.4), dp 3.= Ipsi 

The total mass of the cask and its contents (Me) can be calculated from the total 

weight and gravitational acceleration as: 

We wc i 

g 

Similarly, the mass of the large missile (Mm) can be calculated from its 
weight and gravitational acceleration as: 

Wm 
Mm := 

g 

3.C.5 Solution for Post-Missile Strike Motion of Cask 

The missile imparts the maximum angular momentum to the cask when the initial 
angle of the strike is defined by the relation: 

00 := atan(ra 
ýL) 

Substituting the values of a and L defined above, the missile strike angle 0o = 22.286 deg 

The distance between the missile impact location and the cask pivot point, as shown on 
Figure 3.C. 1, is calculated as: 

d := ( 2 + L2)0.5 
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The centroidal mass moment of inertia of a cylindrical object about an axis parallel 
to and intersecting its axial midplane (IQ), for rotation about z, is given by: 

iz:= +L2 12 L ,2) J 

Using the parallel axis theorem, the moment of inertia of the cask after the missile strike 

about the rotation point can be determined as: 

Ir := Iz2+ M e"rd ) 

9 2 

Ir = 3.033 x 109 lb.in2 ("lb" indicates pounds "mass") 

As stated in Section 3.C.3, it is conservatively assumed that the missile does not remain 
attached to the cask after impact. Using balance of angular momentum, the post-impact 
initial angular velocity of the cask can be determined using: 

Mm vm d 
Ir 

Thus, the post-impact initial angular velocity, o = 0.6351 
sec 

For subsequent dynamic analysis, this angular velocity is used as the initial condition 
on the equation for the angular rotation of the cask as a function of time.  

3.C.6 Calculation of Pressure due to Tornado Wind 

The drag coefficient of a cylinder in turbulent crossflow is a function of the 
Reynold's Number, which can be calculated using the relation: 

Pairfvt'D 
Re := Re = 7.579x 10 8 

Itair 

The drag coefficient (Cd) for a cylinder in crossflow for this Reynold's Number is 
less than 0.5 [3.C.1], so a conservatively higher value of 0.6 is used.  
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Cd:= 0.6

The pressure on the side of the cask (Pmax), due to wind loading, is determined 

using: 
1 P air 2 

Pmax : Cd-" vt 
S2 g 

and the resulting force on the projected area of the cask is therefore given by: 

Fmax:= Pmax D L 

Thus, the force due to tornado wind, Fmax = 2.638 x 104 1bf 

3.C.7 Post Impact Plus Steady Wind Solution 

The solution of the post-impact dynamics problem for the period of time when the 
horizontal displacement of the cask mass center is greater than or equal to zero is 
obtained by solving the following equation of motion: 

Ira := (_wc.a)+ Fmax. (L4' 
r2) L2) 

where I, is the cask moment of inertia about the rotation point and a is the angular acceleration of 
the cask. The above equation arises from summation of dynamic moments about the cask pivot 
point. The steady wind enters into the above equation through Fmax, and the impacting missile 
enters into the equation through the initial angular velocity.  

The angular position of the cask is examined through 250 time steps of 0.005 sec duration.  

Let i:= 1.. 250 

i 
ti := -- sec 

200 

Let 0 = the angular rotation variable of the cask subsequent to the impact. The 
analytical solution of the above equation is therefore: 

Ci := 'ti + (ti)+ (.we-a + Fmax" 
2-Ir 2 2) 
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3.C.8 Results 

Once the angular rotation with respect to time is known, the horizontal displacement 
of the cask center of gravity can be calculated as: 

xi := - -cos acos(R+ 0i) 2 2 ý d ) 

Figure 3.C.2 shows a plot of the motion of the cask center versus time.  

3.C.9 Missile Impact Plus Pressure Drop 

The case of instantaneous pressure drop plus impact by a missile is studied by finding the 
increment of initial angular speed imparted to the cask by the pressure wave. Using a 
balance of angular momentum relation, the increment of angular speed is determined and 
added to that of the missile strike.

Time of pressure wave to cross cask body dt := 
Vtr

dt = 0.078sec

Increment of angular velocity imparted to cask in time dt

(dp.D.L).( L.dt 

Ir
do) = 0.059sec-

1

Therefore, for this case the initial angular speed is

(o I := to + do ol = 0.694sec'I

The angular position of the cask is examined through 250 time steps of 0.005 sec duration.  

Let i:= 1..250 

i 
ti .- sec 

200 

Let 01 = the angular rotation variable of the cask subsequent to the impact. The 
analytical solution of the above equation is therefore: 
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i(i ) 2 
2- Ir ý 2j

3.C.8 Results 

Once the angular rotation with respect to time-is known, the horizontal displacement 
of the cask center of gravity can be calculated as:

xli := D _ cos(acos( D + 
2 2 d)

01)I

Figure 3.C.3 shows a plot of the motion of the cask center versus 
time.  
3.C.9 Conclusion 

As is shown in Figure 3.C.2, the maximum horizontal excursion of the cask centroid 
under the given loading is less than 2.8 feet. In order for a cask tipover accident to 
occur, the centroid must undergo a horizontal displacement of 3.3 feet. Therefore, the 
combined tornado wind and missile strike events will not result in cask tipover. The 
case of missile strike plus tornado passing the cask is not a bounding case.  

3.C. 10 References 

[3.C. I] E. Avallone and T. Baumeister, Marks' Standard Handbook for Mechanical Engineers, 
McGraw-Hill, Inc., Ninth Edition, 1987, p. 11-77.
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App 3D.mcd

APPENDIX 3.D - LIFTING TRUNNION STRESS ANALYSIS 

3.D. 1 Introduction and Description 

This appendix contains a stress analysis of the upper lifting trunnions on the HI-STAR 100 
Overpack. The objective of this analysis is to show that under any cask lifting condition, the 
stress in the trunnions and in the surrounding overpack forging do not exceed allowable limits.  
Note that, to further demonstrate the robust nature of the cask, Appendix 3.Y, describes a lift 
at three times deadweight.  

The appendix is self contained in that all references cited are listed in the appendix, and the 
necessary "free body" diagrams are shown by figures at the conclusion of the appendix. This 
Appendix is written using the Mathcad electronic scratchpad computer code [3.D. 1 ]. The 
notation ":=" represents the equal sign for a defined calculation. The notation "=" represents a 
computed response or answer.  

3.D.2 Methodology and Acceptance Criteria 

Methodology 

The lifting trunnions are threaded into the forging. A locking plate, secured with 
attachment bolts, prevents the trunnions from backing out.  

The lifting trunnions are analyzed using a mechanics of materials method with the trunnions 
considered as short beams. Stresses in both the trunnions and in the overpack top forging are 
calculated under the specified load. Sketches at the end of the appendix show the appropriate 
free body diagrams.  

In this analyses, primary bending moments and shear forces in the trunnions are determined 
first. Then, local bearing stress, thread shear stress and stress due to internal pressure are 
calculated.  

The global effects of the trunnion loading are considered as a load case in the finite element 
analysis of the HI-STAR 100 Overpack and are reported elsewhere.  

Acceptance Criteria 

The HI-STAR 100 Overpack trunnions are part of a non-redundant lifting system.  
NUREG-0612 [3.D.2], section 5.1.6(3), requires that the lifting trunnions be able to support a 
load of 10 times the actual lifted load without exceeding the material ultimate strength and 6 
times the actual lifted load without exceeding yield. The ultimate strength criterion governs 
the trunnion and forging materials.  

The lifted load should include a dynamic load factor to account for inertia effects. CMAA 
Specification #70 (1988) [3.D.3], recommends an appropriate minimum hoist load factor for 
lifted loads. Since cask lifting is a low speed operation the use of a minimum hoist load factor 
for dynamic effects is conservative.  
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Where the trunnions and the top forging interface, the top forging allowable strengths are 

used in the determination of structural margins; the limits on strength are those of the ASME 

Code, Section III, Subsection NB for the appropriate load combination.  

3.D.3 Materials and Material Properties 

Trunnions are SB-637-N07718 steel. The overpack top forging is SA-350-LF3 steel. Based 

on thermal analyses in Chapter 4 (see Table 4.4.16), the maximum normal operating 
temperature on the inside surface of the top forging in the vicinity of the lifting trunnion will 

not exceed 163 degrees F. The outer surface temperature of the top forging will be higher 

than the ambient environment temperature. In the calculations, a bulk metal temperature of 

150 degrees F is assumed for determination of material properties. Material properties are 

extracted from the appropriate tables in Section 3.3.  

The trunnion material yield strength, Sy:= 147000.psi Table 3.3.5 

The trunnion material ultimate strength, Su := 181300-psi Table 3.3.5 

The forging material yield strength, Syf := 35850.psi Table 3.3.4 

The forging material local membrane stress intensity, SIf := 34600- psi Table 3.1.8 

3.D.4 Assumptions 

1. The trunnions are analyzed for strength as beam members.  

2. The weight of the extended portion of the trunnion is conservatively neglected since it 
opposes the lifted load.  

3. Any load carrying capacity of the locking plate is conservatively neglected in the analysis of 
the trunnion as a beam.  

4. Trunnions are loaded equally.  

5. The lifting yoke is conservatively set at the outer end of the trunnion so as to maximize the 

moment arm for the analysis of the trunnion as a beam member. The minimum thickness of the 

lifting yoke is specified. Therefore, the maximum value of the moment arm can be established 

6. In the determination of local shear stress in the trunnion thread, the actual location of the lift 

point is used based on a conservative "worst case" analysis of the tolerance stack-up.  

7. Trunnion stress analysis is based only on mechanical loads applied laterally to the trunnion 
axis.  
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3.D.5 References 

[3.D.1] MATHCAD 7.02, Mathsoft, 1998.  

[3.D.2] NUREG-0612, Control of Heavy Loads at Nuclear Power Plants Resolution of 
Generic Technical Activity A-36, Section 5.1.6(3), 1980.  

[3.D.3] Crane Manufacturers Association of America (CMAA), Specification #70, 1988, 
Section 3.3.  

[3.D.4] J.Shigley and C. Mischke, Mechanical Engineering Design, McGraw-Hill, 5th 
Edition, 1989, p.3 2 8 .  

3.D.6 Analysis 

In this section, moments, forces, and stresses in the trunnion and the top forging material are 
determined. Moments and forces in the trunnions are compared to allowable strengths per 
NUREG-0612, and local stresses in the top forging are compared with appropriate allowable 
stress intensities.  

3.D.6. 1 Moments and Forces in the Trunnion 

In this subsection, the geometry of the system is defined, and bending moments and shear 
forces in the lifting trunnions are determined.  

3.D.6.1.1 Input Data 

The trunnion outer diameter, d:= 5.75.in 

The minimum lift yoke connecting link yoke width, tf := 2.25- in 

The maximum lifted weight of the cask and contents, W 250000. lbf Table 3.2.4 

The number of lifting trunnions, n := 2 

The dynamic load factor (from Reference 3.D.3), DLF := 0.15 

The exposed trunnion length (including locking plate), L 3.375.in 

The minimum clearance between lifting link and trunnion end c := 0.25. in 

This minimum lift yoke connecting link width conservatively defines the contact patch on the 
trunnion and establishes the location of the concentrated lifting load. for the purpose of 
determining the bending moment at the root of the trunnion beam member. The maximum 
lifted weight bounds the actual maximum weights of the HI-STAR 100 systems.  
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The trunnion cross sectional area (Area), moment of inertia (I) and applied per trunnion load 

(P) can be determined using the following formulae:

72 Area := 
4 I4:W 

4 ý2)
SW. (l + DLF) P: 

n

Substituting the input values defined above into these three equations yields the following values:

Area = 25.97 in
2

I = 53.65884in4 P = 1.44x 105 lbf

3.D.6.1.2 Bending Stress at the Root of the Trunnion 

The lifting yoke arm is conservatively set at the outer end of the trunnion to maximize the 

moment arm. The applied moment arm (Lama) is defined as the distance from the root of the 
trunnion to the centerline of the lifting yoke connecting link (see Figure 3.D. 1).

Larm := L - .5-tf Conservatively neglect the clearance "c"

Larm = 2.25 in 

The applied moment (M) at the root of the trunnion is therefore determined as:

M:= P. Larm M = 3.23x 105 in-lbf

From beam theory, the maximum tensile stress occurs in an outer fiber at the root of the trunnion.  
The distance from the neutral axis to an outer fiber (y) is one-half of the trunnion diameter: 

d 
Y= 

2 

and the maximum bending stress due to the applied moment is therefore determined as: 

S M-y a = 17329.51psi 
I 

Comparing the value of the bending stress with the yield strength of the material results in 
a safety factor of:

Sy 
Si := -

3.D-4HI-STAR FSAR 
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This safety factor is greater than 6, which is the factor of safety on yield required by [3.D.2].  
Note that the safety factor calculated above, and used elsewhere in this appendix, is defined as 
the allowable yield strength divided by the calculated stress (or stress intensity).  

3.D.6.1.3 Shear Stress in the Trunnion 

The maximum shear stress in the trunnion, which occurs at the neutral axis, is determined 
using beam theory. The first moment of the area above the neutral axis is determined as:

d 

Q J 2 
Q:J JOi2 r .sin (0)dr do or Q :=-1 .d 

12

Q = 15.84in 3 

The shear load (V) is equal to the applied per trunnion load (P) and the "thickness" of the beam 
(t) at the neutral axis is equal to the trunnion diameter (d).  

V:=P 

t :=d 

Fromf beam theory, the maximum shear stress is determined as:

V.Q 
I. t , = 7381.09psi

The shear yield strength is defined as 60% of the tensile yield strength. This definition of 
yield strength in shear is consistent with formulas given in ASMIE Section III, Subsection 
NG, NG-3227.2 and NG-3232.1 (b) where the ratio of allowable shear strength to 
allowable tensile strength is 0.6. It is also consistent (and conservative) when compared to 
the same ratio given in ASME Section III, Subsection NF where the ratio of allowable 
shear/allowable average tension is 0.4/0.6 = 0.667. Comparing the calculated shear stress 
value with the yield shear strength, result in a safety factor of:

0.6.Sy 
S2 := S2 = 11.95

This safety factor is greater than 6, as required by [3.D.2].

HI-STAR FSAR 
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In addition to a check based on yield strength, the calculated moment and shear force must 

be checked against the ultimate carrying capacity in bending and in shear. We calculate the 
ultimate moment dfrom the following formula (which is easily derived from the classical 
principles of Limit Analysis applied to a circular section).

L 3 ý2) J Mu = 5.74x 106 lbf.in

Comparing the ultimate capacity with the applied moment gives

MSM S3 := 
M S3 = 17.76

Similarly, the ultimate shear force capacity is

Vu:= .6.Su-Area Vu = 2.82x 106 lbf

Therefore the ultimate carrying capacity in shear is

Vu 
S4 := V S4 = 19.65

3.D.6.2 Local Stresses in the Top Forging 

In the following subsection, stresses in the top forging due to bearing loads, thread shear loads, 
and internal pressure are determined.  

3.D.6.2.1 Input Data 

The number of threads per inch, NTI := 4 

The trunnion length inserted into the top forging, Lw := 5.875. in

The design internal pressure under normal handling, p := 40. psi 

The overpack forging outer diameter, Do:= 83.25-in 

,The overpack forging inner diameter, Di:= 68.75.in

Table 2.2.1

The mean diameter in thread region

HI-STAR FSAR 
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3.D.6.2.2 Bearing Stress 

A longitudinal local bearing stress is developed in the base material, during cask handling, at 
the contact surface between the embedded portion of the ummnion and the cavity in the top 
forging. The effective diameter (for stress evaluation purposes) of the portion of the trunnion 
that is threaded into the top forging is determined as per [3.D.4] as:

1.299038.  
dd:= dm .N I NTI dd = 6.43 in

The projected area supporting the bearing load is determined as:

A:= Lv dd A= 37.75 in2

and the average bearing stress on the top forging material is therefore determined as:

V 

A
ad= 3808.11psi

3.D.6.2.3 Thread Shear Stress Due to Trunnion Bending 

The bending moment that is transferred from the trunnion to the top forging is reacted by 
a shear stress distribution on the threads. (see Figure 3.D.2, a free body of the portion of 
the trunnion inserted into the forging). We recalculate the bending moment using a 
bounding value for the actual location of the applied load. This bounding value considers 
that the maximum position of the lifting link on the trunnion will leave a clearance "c" 
between the edge of the link and the end of the trunnion.  

c = 0.25 in 

The total bending moment applied to the trunnion threads is therefore defined by:

Moment := M. + V.  

Larm ,2)

(Larm- c) 
= 0.89 

Larm

The average shear stress in the threaded region is assumed to be a sinusoidal distribution around 
the periphery. Therefore, moment equilibrium yields:

I 
,r- R. sin (theta) -R.-(Lw) dthetaMoment:= ,2

where the average shear stress along the threaded length, t := rmax. sin(theta) 
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Integrating the moment expression above, over the required interval, yields the following 
expression for the total bending moment: 

2 (Lw) 
Moment := Cmax. ddI (Lw 

4 

Solving for the maximum shear stress existing around the circumference of the trunnion 
(averaged along the length of the insert) gives the stress at the root of the trunnion thread.

Moment 
%max := 4.  

nidd 2.(L)
tmax = 3725.96 psi

Similarly, the shear stress at the external root of the thread in the top forging is:

Moment 
'rfroot := 4. Mome 

ic. dm 2 -Lw 'rfroot = 3376.05psi

3.D.6.2.4 Local Stress in Forging Due to Internal Pressure 

The stress in the top forging due to the design internal pressure is calculated using shell theory.  
This stress is approximated as a circumferential stress using a mean diameter and thickness of the 
top forging. The mean radius of the overpack forging is determined as:

Do+ Di 
r 2 2 r= 76in

and the thickness of the overpack forging is determined as:

Do- Di 
t .

2
t = 7.25 in

From shell theory, the circumferential stress in the forging due to internal pressure is determined 
as:

r 
(pres := P

t
Opres = 419.31 psi

3.D.6.2.5 Comparison with Allowable Stress Intensity Per ASME Subsection NB 

The allowable local membrane stress intensity of the top forging material in the region supporting 
the lifting trunnions is set forth in Section 3.D.3 of this appendix as: 

SIf = 34600psi
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The safety factor on membrane stress intensity in the top forging is calculated at the location 
of maximum shear stress and bearing stress, and uses the classical formula for stress intensity 
[3.D.4]. The three normal stresses acting on the point are defined as: 

"A longitudinal minimum normal stress, a I := -d + .5"lpres 

"A normal stress estimate on a surface perpendicular to a radial line, 02 P 

The normal "hoop" stress, U3 := Gpres 

Substituting the appropriate values of ad, Opres and p, the three normal stresses are:

a, = -3598.46psi 02 = -20psi 03 = 419.31psi

The formula for maximum stress intensity in the plane of the shear stress involves al and 02. For 
a bounding estimate of the safety factor, we use oj and 03 instead since 03 adds to aj. The 
maximum in-plane stress intensity is therefore calculated as:

SIcalc := [( 0l - 03)2 + 4 "tfroot 22]0 .5 SIcalc = 7857.06psi

and the safety factor (must be > 1.0) is determined as:

SIf 
SFm .

Slcalc
SFm = 4.4

Note that this calculation does not consider the global effect of the trunnion load on the top 
forging. The global analysis is considered as a load combination for the overpack finite element 
analysis, reported elsewhere.  

The calculation above demonstrates that the local membrane stress intensity in the forging 
section, adjacent to the lifting trunnion, is within the limit required by the ASME Code, Section 
Ill, Subsection NB. Appendix 3.Y contains a finite element analysis of the top forging subject 
to a trunnion load equal to three times the dead weight of the cask.  

3.D.6.2.5 Comparison with Yield Strength Per NUREG-0612 

The allowable yield stress of the top forging material in the region supporting the lifting trunnion., 
is set forth in Section 3.D.3 of this appendix as: 

Syf = 35850psi
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The safety factor against yield in the top forging is calculated for bearing stress and for 
thread shear stress separately. The same calulation is also performed for the trunnion 
material at the interface.  

We note that Regulatory Guide 3.61 only requires that the material anywhere in the cask not 
exceed 1/3 of the yield stress. Nevertheless, at the thread interface between the trunnion and and 
the top forging, we conservatively apply the more stringent requirements of NUREG-0612.  

Safety Factor Against Yielding for Bearing Stress in Forging at Interface

Syf 
SFbearing 

ad
SFbearing = 9.41

Safety Factor Against Yielding for Thread Shear Stress inForging at interface.

Syf 
SFthread shear := .6.

"Tfroot
SFthread shear = 6.37

Safety Factor Against Yielding for Bearing Stress in Trunnion

SFbearing 
:= 

ad
SFbearing = 38.6

Safety Factor Against Yielding for Thread Shear Stress in Trunnion

Sy 
SFthread shear - .6.

"tmax
SFthread shear = 23.67

The above calculations demonstrate that the local bearing stress and the thread shear stress at 
the trunnion-forging interface satisfy NUREG-0612 requirements on trunnion safety factors 
against material yield.  

3.D.7 Conclusion 

The lifting trunnions meet the requirements of NUREG 0612 for lifting heavy loads in a nuclear 
power plant.  

The local membrane stress intensity limits in the top forging satisfy the required ASME Section 
III, Subsection NB limits.  

The bearing stress and the thread shear stress satisfy NUREG-0612 requirements at the 
trunnion-forging interface. During the lift, these stresses are less than 1/6 the respective yield 
stress.
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APPENDIX 3.E: ANALYSIS OF MPC TOP CLOSURE 

3.E.1 Scoe 

This appendix provides the stress analysis of the MPC top closure plate under bounding 
load cases for both storage and transport scenarios.  

3.E.2 Methodology 

Conservative values for stresses on the closure plate are obtained by using classical strength 
of materials formulations, which are sufficient for determining primary stresses in the 
component. The peripheral weld to the MPC shell is protected by a thin closure ring. The 
analysis of this ring is performed using a finite element model.  

3.E.3 References 

[3.E. 1 ] S.P. Timoshenko, Strength of Materials, Vol. 2, Third Edition, Van Nostrand, 1956.  

[3.E.2] ANSYS Finite Element Code, 5.0, Ansys, Inc., 1994.  

3.E.4 Configuration, Geometry, and Input Weight Data 

3.E.4.1 Configuration and Geometry 

Figure 3.E.l shows a sketch of the top closure lid with the the closure ring attached. The 
configuration is the same for all MPC types. The following dimensions are obtained from 
drawing no. 1393.  

_67.375.  

The outer radius of the lid, Rlid := 6 " mri 2 

53.03125 
The inner radius of the closure ring, Ri 2 m 2 

67.875 .  
The outer radius of the closure ring, Ro 2 .  

The minimum thickness of the lid, h := 9.5.in 

The closure ring thickness, t := 0.375. in 
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3.E.4.2 Input Weight Data

The bounding weight of the closure lid (MPC-68), Wlid := 10400- lbf

Wi~d 
The bounding weight per square inch of lid, Plid := 2 

1t.Rlid 

The bounding weight of the fuel basket plus fuel,

Wfuei := 13000. 1bf + 54000. lbf

Table 3.2.4

Plid = 2.917psi

Table 3.2.4

The maximum total package weight of the MPC (including dynamic load factor),

Wlift := 1.15-90000. lbf Table 3.2.4

The maximum lifted weight is the bounding MPC weight with an applied 0.15 inertia load 
factor to bound loads during an MPC transfer operation.  

3.E.5 Acceptance Criteria 

Level A or Level D primary stress intensity levels must not be exceeded under the defined 
load conditions. Load cases considered are set to bound all requirements for either storage or 
transport.  

3.E.6 Allowable Strengths 

Allowable strengths at the design temperature of 550°F and at the accident temperature of 
775oF are used. The material used is Alloy X. The relevant allowable stress intensities for 
primary membrane stress and for combined primary bending and primary membrane stress, 
for ASME Section III, Subsection NB components, are therefore: 

The Level A allowable stress intensity for combined stress (550°F), Sac := 25450. psi 

The Level A allowable stress intensity for membrane stress (550 0F), Sam := 16950-psi 

The Level D allowable stress intensity for combined stress (5500 F), Sdc 61050.psi 

The Level D allowable stress intensity for membrane stress (550 0F), Sdm := 40700.psi

The Level D allowable stress intensity for combined (7750 F), 

The Level D allowable stress intensity for membrane (7750 F),

HI-STAR FSAR 
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The closure ring, which functions as the secondary seal for the MPC, is located on the upper 

surface of the lid. The appropriate design temperature at this location is 4000F, which 

bounds all non-accident metal temperatures obtained at that location in the analyses of 

Chapter 4. The Level A membrane and membrane plus bending allowable stress intensities at 

this temperature are: 

Samr :18700.psi 

Sacr 28100.psi 

3.E.7 Load Cases 

The following bounding loads are considered as potential limiting loads for the top closure 

plate structural qualification. Only the most limiting combinations are used for the 

qualification. For calculation purposes, the applied loads are considered as equivalent surface 

pressures.

The external pressure, 

The internal pressure, 

The fire pressure,

Pext := 125.psi 

Pint:= 100.psi 

Pfire := 125.psi

A bottom end drop on the overpack baseplate gives a pressure of,

60 Wlid 
Psd .- 2 

1t. Rlid

A top end drop on the overpack closure plate gives a pressure,

60. Wfuel 
Ptd - 2 

2r

The center lift weight,

Ptd = l128psi

Plift: Wlift

Note that external pressure never governs because internal pressure- adds a membrane 

stress component. The center lift weight load is included to incorporate a future 
fully-loaded lifting operation.
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For the qualification of the closure ring, only a single load case need be considered. If the 
primary, load carrying MPC cover plate-to-MPC shell peripheral weld leaks, then the closure 
ring will be subjected to the internal pressure load, and behaves as an annular plate supported 
at its inner and outer periphery. While this case is amenable to manual calculations, the case is 
analyzed using the finite element method for simplicity.  

3..E.8 Calculations 

The stress analysis of the closure plate is performed by conservatively assuming that the 
closure plate acts as a simply supported plate. This will conservatively predict a higher stress 
at the center of the plate. In the plate analysis, it is assumed that the thickness is constant.  
This is slightly nonconservative at the outer periphery of the plate since the closure ring is a 
separate component; however, as will be seen from the results, the safety margins are large so 
that the effect is negligible.  

In all of the following analyses, since the circumferential stress has the same sign as the radial 
stress, stress intensities differ from stresses only by the surface pressure, where applicable.  

3.E.8.1 Level A Bounding Calculations 

The design load is the internal pressure case, since there is a direct stress as well as a bending 
stress because of the peripheral weld. However, for a transfer operation, there exists the 
potential for a bounding Level A condition to be internal pressure plus a central lifted load.  

3.E.8.1.1 Load Case El.a, Table 3.1.4 

This load case consists of internal pressure only. Reference [3.E. 1 ] provides a formula for 
the maximum bending stress at the center of a simply supported circular plate. For the case of 
internal pressure alone, the stress intensity SI1 and resultant margin of safety are determined 
as: 

The Poisson's ratio of the material, v := 0.3 

3"03+ 0. Pld.Rlid ]2 

The bending stress due to internal pressure, -3= • (Pint + Plid)" 
8 th) 

Ob = 1601psi 

The direct stress due to internal pressure, Od := -Pint ad = -10psi 

The combined stress intensity, SIl := (Gb + IdI) S1 = 1701 psi 
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The margin of safety,
Sac 

MS 1 := -
SI1

1 MS1 = 14.0

3.E.8.1.2 Load Case E2, Table 3.1.4 

This load case consists-of the combined internal pressure and lifting loads. From pp. 10 6 -10 7 

of [3.E.1 ], the following stress result is conservative since it assumes the lifting load is applied 
at the center of the plate. In reality, the lifting load acts on the plate at some radial distance 
from the center point. Therefore, the value computed here overestimates the maximum stress.

Plift 
alift:= .0 

h2
+ V) (.485, ln d +0.521+ Sh) )

Plift 1.5.
7c.h 2 1lift = 2238psi

This stress must be added to the stress intensity due to internal pressure to determine the total 
combined stress intensity SI 2. The limiting stress intensity and resultant margin of safety are 
therefore determined as:

The limiting combined stress intensity, S12 := alift + SI1 SI 2 = 3940psi

The limiting margin of safety,
Sac 

MS2 := - - 1 
SI2

3.E.8.2 Level D Bounding Calculations 

3.E.8.2.1 Load Case E3.a. Table 3.1.4 

3.E.8.2.1.1 Bounding 1OCFR72 (Storage) Bottom End Drop 

This load case corresponds to the 10CFR72 (storage) end drop on the overpack baseplate.  
The amplified weight of the lid, plus the external design pressure, give rise to a bending 
stress. This bending stress and the resultant margin of safety are determined as: 

3.(3+0v) + 
d2 

The bending stress due to the loading, ,b - (Psd + Pext).i 

8 h) 

a = 4669psi
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The margin of safety,
Sdc 

MS3 := -- 1 MS 3 = 12.1

3.E.8.2.1.2 Bounding lOCFR71 (Transport) Top End Drop 

For this case, the MPC closure plate is supported by the overpaek closure plate over a 
peripheral band of support. It is conservative for the MPC qualification to assume that all 
support is at the outer edge. Therefore, the bending stress and resultant margin of safety due 
to the equivalent pressure of the fuel basket and fuel, the applied weight of the closure plate 
and the internal pressure is determined as: 

3-(3 + v) . R lid ' 2 
The bending stress due to the loading, Ob "- (Pint+ Psd+ Ptd)'1 

b= 21825psi

The margin of safety,
Sdc 

MS4:= ( 1 (Ob + Pint)

3.E.8.2.1.3 Load Case E5, Table 3.1.4 

This load case considers dead load, fire pressure, and fire temperature material properties.

The bending stress is,

The margin of safety is,

3.(3 + v) 3b := 8 (Pfire + 8 

3 
ab =1.991 x 10 PSI

Sfirec 
MS 5 -- 1 

ab

(Rlid 2 

Piid) •(" )

MS 5 = 26.2
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3.E.8.3 Peripheral Weld Stress 

The area of the weld is computed by multiplying the total length of the weld (at radius Rlid) 

by the weld thickness. The weld capacity is found by multiplying this area by a quality 
factor (defined in ASME Subsection NG) and by the appropriate weld stress allowable from 
ASME Subsection NF. The weld between the MPC lid and the shell is a 3/4 inch(minimum) 
J-groove weld. For conservatism, a smaller weld size (i.e., 5/8 inch) is considered in the 
following stress evaluations.  

The thickness of the weld, tweld := 0.625. in 

The quality factor for a single groove weld that is examined by root and final PT is 

n := 0.45 

The allowable weld stresses for Level A and Level D conditions are Sa and Sd, 
respectively. The weld metal strength is assumed to decrease with temperature in the 
same manner as does the base metal (Alloy X)

Sa:= 0 .3 .7 0 0 0 0 -1 1-_(75 - 63.37 )l.psi 
L 75 )j 

Sd := .42.70000.Fx - (75- 63.3 )].psi 
L . 75 )j

Sa = 1.772x 104 psi 

Sd = 2.481 x 10 4psi

The maximum load capacity of the weld, LCweld := n. 2.t Rlid tweld Sa 

LCweld 1.055x 106 lbf 

The margin of safety of this load capacity, for the Level A center lift loading case (Load Case 
E2, Table 3.1.4), is determined as:

LCweld 

Wuft + r. Pint- Riid
MS6 = 1.29

The bounding weld load for Level D conditions is determined by multiplying the equivalent 
pressure load for the load case by the area of the closure plate. The bottom end drop is taken 
by the welds, and the top end drop is taken by bearing on the overpack closure plate.

Lweld:= Psd'n" (Rlid)2
Lweld = 624000 lbf
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Sd LCweld MS7 := - -1 MS7 = 1.37 
Sa Lweld 

To further demonstrate the adequacy of the weld, its capacity is compared to a weld load that 
equals three times the total lifted weight. The margin of safety is 

LCweld 
MS8 := - 1 MS 8 = 2.40 

3 Wlift 

3.E.8.4 Fatigue Analysis of Weld 

The welds will be subjected to cyclic stress each time the cask is lifted. The force difference 
is equal to Wlift. Pressure loads are not a fatigue consideration since they remain relatively 
constant during normal operation. Therefore, the effective fatigue stress can be determined 
as follows 

The fatigue factor for a single groove weld that is examined by root and final PT is 
f := 4 and the alternating stress is 

rf.2 I 

a := ) 2 a = 1565psi 
2..r Rlid" tweld 

This stress is compared to curve B in Figure 1-9.2.2 of the ASME Division I Appendices per 
Subsection NG. This curve shows that the welds have unlimited life at this stress level.  

3.E.8.5 Closure Ring Analysis 

The closure ring must be capable of withstanding the application of the full MPC internal 
pressure, to ensure that a leak in the primary closure plate weld will be contained. This 
condition is modeled as an annular ring subject to the design internal pressure. A finite 
element analysis of a thin ring with an applied pressure is performed using the ANSYS finite 
element code. The thin ring is simulated by four layers of PLANE42 axisymmetric 
quadrilateral elements (see Figure 3.E.2). The boundary condition is conservatively set as 
zero displacement at node locations 1 and 2 (see Figure 3.E.2). The bottom surface is 
subjected to a 100 psi pressure to simulate leakage of the primary MIPC weld. The maximum 
stress intensity in the ring (occurring at the top center point) and the resultant margin of 
safety for Level A conditions are determined as: 

The maximum stress intensity in the ring, Siring := 20001. psi 
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Sacr 
The margin of safety, MS9 := 1 MS 9 = 0.405 

SIring 

Since the actual support condition provides some clamped support, this result is very 

conservative.  

The total load capacity of the closure ring weld is determined by calculating the total area of 

the two weld lines at radii Ri and Ro, multiplying by the allowable weld stress, and 

conservatively applying the specified weld efficiency.  

The closure ring weld thickness, tcrw := 0.125- in (this allows for fit-up) 

The quality factor for a single groove or a single fillet weld that is examined by root and 

final PT is n := 0.45 

The load capacity of the ring welds, LCcr := n- 2. n- rRi + -tcrw" Sa 

LCcrw 3.164x 10 lbf 

The margin of safety of these welds for the applied loading condition (internal pressure only) 
is determined as: 

LCcrw MSIo := n. - 1 MSIo = 1.24 

•.Pnr Ro- Ri2) 

3.E.9 Conclusions 

The results of the evaluations presented in this appendix demonstrate the adequacy of the 

MPC closure plate, closure ring and associated weldments to maintain their structural 

integrity during applied bounding load cases considered. Positive safety margins exist for 

all components examined for all load cases considered.  

The bending stress evaluation of the closure ring conservatively assumes a simple support 

condition at the peripheral welds. Therefore, any seal welds in the closure ring 

configuration need be sized based on positive margins on shear stress.  

The seal weld size (0.125") adequately supports the expacted shear load. Note that a 

closure ring peripheral weld thickness as small as 0.056" provides a small positive margin of 

safety.  
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APPENDIX 3.F - STRESS ANALYSIS OF OVERPACK CLOSURE BOLTS 

3.F.1 Introduction 

This appendix contains a stress analysis of the HI-STAR 100 Overpack closure bolts. The 
purpose of the analysis is to demonstrate that stresses in the closure bolts do not exceed 
allowable maximums.  

The HI-STAR 100 package can be used for both transportation and storage of spent nuclear 
fuel. Loadings from the normal and hypothetical accident conditions of transport as specified in 
Federal Regulation 10 CFR part 71 are more severe than the loadings placed on the bolts in the 
storage condition.  

The complex interaction of forces and moments in bolted joints of shipping casks has been 
investigated in Reference 3.F. 1, resulting in a comprehensive method of closure bolt stress 
analysis. That method is employed here. The analysis is presented in a step-by-step form for 
each loading combination considered. For each set of formulas or calculations used, reference to 
the appropriate table in [3.F.1I] is given. Tables 4.3, 4.4, 4.5, and 4.7 are reproduced directly 
from [3..F. 1] and placed at the end of this appendix to assist the reader. Where necessary, the 
formulas are modified to reflect the particulars of the HI-STAR system. For example, the loads 
due to impact from the MPC are applied as a pressure band near the bolt circle rather than as a 
uniform pressure load since the MPC contacts the overpack closure plate only around the 
periphery. Further, since the HI-STAR 100 closure lid has a raised face outside of the bolt circle, 
no prying forces can develop from loads directed outward (such as internal pressure or impact 
loads on the lid from the internals).  

3.F.2 References 

[3.F. 1] Mok, Fischer, Hsu, Stress Analysis of Closure Bolts for Shipping Casks 
(NUREG/CR-6007 UCRL-ID- 110637), Lawrence Livermore National 
Laboratory/Kaiser Engineering, 1993.  

[3.F.2] Horton, H. (Ed.), Machinery's Handbook, 15th Ed., The Industrial Press, 1957.  

[3.F.3] FEL-PRO Technical Bulletin, N-5000 Nickel Based - Nuclear Grade Anti-Seize 
Lubricant, 8/97.  

[3.F.4] K.P. Singh and A.I. Soler, Mechanical Design of Heat Exchangers and Pressure 
Vessel Components, First Edition, Arcturus Publishers, Inc., 1984.  

3.F.3 Assumptions 

The assumptions used in the analysis are given as a part of Reference 3.F. 1. The assumptions in 
that reference are considered valid for this analysis except where noted below.  

1. No bolt prying can occur from outward directed loads since the closure lid has a raised face 
outside of the bolt circle which eliminates the potential for prying due to positive bending 
moments.  
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2. The forces and moments in the bolts due to the gasket load are included in the preload 
imposed.  

3. Puncture forces are calculated using pressure equal to 3 times the lid yield strength. This is 
conservative since a dynamic analysis of the impact would demonstrate lower contact loads.  

4. The forces and moments in the bolts due to vibration loads are small relative to the forces and 
moments generated by all other loads, and are considered negligible.  

5. A recess is provided in the overpack closure plate that causes the MPC to contact the bottom 
face of the overpack closure plate over an annular region at the outer periphery of the closure 
plate. The formulas for plates under uniform pressure used in the reference are replaced here by 
formulas for plates loaded uniformly over an annular region at the outer periphery.  

6. As the HI-STAR 100 Overpack includes a protected lid, shear bolt forces are defined to be 

zero.  

7. The temperatures used in the analyses are taken from the thermal analysis of the HI-STAR.  

8. The actual weight of the overpack closure plate is replaced by a somewhat larger weight in 
this analysis. This is conservative because loads on the bolts are increased with a heavier closure 
plate.  

9. The impact load in this analysis is assumed to be 60 g. This is conservative because actual 
accelerations of the cask are less than 60 g. An impact angle of 80 degrees is assumed since the 
impact limiter will load the closure plate in the near top drop condition.  

3.F.4 Terminology 

Some terminology in Reference 3.F. 1 differs from Holtec's terminology. In this analysis, the 'cask 
wall' is Holtec's 'main flange'. The 'cask' is Holtec's 'Overpack'. 'Closure lid' and 'closure plate' 
are used interchangeably.  

Wherever possible, parameter names are consistent with Reference 3.F. 1.  

3.F.5 Composition 

This appendix was created with the Mathcad (version 6.0+) software package. Mathcad uses the 
symbol ':=' as an assignment operator, and the equals symbol '=' retrieves values for constants or 
variables. Inequalities are also employed. Mathcad returns 0 for a false inequality, and I for a 
true inequality.  

Units are also carried with Mathcad variables.  

HI-STAR FSAR 3.F-2 Rev. 0 
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3.F.6 Analysis Procedure 

The analysis procedure is taken from Section 6.4 of Reference 3.F. 1. The following general steps 
are taken: 

1. Identification of individual loadings.  

2. Identification of critical combined load cases. Three critical combined load cases are 
considered in the rn-STAR bolt analysis.  

3. Identification and evaluation of load parameters.  

4. Determination of the forces and moments acting on the bolts due to each of individual 
loading.  

5. Determination of the forces and moments acting on the bolts for the combined load case 

under analysis.  

6. Evaluation of the stresses in the bolts for the combined load case.  

7. Comparison with acceptance criteria.  

3.F.7 Identification of Individual Loadings 

The individual loadings acting on the cask closure are the following: 

a. Bolt preload. Bolt preload is present in all loadings and includes any gasket sealing loads.  

b. Pressure. Design internal pressure is applied to the overpack wall and lid for all load 
combinations.  

c. Temperature. Temperatures from an appropriate thermal analysis are used.  

d. Impact. An impact angle and g-level are specified. A near top end drop resulting in an 80 
degree impact angle is consistent with the assumption that the impact limiter does not load the 
closure plate.  

e. Puncture. The cask is subjected to a puncture load from an 6 inch diameter mild steel punch.  
A punch angle of 90 degrees is used. This simulates the hypothetical puncture condition.  

3.F.8 Identification of Critical Combined Load Cases 

The critical combined load cases that apply to the HI-STAR 100 system in the transport mode 
are as follows: 

1. Normal condition maximum stress analysis: Preload + pressure + temperature 

HI-STAR FSAR 3.F-3 Rev. 0 
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2. Accident condition maximum stress analysis: Preload + pressure + temperature + puncture 
3. Accident condition maximum stress analysis: Preload + pressure + temperature + impact 

These three cases are examined below.  

3.F.9 Geometry Parameters 

The parameters which define the HI-STAR 100 closure geometry are given in this section.  
The following information is obtained from the design drawings in Section 1.5 unless 

otherwise noted.  

The nominal closure bolt diameter, Db:= 1.625. in 

The total number of closure bolts, Nb:= 54 

The stress area of a closure bolt (from [3.F.4], p. 100), Ab:= 1.680-in 2 

The closure lid diameter at the bolt circle, Dib := 74.75. in 

Closure lid diameter at the location of the gasket load reaction, Dig:= 71.565-in 

The HI-STAR overpack gasket system includes two concentric seals. The value for Dlg above 
locates the gasket load reaction between the two seal diameters.  

The thickness of the cask wall, tc :=6.25-in 

The minimum thickness of the closure lid, ti:= (6 - -- .in 
It 16) 

This value for the closure lid thickness accounts for the thickness reduction (recess) in the bottom 
face of the lid.  

The effective thickness of the closure lid flange, tIf := 4.25. in 

The closure plate diameter at the inner edge, Dii := 69.75. in 

The closure plate diameter at the inner edge is overpack inner diameter plus twice the width 
of the cut-out in the top flange which accommodates the inflatable annulus seal.  

The closure plate diameter at the outer edge, Dio:= 77.375-in 

The bolt length, Lb:= 4.25-in 

The bolt length is the length between the top and bottom surfaces of the closure plate, at the bolt 
circle location.  
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1 
The number of bolt threads per inch, n:= 8.

in 

The bolt thread pitch, p:= 
n 

The upper bound MPC weight (from Table 3.2.4), Wc:= 90000-lb

The bounding weight used for closure plate (from Table 3.2.4),

The overpack closure lid recess inner diameter,

WI:= 8000.lb

dI:= 52.75-in

3.F.10 Material Properties 

The overpack closure bolts are SB-637-N07718 steel, and the closure plate and top flange are 

SA-350-LF3 steel. The following material properties are used in the analysis based on a design 

temperature of 400 degrees F. The property values are obtained from Sections 3.1 and 3.3.  

The Young's modulus of the cask wall material, Ec:= 26100000.psi 

The Young's modulus of the closure plate material, El :a 26100000.psi 

The Poisson's ratio of the closure plate material, NUI:= 0.3 

The closure bolt material coefficient of thermal expansion, ab:= 7.45.10-6. R_1 

The cask wall material coefficient of thermal expansion, ac:= 6.98.10-6. R-1 

The closure plate material coefficient of thermal expansion, al:= 6.98- -1 

The zero points of the Fahrenheit and Rankine scales differ by a constant (I OF = 1 R), therefore 

the above numbers are accurate with either unit.

Young's modulus of the closure bolt material, 

Yield strength of closure plate material, 

Tensile strength of closure plate material, 

Young's modulus of top flange material,

Eb:= 27600000-psi 

Syl:= 32200-psi 

Sul:= 64600.psi 

Elf:= 26100000.psi

Bolt material minimum yield stress or strength (room temperature), 

Bolt material minimum yield stress or strength (design temperature), 

Bolt material minimum ultimate stress or strength (design temperature),

Syl := 150000.psi 

Sy 2 := 138300.psi 

Su:= 170600.psi

3.F-5HI-STAR FSAR 
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3.F. 11 Combined Load Case 1 

Normal Condition maximum stress analysis: Preload + pressure + temperature 

3.F.11.1 Identification and Evaluation of Load Parameters, Combined Load Case 1 

For each individual loading in this combined load case, the load parameters must be defined. The 
load parameters for the first individual load case in load combination 1 are as follows: 

Loading parameters for preload: 

The nominal value of the nut factor is 0.15 from Reference 3.F.3.  
The minimum nut factor, based on a tolerance of +/- 5%, is K:= 0.1425 

The maximum bolt preload torque per bolt (Table 8.1.3), Q 2895. ft- Ibf + 90. ft. Ibf 

Loading parameters for pressure load: 

The pressure inside the cask wall, Pci 100-psi 

The pressure outside the cask wall, Pco 14.7-psi 

The pressure inside the closure lid, Pli:= 100-psi 

The pressure outside the closure lid, PiG:= 14.7-psi 

Loading parameters for the normal condition temperature load: (bolt installation at 70 deg. F) 

The maximum temperature rise of the main flangeTc:= (155 - 70).R 

The maximum temperature rise of the closure lid inner surface, Tli (155 - 70). R 

The maximum temperature rise of the closure lid outer surface, Tlo (150- 70).R 

The maximum temperature change of the closure lid, Ti:= Th + T TI = 82.5 R 
2 

The maximum temperature change of the closure bolts, Tb:=ITc Tb= 83.75R 
2 

As these parameters are all temperature differences, the Fahrenheit-to-Rankine conversion factor 
of 4600 can be omitted. The temperature values are obtained from the normal steady state 
analysis of a bounding MPC (highest heat load and temperatures).  
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3.F. 11.2 Determination of Bolt Forces and Moments for the Individual Loadings 

Array parameters are used to account for the multiple individual loadings within one combined 

load case. In combined load case 1, there are three individual loadings, so let i include the range 
from 1 to 3 as follows: 

Let i:= 1..3 

The forces and moments generated by each individual load case are represented by the following 
symbols: 

The non-prying tensile bolt force per bolt = Fai 

The shear bolt force per bolt = Fsi 

The fixed-edge closure lid force = Ffi 

Fixed-edge closure lid moment = Mfi 

The subscript i is used only to keep track of each individual load case within a load combination.  

The first individual loading in this load combination is the residual load after the preload 
operation. The forces and moments generated by this load are defined as [3.F.1, Table 4.1]: 

The non-prying tensile bolt force per bolt, Fat Q 
K. Db 

The maximum residual tensile bolt force (preload) per bolt, Far1 :=Fal 

The maximum residual torsional bolt moment per bolt, Mtr :=0.5.Q 

The preload stress in each bolt (based on stress area), Preload .a 

Ab 

Substituting the appropriate input data, the values of these parameters are determined as: 

FaI = 154688 1bf 

Far, = 154688 1bf 

Mtr= 17910 in.lbf 

Preload = 92076 psi 

The second individual loading in this load combination is the pressure load. The forces and 

moments generated by this load are defined as follows [3.F.1, Table 4.3]: 
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2 it.Dig2.(Pli- Plo) 
The non-prying tensile force per bolt, Fa2 := 

4-Nb 

The shear bolt force per bolt, Fs2  EltI(Pci - Pco):Dlb2 

2.Nb-Ec.tc.(l - NUI) 

The fixed-edge closure lid force, Ff2:= DIb-(PIi- Plo) 
4 

The fixed-edge closure lid moment, Mf2 : (P - Plo).Dlb:2 

32 

Substituting the appropriate input data, the values of these parameters are determined as: 

Fa 2 = 6354 bf 

Fs 2 = 18816 Ibf 
lbf 

Ff 2 = 1594-
in 

Mf 2 = 148941bf 

The third individual loading in this load combination is the temperature load. The forces and 
moments generated by this load are defined as [3.F.1, Table 4.4]: 

The non-prying tensile bolt force per bolt, Fa 3 := 0.25-n- Db2 .Eb.(al.Tl - ab-Tb) 

The shear bolt force per bolt, Fs3  ntEI-tI.DIb-(aI-TI - ac=Tc) 

Nb.(1 - NUI) 

The fixed-edge closure lid force, Ff3 := 0.-bf 
in 

2 
The fixed-edge closure lid moment, Mf 3  EI-alti .(Tlo - T:) 

12(1 - NUI) 

Substituting the appropriate input data, the values of these parameters are determined as: 

Fa 3 = -2753 lbf 

Fs3 = -16800 Ibf 

Ff 3 = 0 lbf 
in 

Mf3 = -3823 Ibf 
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3.F. 11.3 Determination of Combined Bolt Forces and Combined Bolt Moments 

The calculations in the following subsections are performed in accordance with Tables 4.9, 2.1 
and 2.2 of Reference 3.F. 1.  

3.F. 11.3.1 Tensile Bolt Force 

First, combine the non-prying tensile bolt forces (Fai): 

The total preload and temperature load, Fapt:= Fal + Fa3 

Fa.pt = 151936 lbf 

The sum of the remaining forces (pressure), Fa-al:= Fa2 

Fa al= 63541bf 

The combined non-prying tensile bolt force, Fa-c:- Fa-al. (Fa-al > Fa-pt) + Fapt- (Fa.pt > Fa-al) 

Fa c = 151936 bf 

If the combined non-prying tensile bolt force (Fac) is negative, set it equal to zero. Per 
Appendix 3 of Reference [3.F.1], inward directed loads are not reacted by the bolts, but the 
developed formulations are still valid if the spurious bolt forces < 0.0 are removed from the 
calculation.  

Fa_c:= Fa_c-(Fac> 0-1bf) 

Fa c= 151936 Ibf 

Next, combine the prying tensile bolt forces and moments (these bolt forces develop due to Ffi 

and Mfi): 

The sum of the fixed edge forces, Ffc:= Ff1 + Ff2 + Ff3 

Ibf 
Ff c = 1594-1 

in 

If the combined fixed-edged force (Ffc) is negative, set it equal to zero.  

Ff c:= Ff c.(Ffc> 0 .1Kbf) 0-.1bf.(Ffc< 0.1<bf 

in) in - in) 

Ff c = 1.594 x 1 lb...f 
in 

The sum of fixed-edge moments, Mfc := Mf1 + Mf2 + Mf3 
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lbf. in 
Mf c= 11071 

in 

Define the appropriate prying force moment arm depending on the direction of Mf_c. For 
inward directed loading, prying moments are developed by the lid rotating about the flange inner 
edge; for outward directed loading, prying moments are developed by the lid rotating about its 
outer edge. Thus, the moment arms are different in the two cases.  

Arm:= (Dio - Dlb). (Mf.c > 0-Ibf) + (Dib - Dii). (Mfc < 0. lbf) 

Ann = 2.625 in 

The prying tensile bolt force for the combined loading can therefore be determined as: 

The constants C1 and C2 are: c 1:= I 

C2= [ 8 21 [ Elt 3  (DIo - Dli)-Elf.tlf 3f] Lb 

L 3.(Arm)2jL I -[ N Dib J t Nb.Db2 .Eb) 

C 2 = 3.347 

The bolt preload per unit length of bolt circle, P:= Fapt. ( Nb 

,t.Dlb) 

Ibf 
P= 34938 

in 

The parameter P is the pressure/temperature force which is multiplied to determine preload per 
unit length of bolt circle (see Tables 2.1 and 4.9 in Section 11.3 of Reference 3.F. 1).  

The non-prying tensile bolt force, B Ffc.-(Ff c> P) + P.(P> Ff.c) 

B= lbf 

B 34938
in 

F2.Mfc Cr(B Ffc)C2( P) 
The additional tensile bolt force per bolt (z.Dlb, 2. - Cj.(B - - C2 -(B P 
caused by prying action of the closure lid, Fap = ) I Am 

SNb C1+C 2  J 

Fap= -24918 1bf 

The prying force must be tensile. If the result is negative, set it equal to zero.  

Fab_c:= Fap-(Fap > 0-Ibf) + 0.1bf.(Fap < 0-Ibf) 

Fab c = 0 lbf 
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The total tensile bolt force for stress analysis, FA:= Fac + Fab c 

FA= 1519361bf 

3.F. 11.3.2 Bolt Shear Force 

The sum of the:shear forces, Fs :-Fs + .Fs2 + Fs3 

Fs c = 2016 1bf 

Fs:= 0.Ibf (protected cask lid) 

3.F. 11.3.3 Bolt Bending Moment 

The calculations in this section are performed in accordance with Table 2.2 of Reference 3.F.l.  

The following relations are defined: 

K:=(Nib '(Eb 4 

)Lb),Dlb ) 64) 

KI:= 

3.1(1 _ Nu12) + (I _ NUI)2.(PDŽlb DIb 
L IDIo) j 

Mbbc:= (,DOlb')( Kb YMf C 
Nb )tKb+KI) 

Mbb:= Mbbe 

where Mbb is the bolt bending moment. Substituting the appropriate values, these parameters 
are calculated as: 

Kb = 511136 Ibf 

KI= 178176191bf 

Mbbc c= 1.343 x 103 1bf-in 

Mbb = 1.343x 103 bf.in 

3.F. 11.3.4 Bolt Torsional Moment 

The torsional bolt moment is generated only by the preloading operation, therefore no 

combination is necessary.  
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3.F. 11.4 Evaluation of Bolt Stresses 

Per Table 5.1 of Reference 3.F.1, the average and maximum bolt stresses for comparison with the 
acceptance criteria are obtained. Inch-series threads are used and the maximum shear and 
bending are in the bolt thread.  

The bolt diameter for tensile stress calculation [3.F.1, Table 5.1], Dba:= Db - 0.9743.p 

Dba = 1.503 in

The bolt diameter for shear stress calculation, Dbs:= Dba 

Dbs = 1.503 in 

The bolt diameter for bending stress calculation, Dbb:= Dba 

Dbb = 1.503 in 

The bolt diameter for torsional stress calculation, Dbt := Dba 

Dbt = 1.503 in 

The average tensile stress caused by the tensile bolt force FA, FA 
Sba:= 1.2732- F 

Dba
2

Sba = 85608 psi 

Fs 

The average shear stress caused by the shear bolt force Fs, Sbs:- 1.2732. 
Dbs2 

Sbs = 0 psi 

The maximum bending stress caused by the bending bolt moment Mb, Sbb := 10.186. Mbb 

Dbb
3 

Sbb = 4026 psi 

Mtr 

The maximum shear stress caused by the torsional bolt moment Mt, sbt := 5.093.
Dbt

3 

Sbt = 26854 psi 

The maximum stress intensity caused by the combined loading of tension, shear, bending and 
torsion can therefore be determined as: 

Sbi := [(Sba + Sbb) 2 + 4-(Sbs + Sbt) 2]0"5

HI-STAR FSAR 
REPORT HI-2012610

3.F-12 Rev. 0



App 3F.mcd

Sbi = 104494psi 

3.F. 11.5 Comparison with Acceptance Criteria: Normal Conditions. Maximum Stress Analysis 

These comparisons are performed in accordance with Table 6.1 of Reference 3.F. 1.  

The basic allowable stress limit for the bolt material, Sm := 2.Syl-(Syl 5 Sy2) + 2.Sy2(Sy2 < Syl 
3 3 

Sm = 9.22 x 104 psi 

The average tensile stress (must be < Sm), Sba = 85608 psi 

The average shear stress (must be < 0.6Sm), Sbs = 0 psi 

For combined tensile and shear stress, the sum of the squares of the stress-to-allowable ratios (Rt 

and Rj) must be less than 1.0.  
Sba 

The tensile stress-to-allowable ratio, Rt .- Rt = 0.929 
Sm 

The shear stress-to-allowable ratio, Rs .- Sbs 
0.6. Sm 

The sum of the squares of the ratios (must be < 1.0), Rt2 + Rs 2 = 0.862 

For combined tension, shear, bending and torsion loadings, the maximum stress intensity must be 

less than 1.35 times the allowable stress limit of the bolt material (Sm).  

1.35.Sm= 124470 psi 

Sbi = 104494psi 

3.F. 11.6 Conclusion 

For the first loading combination, allowable stress limits are not exceeded.  

3.F.12 Critical Combined Load Case 2 

Accident Condition maximum stress analysis: Preload + pressure + temperature + puncture 

3.F.12.1 Identification and Evaluation of Load Parameters, Combined Load Case 2 

The first three individual loadings in this combined load case are the same as the individual 

loadings in the previous load case. Therefore, only the puncture load parameters must be defined 

for this load combination. The load parameters for the puncture individual load case in load 
combination 2 are as follows: 
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The diameter of the puncture bar, Dpb:= 6.in 

The impact angle between the cask axis and the ground, xi:= 90. deg 

3.F.12.2 Determination of Bolt Forces and Moments of Individual Loadings 

Four individual loadings exist, so we define a range from 1 to 4 as follows: 

Let i:= 0..4 

Bolt forces and moments for the preload, pressure, and temperature loads have already been 
calculated in the previous section. Determination of bolt forces and moments for the puncture 
load (the fourth individual load in this load combination) are required here [3.F.1, Table 4.7].  

First, calculate the maximum puncture load generated by the puncture bar. The puncture force is 
assumed to be based on a dynamic flow stress Sy at the circular contact area between the bar and 
the lid surface. The dynamic flow stress is taken as the average of the yield strength and the 
ultimate strength of the lid material. Therefore, for this puncture analysis: 

The dynamic flow stress, Sy:= .5-(Syl + Sul) 

Sy = 4.84x 10 psi 

The puncture contact area, Pun :=0.75-t.Dpb2 .Syl 

Pun = 2.731 x 106 Ibf 

The bolt forces and moments due to the puncture load can now be determined as: 

The non-prying tensile bolt force per bolt, Fa4  -sin(xi). Pun 

Nb 

Fa4 = -50580 Ibf 

The shear bolt force per bolt, Fs4 := cos(xi)-Pun 

Nb 

Fs 4 =-1.936x 10-I lbf 

The fixed-edge closure lid force, Ff4 :- -sin(xi)- Pun 

.-Dlb 

Ff 4 = -11631 
in 

The fixed-edge closure lid moment, Mf4 :. -sin(xi)-Pun 

4.-n
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lbf. in 
Mf 4 = -217350 Ibin in 

3.F.12.3 Determination of Combined Bolt Forces and Combined Bolt Moments 

3.F.12.3.1 Bolt Tensile Force 

Combine the non-prying tensile bolt forces.  

The total preload and temperature load, Fa_pt:= Fa! + Fa3 

Fa_pt = 151936 bf 

The sum of the remaining loads (pressure and puncture), Fa-al:= Fa2 + Fa4 

Fa al = -44226 lbf 

The combined non-prying tensile bolt force, Fa-c:= Fa-al- (Fa-al > Fapt) + Fapt- (Fapt > Faal) 

Fa c= 1519361bf 

If Fac is negative, set it equal to zero: Fa__c:= Fac.(Fa._c> 0. Ibf) 

Fa c= 1519361bf 

Combine the prying tensile bolt forces.  

The sum of the fixed-edge forces, Ff_c:= Ff1 + Ff 2 + Ff 3 + Ff4 

lbf 
Ff c = -10037 

- in 

If Ff c is negative, set it equal to zero: Ff c:= Ff c.(Ff c> 0- If + 0Ibf .(Ff c < 0. lbf 
- - in) inl- in) 

Ibf 
Ffc= 0

- in 

The sum of the fixed-edge moments, Mf c:= Mf1 + Mf2 + Mf3 + Mf4 

lbf. in 
Mf c = -206279 

in 

Determine the appropriate prying force moment arm depending on the direction of Mf c.  

Arm:= (Dio - Dlb).(Mf c > 0.lbf) + (Dib - Dii).(Mf c < 0.1bf) 

Arm = 5 in 
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Determine the prying tensile bolt force for the combined loading.  

The non-prying tensile bolt force, B Ff_c. (Ff c > P) + P. (P> Ffc) 
lbf 

B= 34938 
in 

The additional tensile force per bolt caused by prying action of the lid can now be determined as: 

The constants C1 and C2 are: C1 := I 

[C8 El.=1 + (Dlo - Dfi)-Elf-tfif Lb 

L 3.(Arm)2 jL I --'•NJ DIb J Nb.Db2.Eb) 

C2 = 0.923 

The additional tensile force per bolt Dib 2. Mfc _ CI.(B - FArc) - CT.(B - P)] 

caused by prying action of the closure lid, Fap:= • A 

NbCI + C2 

Fap = -265668 bf 

If the prying force is negative, set it equal to zero: Fab-c:= Fap-(Fap > 0-Ibf) + 0.1bf.(Fap < 0-Ibf) 

Fab c = 0 lbf 

The total tensile bolt force for stress analysis, FA:= Fac + Fabc 

FA-= 1519361bf 

3.F.12.3.2 Bolt Shear Force 

The sum of the shear forces, Fs_c:= Fs1 + Fs2 + Fs3 + Fs4 

Fs c=-1.936x 10- 11bf 

Fs:= 0-1bf (protected cask lid) 

3.F. 12.3.3 Bolt Bending Moment 

The bolt bending moment can be determined as: 

MbbC:= n-DIb).( Kb )-Mfc 
Nb ) .Kb+ KI) 

Mbb c = -25016 in-lbf 

Mbb:= Mbb c
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Mbb = -25016 in-Ibf 

3.F.12.3.4 Bolt Torsional Moment 

The torsional bolt moment is generated only by the preloading operation. No combination is 

necessary.  

3.F. 12.4 Evaluation of Bolt Stresses 

Per Table 5.1 of Reference 3.F.1, the average and maximum bolt stresses are obtained for 
comparison to the acceptance criteria.  

FA 

The average tensile stress caused by the bolt tensile force FA, Sba:= 1.2732.
Dba2 

Sba = 85608 psi 

Fs 

The average shear stress caused by the bolt shear force Fs, Sbs:= 1.2732.
Dbs2 

Sbs = 0 psi 
Mbb 

The maximum bending stress caused by the bolt bending moment Mb, Sbb:= 10.186.

Dbb3 

Sbb = -75018 psi 

Mtr 

The maximum shear stress caused by the bolt torsional moment Mt, Sbt := 5.093. 

Dbt
3 

Sbt = 26854 psi 

3.F.12.5 Comparison with Acceptance Criteria: Accident Conditions, Maximum Stress Analysis 

the comparison with acceptance criteria is performed as per Table 6.3 of Reference 3.F.1.  

Compute 0.7. Su = 119420 psi 

Sy2= 1.383x 10psi 

The average tensile stress (must be < the smaller of 0.7Su and Sy2), Sba = 85608 psi 

Compute 0.42. Su = 71652 psi 

0.6. Sy2 = 82980 psi 

The average shear stress (must be < the smaller of 0.42Su and 0.6Sy), Sbs = 0 psi 
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For combined tensile and shear stress, the sum of the squares of the stress-to-allowable ratios (Rt 
and Rs) must be less than 1.0.  

Sba 
The tensile stress-to-allowable ratio, Rt :-- Rt = 0.717 

0.7.Su.(0.7.Su 5 Sy2) + Sy2.(Sy2 _ 0.7.Su) 

The shear stress-to-allowable ratio, Rs:= Sbs 
0.42.Su.(0.42.Su ! 0.6.Sy2) + 0.6.Sy2.(O.6.Sy2 _< 0.42-Su) 

The sum of the squares of the ratios (must be < 1.0), Rt2 + R 2 = 0.514 

3.F. 12.6 Conclusion 

For the second loading combination, allowable stress limits are not exceeded.  

3.F. 13 Critical Combined Load Case 3 

Accident condition maximum stress analysis: Preload + pressure + temperature + impact 

The preload, pressure, and temperature individual loadings in this combined load case are the 
same as in the two previous load cases. Therefore, only the impact load parameters must be 
defined for this load combination.  

3.F. 13.1 Identification and Evaluation of Impact Load Parameters 

Impact load parameters are defined in Table 4.5 of Reference 3.F. 1. Impact decelerations have 
been accurately computed elsewhere using a dynamic analysis. Nevertheless, an additional 
dynamic load factor is applied for conservatism in the results.  

The applied dynamic load factor, DLF:= 1.05 

Impact angle between the cask axis and the target surface,xi:= 80.deg 

Maximum rigid-body impact acceleration (g) of the caskai := 60.g 

We conservatively assume that if an impact limiter is in place, it will provide a reacting load at a 
location rp, relative to the pivot point assumed in [3.F. I ]. The distance from the pivot point to 
the center of pressure on an impact limiter rp must therefore be specified. The following formula 
is used to ensure, for any given case, that rp is underestimated.  

rp:= DI. )-sin(xi)8 
2 ) 

rp = 34.228 in 
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For conservatism, this offset is neglected since it will reduce the tensile load in the bolts.  

rp:= 0.in 

3.F. 13.3 Determination of Bolt Forces and Moments of Individual Loadings 

The fourth and final individual loading in this load combination is the impact load. The forces 

and moments generated by this load are determined (per Reference 3.F. 1, Table 4.5) as: 

Dlo 

The non-prying force per bolt, Fa4 .- 1.34-sin(xi)-DLF-ai-(W1 + We) 2 

Nb (Dlb) 

ý 2) 

Fa4 = 1561781bf 

This formula has been modified by addition of the correct location of the load from the impact 

limiter (non zero rp), although for storage, rp is zero.  

The shear bolt force per bolt, F.4  cos(xi)4ai. WI 
Nb 

Fs4 = 15441bf 

The fixed-edge closure lid force, Ff4  1.34-sin(xi)-DLF*ai.(WI + We) 
nt-Dlb 

Ibf 
Ff4 = 34695 

in 

The fixed-edge closure lid moment, Mf4  1.34:sin(xi).DLF:ai(W1 + Wc) L- L1 
8-n L DlDb) J 

in-lbf 
Mr 4 = 162740 in 

The above formula has been modified to reflect the physical fact that in the HI-STAR 100 system 

the MPC transfers load to the overpack closure plate only around the periphery, because of the 

recess at the center of the closure plate. Therefore, the formula for a fixed edge plate with a 
pressure load applied only around the surface greater than r=d 1/2 has been used.  

3.F.13.4 Determination of Combined Bolt Forces and Combined Bolt Moments 

3.F.13.4.1 Bolt Tensile Force 

First, combine the non-prying bolt tensile forces.  
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The total preload and temperature load, Fa_pt:= Fal + Fa3 

Fa_pt = 1519361bf 

The sum of the remaining loads (pressure and impact), Faal:= Fa2 + Fa4 

Fa al= 1625311bf 

The combined non-prying tensile bolt force, Fa_c:= Faal. (Faal > Fapt) + Fapt- (Fa_pt > Fa-ai) 

Fa c = 162531 lbf 

If Fa_c is negative, set it equal to zero: Fa_c:= Fa_c-(Fac> O-1bf) 

Fa c = 162531 Ibf 

Next, combine the prying bolt tensile forces.  

The sum of the fixed-edge forces, Ff_ c: FfI + Ff2 + Ff 3 + Ff 4 

lbf 
Ff c = 36289 

in 

The sum of the fixed-edge moments, Mf_c:= Mf1 + Mf 2 + Mf3 + Mf4 

in. Ibf 
Mfc= 173811 

- in 

Define the appropriate prying force moment arm depending on the direction of Mfc.  

Arm:= (DIo - Dlb).(Mf C> O.Ibf) + (Dib - Dii).(Mf c < O-Ibf) 

Arm = 2.625 in 

Determine the prying bolt tensile force for the combined loading.  

The non-prying tensile bolt force, B Ffc.(Ff c> P) + P.(P> Ffc) 

B= 3.629 x 1041bf 
in 

The additional tensile force per bolt caused by prying action of the closure lid can be determined 
as: 

The constants C, and C2 are: cl:= 1 

C2=[ 8 1]1 EIlt13 + (Dlo - Dli).Elf tdff3 ]Lb2 
LI(Ar)' L I - NUI Dlb INb.Db .Eb) 
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C 2 = 3.347 

The additional tensile force per bolt D I - CI.(B - Ff c) - C2-(B - P) 

caused by prying action of the closure lid,Fap := - ItI-b m 
SNb L[ c, + C2 

- Fap= -1279551bf 

If the prying bolt force is negative, set it equal to zero: Fab_c:= Fap-(Fap > 0-1bf) + 0.1bf.(Fap < 0-I 

Fab_c = 127955 Ibf 

For a raised face flange outboard of the bolt circle, no prying force can be developed.  

Fab c := 0. Ibf 

The total tensile bolt force for stress analysis, FA:= Fac + Fab_c 

FA = 162531 Ibf 

3.F.13.4.2 Bolt Shear Force 

The sum of the shear forces, Fs-c:= Fs, + Fs2 + Fs3 + Fs4 

Fsc = 15441bf 

Fs:- 0.1bf (protected cask lid) 

3.F. 13.4.3 Bolt Bending Moment 

The bolt bending moment can now be determined as: 

Mbbc:= ( ,Dlb ( Kb ).Mfc 

ý Nb ) ýKb+ Kl) 

Mbb_c = 21079 in. Ibf 

Mbb:= Mbb c 

Mbb = 21079 in. lbf 

3.F. 13.4.4 Bolt Torsional Moment 

The torsional bolt moment is generated only by the preloading operation. No combination is 

necessary.  

3.F. 13.5 Evaluation of Bolt Stresses 

Per Table 5.1 of Reference 3.F. 1, obtain the average and maximum bolt stresses for comparison 
to the acceptance criteria.  
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FA 
The average tensile stress caused by the bolt tensile force FA, Sba:= 1.2732.

Dba2 

Sba = 91578 psi 

The average shear stress caused by the bolt shear force Fs, Sbs:= 1.2732. 
Dbs2 

Sbs = 0 psi 

The maximum bending stress caused by the bolt bending moment Mb, Sbb:= 10.186.- Mbb 

Dbb
3 

Sbb = 63211 psi 

The maximum shear stress caused by the bolt torsional moment Mt, Sbt 5.093-IL 
Dbt

3 

Sbt = 26854 psi 

3.F. 13.5 Comparison with Acceptance Criteria: Accident Conditions, Maximum Stress Analysis 

The comparison with acceptance criteria is performed as per Table 6.3 of Reference 3.F. 1.  

0.7. Su = 119420 psi 

Sy2 = 1.383 x 10 5psi 

The average tensile stress (must be <0.7Su and Sy2 ), Sba = 91578 psi 

0.42. Su = 71652 psi 

0. 6 .Sy2 = 82980 psi 

The average shear stress (must be < 0.42Su and 0.6Sy), Sbs = 0 psi 

For combined tensile and shear stress, the sum of the squares of the stress-to-allowable ratios (Rt 
and Rs) must be less than 1.0.  

The tensile stress-to-allowable ratio, Rt:= Sba 
0.7-Su.(0.7.Su _ Sy2) + Sy2-(Sy2 < 0.7-Su) Rt = 0.767 

The shear stress-to-allowable ratio, Rs:= Sbs 
0.42- Su-(0.42-Su _ 0.6.Sy2) + 0.6.Sy2.(0.6.Sy2 _ 0.42-Su) 

The sum of the squares of the ratios (must be < 1.0), Rt2 + Rs2 = 0.588 
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3.F.13.6 Conclusion 

For the third loading combination, allowable stress limits are not exceeded.  

3.F.14 Bolt Analysis Conclusion 

Using the standard method- presented in Reference 3.F. 1, the above analysis demonstrates that 

stresses closure bolts for the HI-STAR 100 Overpack will not exceed allowable limits.  
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APPENDIX 3.G - MISSILE PENETRATION ANALYSES

3.G. 1 Introduction 

In this appendix, deformations and stresses in the HI-STAR 100 Overpack due to two 

missile strikes are investigated. The objective of the analysis is to show that deformations 

in the HI-STAR 100 system due to the missile strike events do not compromise the 

containment boundary of the system, and that global stresses that arise from the missile 

strikes do not exceed the appropriate limits.  

The two missiles considered are a 1-in. diameter steel sphere and an 8-in. diameter rigid 

cylinder, both traveling at 126 miles per hour. The two missile impacts are separate events.  

No metal thinner than 0.25-in. is exposed to impact.  

3.G.2 References 

[3.G. I] Young, Warren C., Roark's Formulas for Stress and Strain, 6th Edition, 
McGraw-Hill, 1989.  

[3.G.2] Rothbart, H., Mechanical Design and Systems Handbook, 2nd Edition, 
McGraw Hill, 1985.  

[3.G.3] Working Model, v.3.0, Knowledge Revolution, 1995.  

3.G.3 Composition 

This appendix was created using the Mathcad (version 6.0+) software package. Mathcad 

uses the symbol ':=' as an assignment operator, and the equals symbol '=' retrieves values for 

constants or variables. Mathcad's built-in equation solver is also used.  

3.G.4 General Assumptions 

General assumptions that apply to all analyses in this appendix are stated here. Further 

assumptions are stated in the subsequent text.  

1. Formulae taken from Reference 3.G. 1 are based on assumptions that are delineated in 

that reference.  

2. The missiles are assumed to strike the cask at the most vulnerable location, in a manner 

that imparts the largest amount of energy to the cask surface.  

3. In missile strikes on the side of the overpack, no structural resistance is offered by the 

neutron absorber material.  
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4. All material property data are specified at the design temperature of the particular 
component. For components with multiple materials (i.e. the overpack), the properties for 
the material with the lowest strength are used.  

3.G.5 1-in. Diameter Steel Sphere Impact 

3.G.5.1 Method 

The first step in the 1 -in. diameter sphere missile impact analysis is an investigation of the 
elastic behavior of the cask component being impacted. By balancing the kinetic energy of 
the missile with the work done deforming the impacted surface, it is shown that the missile's 
energy will not be entirely absorbed by elastic deformation. Therefore, the small missile will 
dent the cask. The elastic impact of the sphere is treated as a contact problem. The 
geometry is shown in Figure 3.G. 1.  

Following the elastic investigation of the impact, a plastic analysis is performed to determine 

the depth of the dent.  

3.G.5.2 Elastic Analysis 

The input data is specified as follows: 

The diameter of the sphere (from Table 2.2.5), D := 1.in 

Ib 
The mass of the sphere (from Table 2.2.5),M := 0.22.kg.2.204-b 

kg 

The velocity of sphere before impact (from Table 2.2.5), V0 := 126- mph 

lbf 
The density of steel (from Section 3.3), p := 0.283.-

.3 m 

6 The modulus of elasticity of the material (from Table 3.3.4), E := 26.1. 10 psi 

The Poisson's ratio of steel (from Section 3.3), v := 0.3 

The yield stress of the material (from Table 3.3.4), Sy := 32600. psi 

In the 1-in. diameter sphere impact problem, the final velocity at which elastic deformation 
ends is assumed. This velocity is assumed to be 99.96% of the pre-impact velocity of the 
missile. Thus, the velocity at which the average surface stress reaches the yield stress of the 
material (Vf) is: 

Vf := 125.95-mph 

HI-STAR FSAR 3.G - 2 Rev. 0 
REPORT I--2012610



Using Table 33, case 1 (p. 650) of reference 3.G. 1 for a sphere penetrating a flat plate, the 

spring constant K2 relating the contact load to the local target deformation (raised to the 

power 1.5) is defined as: 

K2 := ED10*5 

1 1.553 ) 

Balancing the kinetic energy with the work done deforming the bodies, we obtain the relation: 

1.M(dV)2 := Fdx 
2 

where: 31 

F2 F := K2. x2 

and x is the depth of penetration.  

Integrating and applying the condition that x =0 at time t = 0 gives: 

M(V2 _ Vo 02 ) := 2 K2- 2.5 

2 5 

rM. (V0 2Vf 2)0.4 

Solving this equation for x, the depth of penetration x 2I j L 0.4-K 2  J 
1.5 

and the peak impact force F K2 -x Thus, the depth of penetration: = 0.003 in 

and the peak impact force F = 2112.312 1bf 

The surface area of the cask/missile contact patch is determined as: 

Area := it. (D. x - x2) Area = 0.009in2 

and the average pressure on the patch to elastically support the load is approximately given as: 

F 
Pavg .- Area 

Pavg = 232519psi 
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This average pressure is greater than the yield stress of the impacted material. Therefore, the 
impact produces an inelastic deformation at the missile/cask contact location and local 
yielding occurs almost immediately after impact. From this conclusion, the change in kinetic 
energy of the missile is assumed to be entirely absorbed by plastic deformation.  

3.G.5.3 Plastic Analysis 

Disregarding the small amount of energy absorbed in elastic deformation, the kinetic energy 
of the missile is entirely balanced by the plastic work done in forming a spherically shaped 
dent in the surface. Perfectly plastic behavior of the impacted material is assumed. The 
kinetic energy of the missile just before impact is determined as: 

1 2 KE := .M.V02 

2 

KE = 257.338ft.lbf 

Using Mathcad's built-in solver, determination of the depth of penetration begins with an 
estimate: 

Assume d := 0.18.in 

Given KE 2 S)- . d S2 3 ) 

where the right hand side is the plastic work. The final deformation is characterized by the 
depth (dl) of the spherical dent in the cask surface, which is obtained as the value d (which 
solves the energy balance equation): 

dl := Find(d) dl = 0.271in 

Note that the solution to the equation, dl, that is obtained by using the "Find(d)" command, 
can be checked by direct substitution of dl for d in the equation. The maximum load, 
assuming that a constant stress is maintained until all of the impact energy is absorbed, is 
therefore: 

Pmax := Sy.7t-(D.dl - d12) 

Pmax = 20249 lbf 

3.G.5.4 Conclusion: 1-in. Diameter Sphere Missile Impact 

The 0.271 in. depth of penetration of the small missile, which is required to absorb all of the 
impact energy, is less than the thinnest section of material on the exterior surface of the cask.  
Therefore, the small missile will dent, but not penetrate, the cask. Global stresses in the 
overpack that arise from the I-in. missile strike are assumed to be negligible.  
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3.G.6 Impact of an 8-in. Diameter Rigid Cylinder

3.G.6.1 Method 

An 8-in. diameter cylindrical missile is postulated to impact the cask at the most vulnerable 

location, as shown in Figure 3.G.2.  

Assuming the impacted material yields at the surface and then gross deformation occurs, the 

maximum force that can develop is the limit stress of the target material multiplied by the impact 
area. This limit stress is assumed to be the impacted material's "flow" stress, which is assumed 

to be the average of yield and ultimate strength.  

This force is of sufficient magnitude to cause local denting of the immediate surface under the 

contact patch, and form a conical shaped region of gross deformation away from the contact 

patch. The large impact force occurs only for a short instant of time and will not cause a cask 

instability. The post-impact deformed shape is shown in Figure 3.G.3. The deformation is 

exaggerated for clarity.  

The cylindrical punch may impact any exposed surface of the cask. The following three impact 

locations are investigated: 

a. Impact on outer overpack shell (no support from underlying neutron absorber is assumed), 

b. Impact on overpack closure plate, and 
c. Impact on the outside of the 8.5" overpack wall. For this strike location, the neutron 

absorber and outer shell are conservatively assumed not to slow the missile.  

Penetration is examined by balancing the kinetic energy of the missile with the work required to 

punch out a slug of the target material.  

Finally, global stresses in the overpack due to the 8-in. cylindrical missile impact are considered.  

Two impact locations are investigated, a side strike and an end strike.  

3.G.6.2 Determination of Input Kinetic Energy and Applied Impact Force 

The input data are specified as follows: 

The diameter of the missile (from Table 2.2.5), D := 8.in 

The weight of the missile (125 kg, from Table 2.2.5), Weight := 125. kg- 2.204. lb-.g 
kg 

The velocity of the missile before impact (from Table 2.2.5), V0 := 126- mph 

The yield stress of the material at 400OF (from Table 3.3.4), Sy := 32200. psi 

The ultimate stress of the material at 400OF (from Table'3.3.4), Su := 64600- psi 
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The design stress intensity of the material at 400°F (from Table 3.3.4), Sm := 21500- psi 

The flow stress is defined as the average of the yield stress and the ultimate stress.  
The flow stress (Sflow) is therefore determined as: 

Sflow := 0.5. (Su + Sy) 

Sflow = 48400psi 

The force required to reach the flow stress of the material is determined by multiplying the 
flow stress by the impact area of the missile as: 

Force := Sflow-It.-D 
4 

Force= 2.433 x 106 lbf 

3.G.6.3 Local Penetration 

Local penetration is examined by requiring that the impact force developed be balanced by only 
the resistance force developed in shear along the side area of a plug that would be punched out 
from an otherwise rigid material. That is, a "shear plug" type failure mechanism is assumed.  
Figure 3.G.5 shows this type of failure pictorially. The failure mode is based on achievement of 
the ultimate stress in shear. The following three impact locations are examined: 

a. Penetration of the overpack outer shell, 
b. Penetration of the overpack inner shell plus five intermediate shells, and 
c. Penetration of the overpack closure plate.  

a. Penetration of the overpack outer shell: 

The thickness of overpack outer shell, t := 0.5. in 

The ultimate stress of the overpack outer shell (from Table 3.3.3), Su := 70000.psi 

Given t. D. t. (Su I - Force the maximum depth of penetration can be determined.  
22) 

h := Find(t) 

h = 2.766in 

Because the maximum depth of penetration (h) is greater than the shell thickness (t), the 
outer shell is penetrated if no resistance from the the neutron absorber is considered.  
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b. Penetration of overpack inner shell plus five intermediate shells:

The overpack outer shell and neutron absorber are assumed to offer no resistance to penetration.  

The total thickness of the section (from BM-1476), t := 8.5.in 

The ultimate stress of the section at 400OF (from Table 3.3.4), Su := 68800. psi-.._ 

The applied force (Force) is a known value. Therefore, the maximum penetration can be 

determined as: 

Given it-D.t-fS -- Force h := Find(t) h = 2.814in 

Because the depth of penetration (h) is less than the total section thickness, the overpack 

inner shell is not penetrated.  

c. Penetration of closure plate: 

The closure plate thickness (from BM- 1476), t := 6. in 

The ultimate stress of closure plate (from Table 3.3.4), Su := 64600. psi 

The applied force (Force) is a known value. Therefore, the maximum penetration can be 

determined as: 

Given im.D-tJu_- Force h := Find(t) h = 2.997in 

Because the depth of penetration (h) is less than the closure plate thickness, the closure 
plate is not penetrated.  

The results of the investigation of penetration at these three locations demonstrate that the 

HI- STAR 100 Overpack adequately protects the MPC from a direct missile strike. The 

following section demonstrates that the global stresses in the overpack remain below 

allowable limits in the missile strike event.  

3.G.6.4 Stresses in the Overpack Due to 8-in. Diameter Missile Strike 

Global stresses in the overpack due to missile strikes at two locations are examined in this 

subsection. The first location is a side strike at the level of the cask center of gravity 

(approximately 100 inches from the bottom of the baseplate), where the entire force is 

supported by the overpack inner shell acting as a simply supported beam (see Figure 

3.G.4). The actual overpack wall consists of metal that is a minimum of 8.5 inches in 

thickness, but this analysis conservatively considers only the inner 2.5 inches.  
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The second location is an end strike at the center of the overpack closure plate.  

a. First Location: Side Strike on Overpack 

The length of the inner shell (assumed equal to the full cavity length), L := 191.125. in 

The inside diameter of the overpack (from Drawing 1397), ID := 68.75. in 

The thickness of the inner shell (from BM-1476), t := 2.5.in 

The applied force, Force = 2.433 x 106 lbf 

We have previously shown that the missile will not penetrate through all of the 
intermediate shells. Therefore, in the computation of the global stress state induced by 
the missile strike, we include in the moment of inertia calculation of the overpack shells, 
the inner shell and the four intermediate shells that are welded to the baseplate.  

The thickness of the intermediate shell (from BM-1476) is ti := 1.25. in 

The outer diameter of the inner shell (D), and subsequently the area moment of inertia (I), are 
determined as: 

D := 2.t + ID Dinner := D 

Then the metal moment of inertia is computed as follows: 

I := 1.7.nj rD )4- _ D_ t 141 

4 Lý2) ,2 )J 

1 = 3.555 x 105 in4 

The outer diameter of the innermost intermediate shell (Di), and subsequently the area 
moment of inertia (Ii), are determined as: 

D:= 2-ti+D D = 76.25 in 

Then the metal moment of inertia is computed as follows: 

Ii : l~[4 )jD4 - r,2D _tiftj 

4 L Y2) ý2 )1 

Ii = 2.071 x 105 in4 
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The total area moment of inertia is obtained by summing the results from the two cylinders.  

I:= I+ Ii I = 5.627x 10in4 

The outer diameter of the next intermediate shell (Di), and subsequently the area moment of 
inertia (Ii), are determined as: 

D := 2.ti + D D = 78.75 in 

Then the metal moment of inertia is computed as follows: 

4 LD2) D2 )J 

5.4 
Ii = 2.286x 10 in 

The total area moment of inertia is obtained by summing the results from the three cylinders.  

I:= I+ Ii I = 7.912x 105 in4 

The outer diameter of the next intermediate shell (Di), and subsequently the area moment of 

inertia (Ii), are determined as: 

D := 2-ti + D D = 81.25in 

Then the metal moment of inertia is computed as follows: 

H :=I.j(D4 ý D _ti)4q 

4 L- 2) -2 )J 

Ii = 2.514x 105 in4 

The total area moment of inertia is obtained by summing the results from the four cylinders.  

I:= I+ Ii I= 1.043 x 106 in4 
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The outer diameter of the final intermediate shell (Di), and subsequently the area moment of 
inertia (Ii), are determined as:

D:= 2-ti+ D D = 83.75 in Douter := D

Then the metal moment of inertia is computed as follows:

4 D 4_ _ti ] 
4 Lý2) ý2 ) J

Ii = 2.757x 105 in4 

The total area moment of inertia is obtained by summing the results from the five cylinders.

I:= I+li I= 1.318x 106 in4

We assume the missile strike is at height L above the base of the shells. Then, assuming that the 
shells behave as a cantilever beam, the bending moment at the base is 

Moment := Force. L 

The resultant stress in the inner shell can then be determined as:

Dinner - t 
Stress := Moment.  

2.I Stress = 12565psi

The allowable strength for this Level D condition is obtained by using the membrane stress 
intensity for SA203 at 400 degrees F from Table 3.1.7, 

Sa := 48200-psi 

Therefore the safety factor for the membrane stress in the helium retention boundary inner 
shell is

Sa 
SFSr= Stress SF = 3.836

This is conservative since the load will spread out into a pressure band at the smaller radius 
after the strike at the outside perimeter.
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The resultant stress in the outermost intermediate shell can then be determined as: 

Douter - t 

Stress := Moment- Stress = 14329psi 
2-I 

The allowable strength for this Level D condition is obtained by using the membrane stress 

intensity for SA516 Grade 70 at 400 degrees F from Table 3.1.17, 

Sa := 39100. psi 

Therefore the safety factor for the membrane stress in the helium retention boundary inner 

shell is 

SF Sa SF = 2.729 
Stress 

This is conservative since the load will spread out into a pressure band at the smaller radius 

after the strike at the outside perimeter.  

b. Second Location: End Strike on Overpack Closure Plate 

The effect of a normal missile impact has been studied in Appendix 3.F where a 

conservative methodology used for shipping cask puncture has been applied assuming that 

the so called "puncture pin" is replaced by the "impacting missile". It is shown that the bolt 

stress remains within the required margins. For the analysis of the bolt stress, it is 

conservatively assumed that the closure plate develops a full clamping moment inboard of 

the bolt circle. Continuing with this conservatism, the stress at the edge of the outer closure 

plate section is determined using the conservative estimate of maximum impact force 

developed above. Stresses at the bolt circle can be determined using the calculated limiting 

impact load as a uniform pressure applied over an 8" circle at the center of the overpack 

closure plate. Assuming that the closure plate has a fixed edge at the bolt circle, and using 

case 17 from Reference [3.G. 1] (Table 24, p.433), the stress at the bolt circle is determined 
as follows: 

The closure plate thickness (from BM-1476), t := 6.in 

Force 
The applied moment, Mr := 4.r 

Mr 

The radial stress at bolt circle (from [3.G.l], p.39 8 ), Or 6--'.  

t2 t 
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The closure plate thickness is reduced inboard of the bolt circle; bending stress will increase 
here if the section is assumed clamped. However, this would not be classified as a primary 
bending stress. The stress intensity in the closure plate under an impact load is required to be 
less than 3.6 times the material design stress intensity (Sm, from Table 3.3.4) and less than the 
material ultimate stress.  

Sm := 21500-psi 

3.6.Sm = 77400 psi 

Su = 64600psi 

3.6. Sm Su 
= 2.399 - = 2.002 

ar ar 

These results indicate that the bolt stress and the minimum plate primary bending stress 
near the bolt circle remain below allowable strength values for the Level D impact 
condition investigated.  

The stress state near the center of the closure plate is investigated by performing a 
dynamic analysis to ascertain the maximum load applied to the closure plate as it 
undergoes a global mode of deflection. It is assumed that the plate deforms like a simply 
supported plate for this analysis. The initial striking velocity and the striking weight of the 
missile is known. It is determined from [3.G.2], p.5-55, that 50% of the plate weight acts 
during the subsequent deformation. It remains to establish an appropriate spring constant 
to represent the plate elastic behavior in order to establish all of the necessary input for 
solving the dynamic problem representing the post-strike behavior of the plate-missile 
system. To determine the spring rate, apply Case 16 of Table 24 in [3.G.1] which is the 
static solution for a circular plate, simply supported at the edge, and subject to a load 
applied over a small circular region. Using the notation of [3.G. 1] for the case in 
question, and assuming deformation only inboard of the top flange: 

The diameter of contact (from Drawing 1397), dcon := 8. in 

72.in 

The radius of simple support (from Drawing 1397), a := 72a = 36in 
2 

The minimum closure plate thickness (from Drawing 1397), h := 5.9375. in 

The plate stiffness, D := D = 5.003 x 108 lbf.in 
12.(1 - v2) 
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The global stiffness of the plate (K) is simply the total load divided by the corresponding 

displacement at the plate center: 

16.n.D.(1 + v) K :=2 

(3+ V).a2 

K= 7.644x 106 lbf 

in 

To establish the appropriate structural damping value, a post-impact natural frequency is 

determined as follows: 

The weight of the closure plate (7,984 lbf, from Table 3.3.3) that participates in the 
analysis, 

Wcip := 0.5.7984.lbf Wcjp = 39921bf 

Using the appropriate expression from [3.G.2], the natural frequency can be determined as: 

1 
f g 

2 n. (Weight + 

f = 132.354Hz 

It is conservatively assumed that 4% structural damping is conservative for an impact 
scenario.  

Ce:= (.04 )-K 

c = 735.3521bf-sec 
in 

The dynamics problem is solved using the Working Model program [3.G.3], with the 

impacting missile striking a target mass which is supported by the spring k to ground. The 

system is constrained to move vertically, and gravitational forces are included in the solution.  

Figure 3.G.6 shows a schematic of the model and a trace of the total force in the 

spring-damper element. The maximum force developed, W := 1212000- lbf.  
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The stress near the center of the closure plate is obtained by computing the bending moment due 
to W. For Level D conditions, only primary bending stress intensities are required to be 
compared to the allowable strength value. The stress directly under the loaded region, by the 
very nature of the form of solution (ln(a/r)), should not be considered as a primary stress.  
Employing St.Venant's Principle of classical elasticity, the primary stress intensity state is 
considered to be established at the plate cross section at a radius 150% of the load patch radius.  
Therefore, the bending moment andthe stress are computed at: 

~2 

r = 6in 

The tangential moment exceeds the radial moment at this location, so the maximum 
moment and corresponding stress are: 

Mt W I.[, + v).4nh(_a. 4 + (1- v).F4_ -dconr21 

16. nLr) L 2.rr) J] 

Mt = 2.847 x 10' lbf. 
in 

Mt 4 
at:= 6- -t = 4.845x 10 psi 

h 2 

This stress represents a stress intensity and when compared with the allowable strength for 
combined membrane plus bending for a Level D condition, yields a stress ratio of: 

Su 
- = 1.333 

at 

c. 8" Missile strike at other surface locations 

If the 8" missile impacts at other locations, the global stress state will be less than the 
values computed here. A strike near a bolt location will impart additional compression on 
the lid surface near the bolt (since the bolt is protected. This additional compressive load 
cannot unload the seals. A direct strike on any of the small cover plates the protect various 
quick disconnects will not damage the quick disconnects since the unbacked diameter of 
the protective cover plate is less than 4"; therefore, all impact load will be directly onto the 
surrounding lid surface.  
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3.G.7 Conclusion

The above calculations demonstrate that the rH-STAR 100 Overpack provides an effective 

containment barrier for the FI-STAR 100 MPC after being subjected to various missile 

strikes. No missile strike compromises the integrity of the containment boundary; further, 

global stress intensities arising from the missile strikes satisfy ASME Code Level D allowable 

strengths-away from the immediate vicinity of the loaded region.
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FIGURE 3.G.1; SMALL MISSILE IMPACT
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APPENDIX 3.H - CODE CASE N-284 STABILITY CALCULATIONS

3.H.1 Scope 

The purpose of this analysis is to determine the buckling capacity of the HI-STAR 100 

System under the load combinations specified in Section 3. It is shown that both the 

overpack and the MPC meet the buckling requirements of USNRC Regulatory Guide 
7.6 (C.5).  

The most probable locations of failure due to buckling are the overpack inner shell, and 

the the MPC confinement shell. In this appendix, the stability of each shell is evaluated 

using the criteria set forth in ASME Code Case N-284, Metal Containment Shell 

Buckling Design Methods, Section III, Division 1, Class MC. In addition to axial 

loading, the Overpack is subject to a compressive circumferential stress due to external 

pressure and fabrication. The MPC confinement shell is also subject to a compressive 

circumferential stress due to a defined external pressure (although the net pressure 

across the shell will always lead to a tensile circumferential stress).  

The symbols used in this appendix, where possible, are consistent with those used in 

ASME Code. Material properties for Alloy X and SA-203-E are taken from Tables in 
Section 3.  

This appendix was created using the Mathcad (version 6.0+) software package. Mathcad 

uses the symbol ':=' as an assignment operator, and the equals symbol '=' retrieves values 

for constants or variables. The logical 'if construction is also used in this appendix. The 

'if statement format is as follows: 

...if(expression,true value,false value) 

3.H.2 References 

[3.H. 1] ASME Boiler & Pressure Vessel Code, Code Case N-284, Metal Containment Shell 

Buckling Design Methods.  

[3.H.2] MATHCAD, V7.0, Mathsoft, 1996.  

3.H.3 Load Cases Considered 

3.H.3.1 Overpack 

Case 1 Fabrication Stress + 1.1 5G End Loading Due to Handling. This is a Level A event.  

Case 2 Fabrication Stress + 60G End Drop. This is a Level D event.  
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Case 3 Fabrication Stress + Deep Submergence. This is a Level D event

3.H.3.2 MPC 

Case 4 Design Internal Pressure + 1.15G End Loading Due to Handling. This is a Level A 
event.  

Case 5 Design Internal Pressure + 60G End Drop. This is a Level D event.  

Case 6 Accident External Pressure + lG Dead Load. This is a Level D event.  

Case 7 Design External Pressure + 1 G Dead Load. This is a Level A event.  

3.H.4 Stability of the Overpack Inner Shell 

3.H.4.1 Method - ASME Code Case N-284 

Code Case N-284 provides guidelines for determining the stability of metal confinement 
shells. This method applies to shells with radius-to-thickness ratios of up to 1000 and shell 
thicknesses greater than 0.25 in..  

The buckling characteristics of any confinement shell are governed by the longitudinal 
membrane, circumferential membrane, and in-plane shear stresses which develop under 
loading. Only these three stress components are considered in the analysis.  

The factors of safety against buckling required by the Code are the following 

FSLA:= 2.0 Level A Service Limit 

FSLD:= 1.34 Level D Service Limit 

The analysis method provided by Case N-284 for treatment of confinement shells is further 
outlined below: 

1. The stress components which cause buckling are identified, and each is multiplied by the 
appropriate factor of safety. As a minimum, the amplified longitudinal and circumferential 
membrane stresses must be less than the material yield stress, and the in-plane shear stress 
must be less than 60% of the yield stress. Failure to meet this condition requires a redesign of 
the system.  

2. Capacity reduction factors are calculated in order to account for the difference between 
classical theory and actual predictions of instability stress.  
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3. The theoretical elastic buckling stresses are calculated. The stresses correspond to the 
minimum theoretical values for shells with simple support boundary conditions under uniform 
stress fields.  

4. The amplified stress components are compared to the elastic limits of the material. In the 
event that any stress exceeds the proportional limit, plasticity reduction factors are introduced 
in order to account for any material nonlinearities.  

5. The interaction equations for elastic and inelastic buckling set forth in the Code Case are 
used to calculate safety factors.  

3.H.4.2 Assumptions 

1. Under the postulated end drop, the weight of the overpack (minus the weight of the 
bottom plate) is supported vertically by the 2.5 in. thick inner shell. This assumption 
conservatively neglects the intermediate shells and enclosure shell as load bearing members.  

2. By employing the method of Case N-284, the inner shell is assumed to be simply 
supported. The welded base of the inner shell more closely represents a clamped boundary.  
Therefore, elastic buckling stress limits are actually higher.  

3. All material properties are choosen at the overpack design temperature (400 deg. F). The 
Young's modulus and the yield stress decrease with increasing temperature, therefore, the 
analysis is conservative.  

4. Fabrication stresses are included in the calculation. This is very conservative since 
fabrication stress is secondary in nature (self-limiting). Therefore, these stress components are 
relieved as the shell begins to buckle.  

3.H.4.3 Input Data 

The following is a list of input parameters for the overpack inner shell that are common to 
each case. The dimensions are obtained from the design drawings in Section 1.5.  

Ri68.75.  
.- -in Inner radius of shell 2 

.- -in Outer radius of shell 
2 

L:= 173.625.in Axial length of shell (conservative) 

t:= 2.5. in Shell thickness 
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W:= 155000.lbf- 10000.1bf Bounding Weight of overpack (minus the bottom plate)Table 3.2.4 

g := 386.4.- in Gravitational acceleration 2 
sec 

E:= 26.1.106. psi Young's modulus (4000 F) SA203-E Table 3.3.4 

ay:= 34300.psi Yield strength (4000 F) SA203-E Table 3.3.4 

3.H.4.4 Analysis of Overpack Load Cases 

3.H.4.4.1 Load Case 1 (Load Case 03 in Table 3.1.5) 

The G level for Longitudinal Load is G:= 1.15.g 

The Factor of Safety for Design is FSD:= FSLA FSD = 2 

Stress components 

The longitudinal membrane stress is the impact weight supported by the inner shell divided by 
the cross sectional area of the shell.  

P:= G.-- P= 1.667x 10 5bf 
g 

A:= n.(Ro2 - Ri2) A= 559.596 in2 

A = 297.982 psi Longitudinal stress A 

The circumferential membrane stress is equal to the mean fabrication stress (from Appendix 

a. := 10506-psi Bounding circumferential mean stress from fabrication analysis 

0;0:= 0-psi In-plane shear stress 

As an initial check, the amplified stress components must meet the allowable limits stated in 
Section 3.H.4.1 of the appendix.  

" FSD 0017 <10FSD 10O.FSD 
0.017 < 1.0 -0.613 < 1.0 = o < 0.6 

Oy Gy Oy 

Capacity reduction factors 

The first step towards defining the capacity reduction factors is to calculate the following 
geometric parameters.  
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.- R = 35.625 in Mean radius 
2 

The unsupported longitudinal and circumferential lengths are 

I0:= L 1 = 173.625 in 

19:= 2.n-R 19 = 223.838 in 

M. is a dimensionless factor defined as follows 

1, 10 

MO_1. MO = 18.398 me Me = 23.719 

S( .t) R .t).  

M:= if(Mo < Me, M, MO) M = 18.398 M equals smaller of two values 

The radius-to-thickness ratio is R = 14.25 
t 

Next, the capacity reduction factors are computed per Sec. 1511 (a), (b), and (c) of Code 
Case N-284.  

Axial Compression 

Effect of R/t (R/t < 600) 

acl:= 1.52 - 0.473-10{R) a 0.974 

a 2 := 1,0-10.-5-7 - 0.033 a 2 = 0.31 
psi 

aLI:= if(aI < a 2 , al,a 2) a$LI = 0.31 oXLI equals smaller of two values 

Effect of Length (M > 10) 

aoL2:= 0.207 

cE := if(aoLl > aOL2, aLl OtoUL2) aOL = 0.31 OeL equals larger of two values 

Hoop Compression 

a oL:= 0.8 
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Shear (Rit < 250)

aooL:= 0.8 

Theoretical elastic buckling stresses 

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284.

CO:= 0.605

GeL:= C-' E't G¢eL= 1.108x 106 psi 

External Pressure 

No End Pressure (3.0 < M, < 1.65 R/t) 

0.92 

C.- 1. Ce = 0.053 MO - 1.17 

RreL:= Cof EreL 9.781 x 10 4psi R 

End Pressure Included (3.5 < M, < 1.65 R/t) 
0.92 

C = 0.63 Coh= 0.052 MO - 0.636

0heL : : C Rh' - t

Shear (L.5 < M < 26)

coo := 4"82 .(1 + 0.0239.M 3)0.5 
MO

2

aheL = 9.487 x 104 psi 

Coo = 0.174

aoeL := Coe'"E-R- oeL = 3.193 x 105psi 

Plasticity reduction factors 

The plasticity reduction factors are calculated according to the equations provided by Sec.  
1610(a), (b), and (c) of the Code Case.
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Axial Compression 

1,0 := 1.0 

Hoop Compression

1 e:= 1.0

Shear

o1. FSD - = 0.017 <.55

° <F <0.671 •, ay ) 

(G•°FSD 
< 0.481 

C, a y )1W:= 1.0

Interaction equations 

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.  

Elastic Buckling

ao, FSD 

caL 

aO. FSD 
Oes .

cteL

Os = 1.922x 103 psi 

aes = 2.626 x 104 psi < CjheL= 9.487x 10 psi

oa-FSD 
_Os.es__ = 0 psi 

MoOL 

Axial Compression Plus Hoop Compression 

G O S - O-5 "Oh eL / s 2 
. + G = 0.034 

O•L - 0.5-OheL C, heL) 

Axial Compression Plus Shear

U, + -- 1.735 x 10-3 

3o€L O¢eL) 
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Hoop Compression Plus Shear

o0"+ = 0.269 < 1.0 
OreL a.eeL) 

Axial Compression Plus Hoop Compression Plus Shear 

The shear constant, K, is computed as follows 

I - 'Oos 12 K= 1 

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 
no further interaction checks are required for this combination of stresses.  

Inelastic Buckling 

GO~P:= . p=1.922 x 10 psi 
r10 

Ges 4 
rp := - aop 2.626 x 10 psi 

no 

GOO := (306p = 0 psi 

Axial Compression Plus Shear 
2 , 2 

GOi 1 + Coop =3.01 x 10-6 < 1.0 
a aL ) a~joeL ) 

Hoop Compression Plus Shear 
2 f•2 

%a + ('-e1=0.072 <1.0 
O reL) "OWeL ) 

Analysis of the overpack inner shell shows that under this load case, the interaction equations 
for elastic and inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner 
shell is assured.  
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3.H.4.4.2 Load Case 2 (Load Case 04.a in Table 3.1.5)

The G level for Drop Load is G:= 60-g Table 3.1.2 

The Factor of Safety for Design is FSD:= FSLD FSD = 1.34 

Stress components 

The longitudinal membrane stress is the impact weight supported by the inner shell divided by 

the cross sectional area of the shell.  

P:= G. P= 8.7x 106 1bf A:= c-(R 0
2 - Ri2) A= 559.596 in2 

g 

0 P 0= 1.555 x 104 psi Longitudinal stress 
A 

The circumferential membrane stress is equal to the mean fabrication stress (from Appendix 
13.) 
a 10506.psi Bounding circumferential mean stress from fabrication analysis 

0• =. psi In-plane shear stress 

The amplified stress components must meet the allowable limits in Section 3.H.4.1 of the 
appendix.  
24. FSD = 0.607 < 1.0 01 = < 1.0 <06FSD 

ay CTy Oy 

Capacity reduction factors 

The factors are as calculated previously for load case 1 since the geometry is the same 

Theoretical elastic buckling stresses 

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284 and are functions of 
geometry; therefore, there is no change from the load case 1 calculation..  

Plasticity reduction factors 

The plasticity reduction factors are calculated according to the equations provided by Sec.  
1610(a), (b), and (c) of the Code Case. Since these are a function of the current load state, 
they need to be recomputed.  

Axial Compression 

r10 0.18 := = 0.695 (0.55 < L!D< 0.7381 0 .O 4 5 ."a y 1 " Y 

t. 'FSD) 
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Hoop Compression

T":= 1.0

Shear

Tlo:=1.0

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.  

Elastic Buckling

ao. FSD 

aOL 

(;-FSD 

aeL

acs = 6.72x 10 4psi 

a,,= 1.76x 104 psi < GheL= 9.487 x 10 4psi

a€0FSD 
ro 0 .- D ocros = 0 psi 

aoeL 

Axial Compression Plus Hoop Compression - (o, > 0.5 5y) 

'3s- 0-5"O3hcL ('3es'] 2 

+ G = 0.053 < 1.0 
-. 5eL 0 5 -0hL IjheL) 

Axial Compression Plus Shear 

+ = 0.061 < 1.0 
OoeL Cyow/•L ) 

Hoop Compression Plus Shear 

2 

° -sI +-m =0.18 < 1.0 
'3reL G• cL) 
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Axial Compression Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows 

2 

K:= 1-( K=1 

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 
no further interaction checks are required for this combination of stresses.  

Inelastic Buckling 

atp Cos OW = 9.674 x 104 psi 

TI, 

(TOP :=s G6OP= 1.76 x 104 psi 
Tie 

a•:= f a0OP = 0 psi 
T10a 

Axial Compression Plus Shear 

GO P 2 + -0P X 7 .6 2 1 x 10 -3 < 1 .0 

Hoop Compression Plus Shear 

cop + -/O 0.032 <1.0 
t GreL) OWL 

Analysis of the overpack inner shell shows that under this load case, the interaction equations 

for elastic and inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner 

shell is assured.  

3.H.4.4.3 Load Case3 (Load Case 02 in Table 3.1.5) 

The external pressure is Pext:= 300-psi Table 2.2.1 

The G level for Longitudinal Load is G := 1-g 

The Factor of Safety for Design is FSD:= FSLD FSD = 1.34 
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Stress components

The longitudinal membrane stress is the impact weight supported by the inner shell divided by 
the cross sectional area of the shell plus the effects of the submergence pressure..

W 
P:= G.

g 

P Rp2 

- + Pext 
A 2.t-R

P= 1.45x 105 Ibf 

0 = 2.549x 103psi

A : -(R2- Ri2)
A= 559.596 in

2

Longitudinal stress

The circumferential membrane stress is equal to the mean fabrication stress (from Appendix 
3.L) plus the submergence pressure.

R 
cre:= 10506 .psi + Pext 

t

COO:= 0-psi

a0 = 1.478 x I04 psi 

In-plane shear stress

As an initial check, the amplified stress components must meet the allowable limits stated in 
Section 3.H.4.1 of the appendix.

0,-FSD 
f = 0.1 

Cy

< 1.0 = 0.577 

Gy
< 1.0

a•o, FSB = 0 

Cy
< 0.6

Capacity reduction factors

The factors are as calculated in load case 1 since the geometry is the same 

Theoretical elastic buckling stresses

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284 and are functions of 
geometry; therefore, there is no change from the load case 1 calculation..  

Plasticity reduction factors 

The plasticity reduction factors are calculated according to the equations provided by Sec.  
16 10(a), (b), and (c) of the Code Case. Since these are a function of the current load state, 
they need to be recomputed.  

Axial Compression

o.FSD =-0.1
rl,:= 1.0

< .55

Hoop Compression
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rio:= 1.0

Shear

rII7IFS < 0.67) 

00 ' FSD < 0.481 

OJ71,o := 1.0

Interaction equations 

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling 

0*,. FSD
co = 1.102x 10 psi

o0- FSD4 
ros: GO.- D ;O~s= 2.476 x 10 psi < G, 

aeL 

NOL 

Axial Compression Plus Hoop Compression (a > 0.5 5)

(Y * -0 .5 "c h e L a O 's ] 2 . +( -I+ = 0.034 

oeL- 0 .5.heL KaheL) 

Axial Compression Plus Shear 

GO + an 9.944 x I10D-3 

Hoo L C rLsil 

Hoop Compression Plus Shear

L = 9.487 x 10 psi

< 1.0

< 1.0

IC14 + '•w1s = 0.253 <1.0 
OreL O*WeL ) 

Axial Compression Plus Hoop Compression Plus Shear 

The shear constant, K, is computed as follows
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Report HI-2012610

Rev. 0



K:= 1- (as /2 K=I 

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 
no further interaction checks are required for this combination of stresses.  

Inelastic Buckling 

GOP C osp :=GO~P = 1.102 x 104 psi 
11 0 

4 
GOP cOp = 2.476x 10 psi 

0.es 
C OP •M aOop = 0 psi 

TI 0

Axial Compression Plus Shear 

ar +G. 9.889x 10
SeL) Go& 

Hoop Compression Plus Shear

2 

-a.W = 0.064 
GoeL )

< 1.0 

< 1.0

Analysis of the overpack inner shell shows that under this load case, the interaction equations 
for elastic and inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner 
shell is assured.
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3.H.5 Stability of the MPC Containment Shell

3.H.5.1 Method - ASME Code Case N-284 

A description is provided in the previous section.  

3.H.5.2 Assumptions 

1. Under the postulated end drop, the appropriate weight of the MPC confinement vessel 

(minus the weight of the baseplate) is supported vertically by the 0.5 in. thick shell. Lateral 

pressure is neglected since design internal pressure exceeds design external pressure.  

2. By employing the method of Case N-284, the confinement shell is assumed to be simply 

supported. The welded base of the shell more closely represents a clamped boundary.  
Therefore, elastic buckling stress limits are actually higher.  

3. The channels and other shims welded axially to the inside surface of the confinement shell 

act as stiffeners. The effect of these axial stiffeners is neglected. This is a conservative and a 
simplifying assumption.  

4. Material properties are choosen at the bounding temperature for normal heat condition 

or for the fire condition of the MPC confinement boundary. The Young's modulus and the 
yield stress decrease with increasing temperature, therefore, the analysis is conservative.  

3.H.5.3 Input Data 

The following is a list of input parameters for the MPC confinement shell. The dimensions 
are obtained from the design drawings in Section 1.5.

67.375 .  Ri: .- •in 
2 

68.375 .  

2 

L:= 188.in 

t:= 0.5.in

W:= 10400-Ibf+ 5900-1bf...  
+ 3700. Ibf 

in 
g:= 386.4.  

2 sec

Inner radius of shell 

Outer radius of shell 

Axial length of shell 

Shell thickness

Bounding weight of MPC components. This weight excludes the 
fuel basket and the baseplate but includes the closure lid and all of 
the basket support structure. The values are obtained from Table 
3.2.4.  

Gravitational acceleration

Rev. 0HI-STAR FSAR 3.H-15 
Report HI-2012610



Pext:- 40-psi Design basis external pressure Table 2.2.1 

Multiplier on external design pressure to define accident pressure mp:- 1.5 

E:= 26.75.106. psi Young's modulus (350 deg. F), Alloy X Table 3.3.1 

Cy := 21600.psi Yield strength (350 deg. F) Alloy X Table 3.3.1 

3.H.5.4 Analysis 

3.H.5.4.1 Load Case 4 (Load Case E2 in Table 3.1.4) 

The external pressure is pet = 40 psi 

The G level for Longitudinal Load is G:= 1.15-g 

The Factor of Safety for Design is FSD:= FSLA FSD = 2 

Stress components 

The longitudinal membrane stress is the impact weight supported by the confinement shell 
divided by the cross sectional area of the shell.  

W4 

P:=G.- P= 2.3x 10 41bf 
g 

A := n-(Ro2 - Ri2) A = 106.618 in2 

P Ri + R, 
-o:= " + Pext .0.0 ao = 215.724psi Longitudinal stress 
A 4-t 

No lateral pressure is assumed since use of actual internal pressure is not conservative.  

Pext.(Ri + Ro)-0.0 -t( + % = 0 psi Circumferential stress 2-t 

The shear stresses on the gross section of the inner shell are equal to zero.  

G0o:= 0-psi In-plane shear stress 

As an initial check, the amplified stress components must meet the allowable limits stated in 
Section 3.H.4.1 of the appendix.  
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a,.FSD~ 
- = 0.02 
a

ao-FSD 
= 0 

lay

Capacityy reduction factors

R = 33.938 in Mean radius

The unsupported longitudinal and circumferential lengths are

1 = 188 in

10:= 2-t-R 1 = 213.236 in Neglect stiffeners

M. is a dimensionless factor defined as follows

(R.t)0 

Me (R.t)°' 5

Mý = 45.639 

Me = 51.765

M := if(M, < Me,MO,Me) 

The radius-to-thickness ratio is

M = 45.639 M equals smaller of two values

R 
- = 67.875 
t

Next, the capacity reduction factors are computed per Sec. 1511 (a), (b), and (c) of Code 
Case N-284.  

Axial Compression 

Effect of R/t (RAt < 600) 

al:= 1.52 - 0.473-1o{R] eq = 0.654 

a2:= 1.0.10- - 0.033 a 2 = 0.183 
psi

a0LI = 0.183 a,,, equals smaller of two values

Rev. 03.H-17HI-STAR FSAR 
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< 1.0
joe- FSD_ 

=- 0 

Gry
< 1.0

2Ri + R 
2

<0.6

10:= L

atoL1 := ifa I < a•2, a 1, O2)



Effect of Length (M > 10) 

0.826 
NL2 := 

M0-6 

(XL := if(oLI > CtL2, oLl, CtL2)

aoL equals larger of two values

Theoretical elastic buckling stresses 

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284.  

Axial Compression M, = 45.639 

CO:= .605 CO = 0.605

E.t 
oeL := C .E---R

a.eL = 2.384x 10 5psi

External Pressure 1.65-R= 111.994 
t

No End Pressure 

.92 

MO- 1.17

E-t 
yreL := Car' 

R
0 reL = 8.154 x 103 psi

End Pressure Included

.92 

MO - .636

HI-STAR FSAR 
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aOL2 = 0.083

aL = 0.183

Hoop Compression 

aoL:= 0.8 

Shear (R/t < 250) 

aoL:= 0.8

Car = 0.021
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E.t 
OheL:= Ceh.-

OheL = 2.0 4 1 x 10 psi

Shear (26 < M, < 8.69 R/t)

0.746 

E-t 
oL := CRo-

Coo= 0.11

oF eL = 4.352x 10 4psi

Plasticity reduction factors 

The plasticity reduction factors are calculated according to the equations provided by Sec.  
1610(a), (b), and (c) of the Code Case.  

Axial Compression

Hoop Compression

TIO:= 1.0

Shear

Tjoe := 1.0

co-FSD 
= 0.02 

r0, FSD < 0.48y) 

y )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.  

Elastic Buckling

G0 FSD 

NcL 

e. FSD 

aeL
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a06. FSD 

OeL
aw = Opsi

Axial Compression Plus Hoop Compression (, > 0. 5 a)

Gos- 0.5. hL 

00eL - 0.5.aheL
+ - -0.034 

I aheL.)
< 1.0 No need to check this 

per Code Case.

Axial Compression Plus Shear 

-s + C- = 9.888 x 10-3 

GoeL (,0eeL) 

Hoop Compression Plus Shear

e ae 2 

,,,eL

< 1.0

< 1.0

Axial Compression Plus Hoop Compression Plus Shear 

The shear constant, K, is computed as follows

K= I

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 
no further interaction checks are required for this combination of stresses.  

Inelastic Buckling

ap = 2.358 x 103 psi 

GP = 0 psi 

0 "p = 0 psi
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Axial Compression Plus Shear

O°/+ ( = 9.777x 10-5 <1.0 

Hoop Compression Plus Shear 

(%' 1 + (°3p2= 0 <1.0 
O\ rel, C'eL) 

Conclusion 

Analysis of the MPC confinement shell shows that the interaction equations for elastic and 

inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner shell is assured 
for load case 4.  

3.H.5.4.2 Load Case 5 (Load Case E3.a in Table 3.1.4) 

The external pressure is Pext = 40 psi 

The G level for Drop Load is G := 60.g 

The Factor of Safety for Design is FSD := FSLD FSD = 1.34 

Stress components 

The longitudinal membrane stress is the impact weight supported by the confinement shell 
divided by the cross sectional area of the shell.  

P:= G-W P= 1.2 x 106 1bf A:= f(.2 R) A= 106.618in 2 

g 

A + Pext R .0.0 0# = 1.126 x 104psi Longitudinal stress 
6t =A 4+ 

We neglect stresses due to pressure since the normal operation will have tensile 
circumferentailstress in the shell.  

Pet(i+ Ro).0.0 

-0 := + = 0 psi Circumferential stress 
2.t 

The shear stresses on the gross section of the inner shell are equal to zero.  

0.psi In-plane shear stress 
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As an initial check, the amplified stress components must meet the allowable limits stated in 
Section 3.H.4.1 of the appendix.

O,-FSD 
= 0.698 

O~y
< 1.0 Vt "FSD 0 < 1.0

0¢FSD = 0 <0.6

Plasticity reduction factors

The plasticity reduction factors are calculated according to the equations provided by Sec.  
1610(a), (b), and (c) of the Code Case.  

Axial Compression

FSD 
1.31- 1.15-- 

Oy
•, = 0.507

Hoop Compression

re9 := 1.0
G ay

0.671 )

Shear

'14,:= 1.0 

Interaction equations

GoaGQ'FSD 
, y

0.481 )

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.  
Elastic Buckling

0, FSD 

a. FSD 

aeL 

ao. FSD 

aNeL

co = 8.241 x 104 psi 

Oos = 0 psi 

(OM = 0 psi

< GheL = 2.041 x I04 psi
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Axial Compression Plus Hoop Compression (a > 0. 5 a)

.+ = 0.316 

UeL - 0. 5 .aeL (FheL) 

Axial Compression Plus Shear

S+ = 0.346 

aLL CroeeL)

Hoop Compression Plus Shear

",reL Oo W )

Axial Compression Plus Hoop Compression Plus Shear 

The shear constant, K, is computed as follows

K:= I I 
CeL)

K=I

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 

no further interaction checks are required for this combination of stresses.  

Inelastic Buckling

'op = 1.625 x 10 psi

aep = 0 psi 

a p = 0 psi
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aeoL = 2.384 x 105 psi

< 1.0

< 1.0

< 1.0

a's 

711 

aes cr(p := 
rio 

a0 5 

1•p.
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Axial Compression Plus Shear

a °• + 7"P = 0.465 

Cye tGoW < 1.0

Hoop Compression Plus Shear

raeP 2  
1300P 

"-rL) 'YOWeL)

< 1.0

Conclusion 

Analysis of the MPC confinement shell shows that the interaction equations for elastic and 
inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner shell is assured 
for load case 5.  

3.H.5.4.3 Load Case 6 (Load Case E5 in Table 3.1.4)

The external pressure is 

The G level for Longitudinal Load is 

The Factor of Safety for Design is

Pext:= Mp.Px 

G:= i1g 

FSD:= FSLD

The Young's modulus and the yield strength are evaluated at (4000F), which bounds the 
MPC shell temperature during a fire accident (see Subsection 3.4.4.2.2).

E:= 26.5- 106. psi 

ay 20700-psi

Young's modulus (400 deg. F), Alloy X 

Yield strength (400 deg. F) Alloy X

Stress components 

The longitudinal membrane stress is the impact weight supported by the confinement shell 
divided by the cross sectional area of the shell.

w 
P:= G-

g 

A:= (R'2- Ri2) 

p Ri+ R, 
04,:= - + Pext 

A 4-t

P = 2 x 104 lbf 

A= 106.618 in2 

O = 2.224 x 10 3psi Longitudinal stress

HI-STAR FSAR 
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FSD = 1.34

Table 3.3.1 

Table 3.3.1
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A circumferential membrane stress develops in the MPC confinement shell due to external 
pressure.  

Pexi (R, + B.)3 
ae . +e = 4.073 x 103 psi Circumferential stress 

2-t 

The shear stresses on the gross section of the inner shell are equal to zero.  

00 := 0-psi In-plane shear stress 

As an initial check, the amplified stress components must meet the allowable limits stated in 
Section 3.H.4.1 of the appendix.

- = 0.144 < 1.0
= 0.264 < 1.0

Capacity reduction factors 

Ri + R, 
R:= 

2
R = 33.938 in Mean radius

The unsupported longitudinal and circumferential lengths are 

= L 1 = 188 in

18:= 2.Tt-R 18 = 213.236 in 

M. is a dimensionless factor defined as follows

M O 1.0 . M O 

(R.tO 

Me M 
(R.t) 0 5 

M := if(M, < MeM,, MO) 

The radius-to-thickness ratio is

No credit for stiffeners

= 45.639 

o = 51.765

M = 45.639 M equals smaller of two values

R - = 67.875 
t

Rev. 03.H-25HI-STAR FSAR 
Report HI-2012610

ao.FSD 
-0 

ay
< 0.6



Next, the capacity reduction factors are computed per Sec. 1511 (a), (b), and (c) of Code 
Case N-284.  

Axial Compression 

Effect of R/t (R/t < 600)

a : 1.52- 0.473.1o10( 

ax2:= 1.0.10-5. -7 - 0.033 

psi 

LI : if(ctI <a•2,' a 1, a 2) 

Effect of Length (M > 10)

aL2:= .207

aoL:= if(aLI > aU,L2, aLl,acoL2)

aI = 0.654 

a2 = 0.174

aLI = 0.174 aýLI equals smaller of two value:

%1_2= 0.207

,L = 0.207
G*L equals larger of two values

Hoop Compression 

a0L := 0.8 

Shear (R/t < 250) 

aoL:= 0.8

Theoretical elastic buckling stresses 

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284.  

Axial Compression MO = 45.639

CO = 0.605

GoeL = 2.362 x 10 5psi

HI-STAR FSAR 
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External Pressure 1.65.- R= 111.994 
t

No End Pressure 

.92 
orM- 1.17

E.t 
GreL := C or -

R
0 reL = 8.077 x 103 psi

End Pressure Included

.92 
MO - .636 

E- t 
OheL:= Ceh

R

CAh = 0.052

aheL = 2.022 x 10 4psi

Shear (26 < M < 8.69 R/t)

0.746 

E.t 
o€eeL:= Co- t

Plasticity reduction factors

C40 = 0.11

OwL = 4.311 x 104 psi

The plasticity reduction factors are calculated according to the equations provided by Sec.  
1610(a), (b), and (c) of the Code Case.  

Axial Compression

ao,.FSD 
= 0.144 < .55 

ay

Hoop Compression

q, :: 1.0 (I~oB'FSD <0.671 
G\ )
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Shear

1 1.0 U*O- FSD <0.481 

Interaction equations 

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.  
Elastic Buckling

a.FSD 

aOL 

a(- FSD 
Ges 

CaeL 

a00. FSD 

Goes (XOO.

GO = 1.44 x 104 psi 

aes = 6.821 x 103 psi < (;heL = 2.022 x 104 psi

(Y O = 0 psi

Axial Compression Plus Hoop Compression (a,, > 0.5 5) 

- + = 0.133 < 1.0 

GoL - 0-5 "aheL ljheL) 

Axial Compression Plus Shear 

S+ = 0.061 < 1.0 
a•L •O•eL ) 

Hoop Compression Plus Shear 

2 

+ 0.845 < 1.0 
areL aofteL) 
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Axial Compression Plus Hoop Compression Plus Shear 

The shear constant, K, is computed as follows

K:= I _ I 
t OeL )

K=1

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 
no further interaction checks are required for this combination of stresses.  

Inelastic Buckling

CP = 1.44 x 104 psi 

(ep =6.821 x 10 3psi 

aop =0 psi

2 
+ =• =0.713

cTeL = 2.362 x 10 5psi

< 1.0 

< 1.0

Analysis of the MPC confinement shell shows that the interaction equations for elastic and 
inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner shell is assured 
for load case 6.  
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C1, 

rT1 

(Yes 

COP T1e .-

Axial Compression Plus Shear 

Hop Cp eso P 3.714s x 10 

Hoop Compression Plus Shear

cOop 1 

tOteL )

Conclusion



3.H.5.4.4 Load Case 7 (Load Case El.b in Table 3.1.4)

The external pressure is 

The G level for Longitudinal Load is 

The Factor of Safety for Design is

Pext:= 40-psi 

G:= l-g 

FSD:= FSLA

Pext = 40psi

FSD= 2

The Young's modulus and the yield strength are evaluated at (3000F), which bounds all 
MPC temperatures during the normal heat condition.

E:= 26.75.10 6.psi 

ay:= 21600-psi

Young's modulus (350 deg. F), Alloy X 

Yield strength (350 deg. F) Alloy X

Table 3.3.1 

Table 3.3.1

Stress components 

The longitudinal membrane stress is the impact weight supported by the confinement shell 
divided by the cross sectional area of the shell.  

W4 

P:= G-m WP= 2x 10 41bf 
g

A= 106.618 in2

p Ri + R, 
- + Pext 
A 4-t

a7 = 1.545 x 103 psi Longitudinal stress

A circumferential membrane stress develops in the MPC confinement shell due to external 
pressure.  

Pext-(Ri + R0 )3 

09:= oo = 2.715 x 103 psi Circumferential stress 2.t 

The shear stresses on the gross section of the inner shell are equal to zero.  

o0 := 0- psi In-plane shear stress 

As an initial check, the amplified stress components must meet the allowable limits stated in 
Section 3.H.4.1 of the appendix.

S- = 0.143 < 1.0
Iae-.FSD_ 

= 0.251 
Oy
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Capacity reduction factors 

R R. + R = 33.938 in 
2 

The unsupported longitudinal and circumferential lengths are 

,+:= L 4=1, 188 in 

19 := 2-.R 1 = 213.236 in No credit fo 

M1 is a dimensionless factor defined as follows 

M* 05 M_ = 45.639 
(R.t) 

10 
MO= . ' MO = 51.765 

(R.t)° 

M := if(MO < MO, M eM) M = 45.639 

The radius-to-thickness ratio is R 
- = 67.875 
t

Mean radius

r stiffeners 

M equals smaller of two values

Next, the capacity reduction factors are computed per Sec. 1511 (a), (b), and (c) of Code 

Case N-284.  

Axial Compression 

Effect of R/t (R/t < 600) 

a 1.52- 0.473.1o10R' a, = 0.654 

50U 
a2:= 1.O.10 -. - 0.033 a2 = 0.183 

psi 

aLI:= if(al < a 2,al,a 2) a0LI = 0.183 ot.,L equals smaller of two vw 

Effect of Length (M > 10) 

a.L2:= .207 aOL2 = 0.207 
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coL := if(OCL1 > OtoL2, 4 •Ll, OtL2) oL = 0.207 o4 L equals larger of two values

Hoop Compression 

aOcL := 0.8 

Shear (Rit < 250) 

aooL := 0.8

Theoretical elastic buckling stresses 

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284.  

Axial Compression M, = 45.639

CO:= .605 CO = 0.605

E. t 
oeL := CO*. E GoL = 2.384x 105 psi

External Pressure R 
1.65-- = 111.994 

t

No End Pressure 

.92 
Car.= M, - 1.17 

E~t 
OreL := C ar* -

R 

End Pressure Included 

.92 

MO - .636

E. t 
0heL := C eh " t
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Shear (26 < MO < 8.69 R/t)

0.746 C,6 .

CE.t 
Oo eL := "*O R

coo-- 0.11

oqeeL = 4.352 x 10 4psi

Plasticity reduction factors 

The plasticity reduction factors are calculated according to the equations provided by Sec.  
1610(a), (b), and (c) of the Code Case.  

Axial Compression 

.FSD 
=1 =0.143 < .55

<I°s <0.671 L ) 

0*F < 0.4 
a y

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.  

Elastic Buckling

ay

O-FSD 

aL 

G. FSD 
aoL

a08'FSD 
aOL 
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Os = 1.493 x 104 psi 

C;es = 6.787x 103psi < aheL = 2 .041 X 10 psi

a 8 = 0 psi
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Axial Compression Plus Hoop Compression (a, > 0.5 cr)

0" - 0.5 .aheL 
+ 

O•- 0
.5 .he.L

2 

-. =,0.131 
Ghe ai)

< 1.0

Axial Compression Plus Shear

S+ (Ym = 0.063 
G°eL G oeeL)

< 1.0

Hoop Compression Plus Shear

oe's, (06 = 0.832 
GreL GOeL )

< 1.0

Axial Compression Plus Hoop Compression Plus Shear 

The shear constant, K, is computed as follows

K := I _- ( '7% 2 ýGoWL K= I

As a result of the shear stress equaling zero, the value of K equals one. Therefore, 
no further interaction checks are required for this combination of stresses.  

Inelastic Buckling

GOp = 1.493 x 104 psi 

GOp = 6.787 x 10 3psi 

Oep = 0 psi
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Axial Compression Plus Shear

(N,1 2 + 17" 
L j'.eL) I11.eL

2

= 3.92x 10-3 < 1.0

Hoop Compression Plus Shear

(FteL )

+ -coop' r•oLj 0.693 
)

< 1.0

Conclusion

Analysis of the MPC confinement shell shows that the interaction equations for elastic and 

inelastic buckling are satisfied (less than 1.0). Therefore, stability of the inner shell is assured 

for load case 7.  

3.H.6 Conclusions 

Three bounding load cases have been defined for the Overpack, and a corresponding set of 

four cases defined for the MPC. The characteristics of the load cases are that they combine a 

large mean axial stress with a high circumferential stress both of which extend over the entire 

vessel both axially and circumferentially.  

Although some stiffening effect is expected from the basket support ribs, the effect of such 

stiffening on the MPC buckling is conservatively neglected.  

All required safety margins are met for the load cases considered.
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APPENDIX 3.1: STRUCTURAL QUALIFICATION OF MPC BASEPLATE 

3.1.1 SCOPE 

This appendix provides the structural qualification of the MPC baseplate for a bounding set of 

loadings. The results demonstrate that the baseplate thickness is adequately sized to insure 

satisfaction of stress intensity allowables.  

3.1.2 Methodology 

A stress analysis of the MPC baseplate and adjoining local regions of the MPC canister is carried 

out using a finite element model and the finite element code ANSYS [3.1.1]. The configuration 

is shown in Figure 3.1.1. Values extracted from the "raw" results of this finite element analysis 

are then used to form the final combined stresses.  

3.1.3 References 

[3.1.1] ANSYS 5.2, Ansys, Inc., 1995.  

3.1.4 Acceptance Criteria 

Loads are identified for Level A analyses and for Level D analyses. It is required that the 

following stress combinations be examined: 

1. Primary Membrane Stress Intensity plus Primary Bending Stress Intensity 

2. Primary Membrane Stress Intensity plus Primary Bending Stress Intensity plus Secondary 
Stress Intensity 

The following allowable stress intensity values are used to calculate the margin of safety resulting 

from each loading condition. The values are obtained from Tables 3.1.15 and 3.1.16 for Levels 
A and D, respectively.  

Level A 

Primary Membrane Allowable, Sm. = 18700 psi 
Primary Membrane and Bending Allowable, Sm.lb = 1.5 x Sm. = 28050 psi 
Primary Membrane and Bending and Secondary Allowable, Sm. =2 x Smb =S56100 psi 
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Level D 

Primary Membrane Allowable, Sd, = 2.4 S.m = 44,880 psi 

Primary Membrane and Bending Allowable, Sm.db = 2.4 x Sm~b = 67320 psi 

Primary Membrane and Bending Allowable (775F), Sm fire = 54,225 psi 

3.1.5 Assumptions 

1. The baseplate and the lower portion of the canister are modeled as plate and shell structures.  
The SHELL51 axisymmetric shell element is used.  

2. All loadings are assumed to be applied in an axisymmetric manner.  

3. Allowable strength values for Alloy X at 400 degrees F are used except for the fire evaluation.  

4. The canister is included in the model only to the extent necessary to adequately capture 
secondary bending stress intensities in the analysis.  

3.1.6 Input Load Data 

3.1.6.1 Level A Loads 

For the Level A condition, the following loadings must be accounted for: 

Accident Pressure =(PAcc) = 125 psi Table 2.2.1 

Design Internal Pressure (P) = 100 psi Table 2.2.1 

MPC Basket Weight (Wbwket) = 13,000 lb. Table 3.2.4 

MPC Baseplate Weight (Wbe) = 3,000 lb. Table 3.2.4 

Fuel Weight = 54,000 lb. Table 3.2.4 

The total bounding lifted load is determined by summing the weights of the fuel, the basket, and 
the baseplate. Note that this value anticipates the potential scenario where a fully loaded MPC 
is lifted from the threaded connections on top of the MPC lid.  
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3.1.6.2 Level D Load

The only identified Level D load condition that could lead to significant stress in the MPC 
baseplate is a 60-g top end drop of a RI-STAR 100. The drop loading on the baseplate is the 
weight of the baseplate multiplied by 60.  

Top End Drop Load (Ldp) = W• x 60 = 180,000 lb.  

3.1.7 Input Geometry 

The pertinent geometric input values are obtained from the Design Drawings in Section 1.5.  

Baseplate Thickness (tbe) = 2.5 in.  

Canister Thickness (tc.) = 0.5 in.  

Mean Radius to Canister Mid-Plane (R,,) = 1/2 x 68.375 - tm/2 = 33.9375 in.  

3.1.8 Analysis and Results 

An axisymmetric finite element analysis is performed for three load cases. From the results of 
these evaluations, the stresses from all loads listed above can be either evaluated or bounded. The 
first evaluated load case applies a 60-g gravitational load to the baseplate. This gravitational load 
is not applied to the canister. The second load case applies a 125 psi external pressure to both 
the baseplate and the canister. The final load case applies a 1,000 lb. ring load to the baseplate 
at a radius of 23 inches. This represents a "unit load" case which describes the basket-induced 
load on the baseplate. The results of these three finite element solutions are examined and are 
either amplified or attenuated to form (or bound) the required combinations.  

3.1.8.1 Load Case El (Design Internal Pressure) 

Based on the finite element analysis of the 125 psi external pressure load case, the stress intensity 
and corresponding margin of safety of the baseplate under the design internal pressure loading 
(P) can be determined. The maximum value of the combined membrane and bending stress 
intensities in the baseplate, obtained from the finite element analysis, is 26427 psi. The 
corresponding combined stress intensity for the design internal pressure case can be determined 
by multiplying the calculated value by the ratio of the pressures.  

60Emb= 2 6 4 2 7 x P+ 125 psi = 21141.6 psi 
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The corresponding margin of safety is:

MSEImb = (Smamb + OEImb) - 1 = 0.326 

The maximum value of the combined primary membrane, primary bending and secondary 
bending stress intensities in the canister, obtained from the finite element analysis, is 39948 psi.  
This maximum values occurs near the baseplate-to-canister connection. Using the same method 
of multiplying the stress intensity by the pressure ratio, the stress intensity and margin of safety 
for this canister under design internal pressure can be determined as: 

6E1S = 39948 x P - 125 psi = 31958.4 psi 

MSEls = (Smra 6ElS)" 1 = 0.755 

The primary membrane stress intensity in the canister under design internal pressure must be 
calculated if it is to be considered individually. This value is determined as: 

6Elm = (P x R..+ ta) + P = 6887.5 psi 

and the corresponding margin of safety is: 

MSE. = (Sm.m - 6Em.) 1 = 1.715 

It should be noted that the margin of safety for all three of these stress intensities is greater than 
zero, as required.  

3.1.8.2 Load Case E2 (Normal Handling) 

This load condition consists of the design internal pressure combined with an effective pressure 
due to the weight of the fuel and baseplate and a ring load due to the MPC basket. Once again, 
the results of the three finite element evaluations are combined, with the use of appropriate 
multipliers, to obtain the desired stress results.  

The load supported by the baseplate as a distributed load is the weight of the fuel plus the weight 
of the baseplate. If a dynamic load factor of 1.15 (based on the Crane Manufacturer's Association 
of America Standard (CMAA #70) for a low-speed lift) is applied to this value, it then increases 
to: 

Wdjy = (Wruei + Wb) x 1.15 = 65,550 lb.  
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The finite element solution for the first load case (60-g gravitational loading on a baseplate of 

weight of 2,662 lb.) gives a total support reaction load of 157394 lb. from the amplified 
gravitational load. An effective gravitational multiplier can be determined by calculating the ratio 
of Wdy to the support reaction load.  

gef=W, + 157394 lb. =0.416 (g~f allows finite element results to be ratioed for the 
case considered here) 

The maximum stress intensity produced by the 1,000 lb. ring load is 49.5 psi (this can be used 

with the proper multiplier to evaluate the case here). From the results of the finite-element 
analyses we again determine the stress intensity and resulting margin of safety in the baseplate 
using the attenuation method. The maximum combined baseplate membrane and bending stress 
intensity is determined from the finite-element analysis of the 60-g gravitational load as 9375 psi.  

The corresponding maximum stress intensity from the finite-element analysis of the external 
pressure case is 26552 psi. The maximum combined primary membrane and primary bending 
stress intensity and the resultant margin of safety of the baseplate, under the design internal 
pressure and dynamic lift weight, are determined as: 

1.15 Wbket 
6UEmb = 9375 psi x gef + 26,427 psi x P + 125 psi + 49.5 psi × = 25,781 psi 

1,000 lb.  

MSE2mb = (Smab + 6omb) - 1 = 0.088 

Similarly, the finite-element analysis results give the maximum stress intensities in the canister, 
for the combination of primary membrane and primary bending, for the 60-g load, the external 
pressure load and the ring load, as 12299 psi, 39948 psi, and 84 psi, respectively. Again using 
the appropriate attenuation factors, the maximum canister stress intensity and resultant margin 
of safety are: 

1.15 Wbaket -3,3 s 
6 ms = 12299 psi x g&fr+ 39948 x P - 125 psi + 84 psi x = 38,331 psi 

1,000 lb.  

MSEs = (Sm. . 6m) - 1 = 0.46 

3.1.8.3 Load Case E3 (drop events) 

The limiting Level D loading condition for the baseplate is a postulated end drop condition. In 
the storage mode the MPC baseplate will not experience loadings in a credible end drop because 
the MPC baseplate will be supported by the overpack baseplate. In the transport mode, however.  
a top end drop of the HI-STAR 100 System is a credible postulated accident. For this case, the 
baseplate must meet Level D structural design requirements under the amplified g loading acting 

HI-STAR FSAR Rev. 0 

REPORT HI-2012610 Appendix 3.1-5



on the baseplate weight together with the mandated surface pressure.

The two finite element solutions correspond to the 60-g drop loading and the accident design 
internal pressure of 125 psi, respectively. Therefore, no attenuation multipliers are used to form 
the desired stress intensity combinations.  

Using the results of the finite-element analyses, the combined stress intensity at the center of the 
baseplate from the applied g-loading and pressure is: 

6E3mb = 9375 psi + 26552 psi = 35927 psi 

and the resultant margin of safety is therefore: 

MSE3mb = (Smdb 6E3mb) - 1 = 0.874 

The combined stress intensity in the canister from the applied g-loading and pressure is: 

6 E3S = 12299 psi + 39948 psi = 52247 psi 

Note that the secondary stress intensity due to the discontinuity at the baseplate-to-canister joint 
has been included in this combination, even though such inclusion is not required for a Level D 
condition. Therefore, the margin of safety is conservatively computed at this location as: 

MSEs = (Smdb - 6E3S) - 1 = 0.288 

3.1.8.4 Load Case E5 (Fire Accident) 

During a fire the MIPC baseplate is assumed to be subjected to the fire pressure, dead load, and 
fire temperature. The stress results reported for normal handling can be used to find the stress by 
eliminating the 1.15 load factor.  

9,375 psi x gef. pac + Wbkt 6 E5 =+ 26,427 psi x + 49.5 psi x -ase 30,461 psi 
1.15 125 psi 1,000 lb.  

E5 = -1 = 0.78 
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3.1.9 Conclusion

Safety margins for all defined Design, limiting Level A and limiting Level D loading conditions 
have safety margins greater than zero, as required.
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APPENDIX 3.J

FUEL SUPPORT SPACER STRENGTH EVALUATIONS 

3.J. 1 Fuel Spacer Strength Analysis 

The upper and lower fuel spacers are illustrated in the design drawings with lengths specified in 
Tables 2.1.9 and 2.1.10. The following calculations are presented to show that the spacer designs 
are structurally adequate for their intended function under the design loadings. The spacers are 
not required to be designed in accordance with ASME Code, Section III, Subsection NG; 
however, the Subsection NG stress limits are conservatively applied.  

The fuel spacers must maintain the axial position of the fuel assembly during normal, off-normal, 
and accident loading conditions. The maximum fuel assembly weights are taken from Table 
2.1.6 as: 

PWR assembly 1680 lbs.  
BWR assembly 700 lbs.  

The fuel spacers are manufactured from Alloy X. The normal, off-normal, and accident design 
temperature is 725 'F. The normal and off-normal loading condition is simply the maximum 
weight of the fuel assembly multiplied by a deceleration factor of lOg's. The accident loading is 
the inertia loading corresponding to an axial fuel assembly deceleration of 60g's, which would 
accompany the design basis cask drop.  

The fuel spacers are shown to meet ASME Code Subsection NG stress limits for normal and off
normal loads. For the accident condition loading, it is necessary to show that: 

a. The maximum axial load induced in the spacer is less than the elastic buckling 
load.  

b. The axial stress in the smallest section under the maximum axial load in the spacer 
is less than the Subsection NG stress limit for accident loads.  

The above criteria, (a) and (b), shall be referred to as the "stability" and "strength" compliance, 
respectively.  
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3.J.2 Normal and Off-Normal Loading Condition

ASME Code Subsection NG, Article NG-3133.6 lists the maximum allowable compressive stress 
for cylinders as the lesser of the values for the stress intensity, S., at the design temperature or 
the factor B.  

The normal and off-normal loads are the following, where WpWR = 1680 lb., H (deceleration 
factor) = 10, and WBWR = 700 lb.

FpWR = WpwR H 

FPWR = 16,800 lb.

and FBwR = WBwR H 

FBwR = 7,000 lb.

The MPC fuel spacers are depicted in the Design Drawings of Section 1.5. The cross sectional 
area of the PWR and BWR fuel spacers are as follows: 

tAL = 62_5.52 = 5.75 in2 

ALbQ = 42-3.52 = 3.75 in2 

AL• = ALbu= 6 (1.752 - 1.452) = 3.016 in2 

Using the fuel spacer with the smallest area, the maximum axial load which a spacer can 
withstand without exceeding the NG Level A limit, listed in Table 2.1.18, for axial stress is

BWR or PWR: Fmax = ALpu Sm = (3.016 in 2) (15.4 ksi) = 46,446 lb.

Comparison of the load with the allowable follows: 

PWR BWR 

FpwR = 16,800 lb. FBWR = 7,000 lb.  

Fn= = 46,446 lb. Fma = 46,446 lb.  

FpwR < Fn= FWR < Fm.

Subscripts p and b refer to PWR and BWR cases, respectively. Second subscript u or 9 
indicates upper and lower fuel spacer, respectively.
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Therefore, the normal and off-normal loads do not exceed the values for Sm at design 
temperatures.  

The factor B is determined in accordance with Article NG-3133.6, as follows.  

An equivalent thin walled cylinder is determined for the lower fuel spacer by using equivalent 
moments ofinertia.: So equals the outer side length and Si equals the inner side length of the lower 
fuel spacer square tube.  

IP= (S' - S1
4)/12 = (64 - 5.54)/12 

/I =31.74 in4 

I= (S4 - S4) /12 = (44 - 3.54)/12 

I= 8.83 in 4 

Equivalent Thin Walled Cylinder 

Equiv. Ip - 6 (R 4 R4) = 31.74 in 4 

4 

Equv. he (R4 -R,4) --8..83 in 4 

Assume t = 0.25, the thickness of the square tube in the lower fuel spacer, yields 

Ro = Ri + 0.25 in.  

Equiv. Rp, = Ro = 3.55 in.  

Equiv. RbI = R0 = 2.365 in.
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RPU = Rbu = 1.75 in.  

t= 0.3 in.  

Article NG-3133.6 states the following, where T = the thickness and R = the inner radius (R,).  

A] 0.125 
(RI) 

Using the inner radius for the equivalent thin walled cylinder and the inner radius of the upper 
fuel spacer, yields

A1I, = 0.0095 
AIe = 0.0148

Alpu = Abu = 0.0259

Using the value A with Figures HA-1 and HA-2 on page 628 of Part D, ASMIE Section II, the 
value B is determined to be the following (the lower value from the two figures is utilized):

B1, = 8,000 
Bbe = 8, 100

Bpu = Bbu = 8,500

The area as calculated earlier is: 

ALpe = 5.75 in' 
ALb = 3.75 in' 
ALpu = ALu = 3.016 in2 

The compressive stress is the following: 

Se = Fpww/AL1, = 16,800/5.75 = 2,922 psi 
Sbe = FBwR/ALbQ = 7,000/3.75 = 1,867 psi 
Sp, = FpwR/AL, = 16,800/3.016 = 5,570 psi 

Sbu = FBwR/ALw = 7,000/3.016 = 2,321 psi 

The maximum compressive stress of the fuel spacers, Spu, is less than the minimum B value, BP.  
Therefore, the fuel spacers meet the B value allowables of Article NG-3133.6 for the normal and 
off-normal conditions.
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Accident Loading Condition

Table 3.3.1 provides the following properties for the Alloy X material, required for our 
computations.  

Young's Modulus, E @ 725°F = 24.625 x 106 psi 
Ultimate Strength, Su @ 725 -F = 62,350 psi 

Other properties, namely net minimum cross sectional area and moment of inertia, are calculated 
as follows: 

ALP, = 5.75 in2, as calculated earlier 

Moment of Inertia, Ip = 1 (h 4 h 4 

where h, and hi are outside and inside side dimensions of the square tubes.  

or =1 (64 - 5.54) 
"12 

or I 1 (1296 - 915.1) 
12 

or Ip, = 31.8 in4 

The corresponding data for the BWR lower fuel spacer is 4 inch square tube, 1/4 in. wall, I = 

8.8 in4, ALw = 3.75 in2 

The upper spacer for both PWRs and BWRs is 3 inch Sch. 80 pipe (3.5 inch O.D. x 0.3 inch 
wall): 

ALPU = ALbu= 3.016 in2 

Moment of inertia, Ipu = Ib= 3.9 in4 

Strength Compliance 

The minimum area, Ain, for the spacers is 3.016 in2 for the PWR and BWR upper fuel spacer.  
The maximum axial load which a spacer of this net area can withstand without exceeding the NG 
Level D limit for axial stress is 
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BWR or PWR: F. = (3.016 in2) (36,950 psi) 
Fmx = 111,441 lb.

Let W.,x be the maximum fuel assembly weight, then at 60 g's 

60

BWR or PWR: Wmrx = 111,441/60 = 1,857

As can be seen from Table 2.1.6, all fuel assemblies weigh less than the Wmax.  

Stability Compliance 

The critical buckling load for the spacers is computed using the classical Euler formula for 
slender columns (see, for example, Seely F.B. and Smith J.D., "Advanced Mechanics of 
Materials", Wiley (1965), p. 587).  

62 E I F r-

where

E: 
I:

Young's Modulus of the spacer material at temperature (725 'F) 
Planar moment of inertia

Referring to Tables 2.1.9 and 2.1.10, the maximum upper fuel spacer length is 40.5 inches.  
Therefore, using the longest spacer length to obtain the lowest critical load, we have 

F - (62) (24.625 x 106) (3.9) 
40.52 

or

F = 5.77 x 10' lb.  cr

Allowable fuel weight Wma, is again given by (for 60g axial inertial deceleration)
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Wmax 
F ."r 

or 

W,= = 9,616 lb.  

This weight bounds all PWR and BWR assemblies, even allowing for a factor of safety of 1.5.  

Referring to Table 2.1.9, the maximum length of the lower spacer for PWR fuel is 20.25" (Q = 

20.25").  

The critical load is given by 

62 E Ip- (62) (24.625 x 106) (31.8) 
cr ý2 20.252 

= 1.88 x 107 

The maximum allowable fuel assembly weight for 60g deceleration is, therefore, 

Wmx = 1.88 x 107/60 

- 313,333 lb.  

Wn= bounds all PWR fuel assemblies, even allowing for a large safety margin.  

Finally, the critical load for lower fuel spacer is computed using the Euler formula, Q 40.5" 
(maximum length from Table 2.1.10) 

- (62) (24.625 x 106) (8.8) 
40.52 

= 1.30 x 106 lb.  

Therefore 

1.30 x 106 
Wm - 60 - 21,667 lb.  
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Wma bounds all BWR fuel assembly weights.

Therefore, it is concluded that the upper and lower fuel spacers have sufficient axial strength to 
withstand the axial inertia loads without suffering plastic collapse or elastic instability.
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3.J.4 Analysis of Upper Spacer End Plate for PWR Spacers 

Some PWR fuel types are not supportable by the current upper spacer design having a 
simple pipe extension. To insure that all PWR fuel types are captured, an end plate having 
sufficient diameter is welded to the end of the pipe to extend the contact area. This section 
of the appendix addresses the -stress analysis of the end plate to insure that it performs as 
desired under a handling accident that results in a direct impact of the fuel assembly onto 
the end plate. The configuration is shown below: 

Pipe 

Dt 

End Plate 

I I 

Ip I 
S~Dp 

The dimensions are:(note that outer adius is taken equal to inside radius of limiting fuel 
assembly contact circle 

Hp:= 0.75-in Dp := 4.1 -in Dt:= 3.5-in Dh:= 1-in 

Under the postulated handling accident, the total applied load is (design basis deceleration of 
60 g's): 

P:= 60.1680.1bf P = 1.008 x 105 Ibf 

This load may be applied as a line load around the outer periphery 

P = 1 3 Ilbf 

qo := qo =7.826x 10 
n.Dp in 

or it may be applied as a line load at a diameter of 1.8" (from a survey of fuel assembly types) 

P 4 b 
qi:= qj = 1.783 x 10 

it- .I -in in



In either case, the shear load at the pipe connection is approximately

P
qp = 9.167 x 1 lbf 

in

At the design temperature, the ultimate strength is, (conservatively neglect any increase in 
ultimate strength due to strain rate effects 

Su:= 62350.psi 

The spacer pipe has been designed to NG, Level D requirements for axial strength and to the 
appropriate ASME Code requirements for gross stability. The function of the end plate is to 
insure that the fuel assembly impacts the spacer; the only requirement is that under an accident 
condition, no permanent deformation of this end plate occurs to the extent that the positioning 
limits of the fuel assembly is compromised. This is insured if we demonstrate that the ultimate 
shear capacity of the added end plate and the ultimate moment capacity of the end plate is not 
exceeded during the impact. Satisfaction of these stress limits will insure that no large axial 
movement of the assembly can occur because of the impact.  

The ultimate shear capacity of the section is taken as 0.577Su, and the ultimate moment 
capacity is calculated assuming perfectly plastic behavior at the ultimate stress. Therefore, at 
any section of the plate the shear capacity is:

qcap .= .577"Su.Hp qcap = 2.698 x 10 bf 
in

Comparison of this limit with the peripheral shear loads computed previously demonstrates that 
the end plate will not experience a gross shear failure at any section. The minimum safety factor 
"SF" is 

qcap - 1.514 
qj 

The ultimate moment capacity is (assume rectangular distribution throuh the thickness):

MU:= SUHp2 

4

Mu = 8.768 x 10 inbf 

in

The weight of the added end plate is: 

Weight := 0.29. Ibf. --. Hp.(Dp2 - Dh2 ) 
.34 In

Weight = 2.701 Ibf

The following calculations are performed to establish the maximum bending moment in the end 
plate based on the two extreme locations of impact load. The electronic version of Roark's 
Handbook (6th Edition) that is a Mathcad add-on, is used for this computation. Mathcad 2000 is 
used for this section of Appendix 3.J.  
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Table 24 Formulas for shear, moment and deflection of flat 
circular plates of constant thickness 

-Cases 1 a -I d Annular Plate With 
Uniform Annular Line Load w at Radius 
ro; Outer Edge Simply Supported 

This file corresponds to Cases la - Id in Roark's Formulas 
for Stress and Strain.  

Annular plate with a uniform annular line load w at a 
radius r.



Outer edge simply supported, inner edge free

I 

Outer edge simply supported, inner edge guided 

Outer edge simply supported, inner edge simply supported 

Outer edge simply supported, inner edge fixed 

CASE IA applies to the impact load at the outer periphery. The pipe diameter is the applied 
load location



Enter dimensions, 
properties and 
loading

Plate dimensions:

thickness: 

outer radius: 

inner radius:

Applied unit load: 

Modulus of elasticity: 

Poisson's ratio: 

Radial location of applied load:

lbf 
w a 9167- -

in 

E- 24.625.106.-bf 
.2 
in 

v 0.3 

r, - .5.3.5-in

Shear modulus:
E 

G 2 2.(1 + V)

D is a plate constant used in determining boundary values; it 
is also used in the general equations for deflection, slope, 
moment and shear. Ksb and Kso are tangential shear 
constants used in determining the deflection due to shear:

E.t3 

D 
12.(I - A2) 

Ksro a-m1.2.]fl( 2a 
a l ro)

D = 9.513 x 10 lbf. in 

'j-,b=-K

t a 0.75.in 

a a 2.05.in 

b - 0.5.in

Constants
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General formulas and graphs 
for deflection, slope, moment, 
shear and stress as a function 
of r 

Define r, the range of the radius and i, the vector index:

r=- b, 1 1.-b.. a i=0..3

2 3 3 rrr 
y(r,i) := yb + Ob r.FI(r) + Mb -. F2(r) + Qb -F 3 (r) - W.-.G 3 (r) 

y i) =iD YbD D

0 

y(r, 0) 
in -0.0015 

y(r, 1) 

in 
- 0.003 

y(r, 2) 
in 

y(r, 3L 0) 5 
in 

---

-0.0060
0.5 0.89 1.27 1.66 

r

2.05

- Inner edge free: i = 0 
------- Inner edge guided: i = I 
Se Inner edge simply supported: i = 2 
-- Inner edge fixed: i = 3

Deflection



2 2 

O(r,i):= Ob.F 4(r) + MI.D-F5 (r) + Qb-'F 6 (r) - W-.oG 6 (r) 
Si D i D D

0.2

0.1

0

0.5 0.72 0.94 1.16 1.39 1.61 1.83 2.05 

r 
in 

Inner edge free: i = 0 
------- Inner edge guided: i = I 
SInner edge simply supported: i = 2 
-*-*- Inner edge fixed: i = 3

Slope

e(r, 0) 
deg 

e(r, 1) 
deg 

e(r, 2) 

deg 

9(r, 3) 
deg

I I I I I I



Radial moment Mr(r,i) := Ob D-F7(r) + M,-Fs(r) + Qbi-r-F9(r) - w.r.G9 (r) 
i r

Mr#, O) 

Mr(r, 1) 
(Lbf. in!) 
, in ) 

0 
Mr(r, 2) 

[lbf-in)• 
ýin) 

K(r, 3) 

2000

-4000 '
0.5 0.89 1.27 1.66 2.05 

r 
7n

- Inner edge free: i = 0 
--Inner edge guided: i = 1 

XXX Inner edge simply supported: i = 2 
"Inner edge fixed: i = 3



The following values are listed in order of inner edge:

"• free (i = O) 

"* guided (i = 1) 

- simply supported (i = 2) 

* fixed (i = 3) 

Moment at points b and a (inner and outer radius): 

1 0 3r(0 
Mrb _ 3.595x 10 M, _[ I 

(lbf.in I 0 I (lbf-in ,0 

in -I_2.798Ox 103 in ) to) 

Maximum radial moment (magnitude): 

Mr 0 :=Mr(ri) A., max(Mr ) Bmr min(Mr (i)) 
(r-b)..- -= , i 

In 

Mrmax (Am, > -B _i )'A _ý + (A _ i -< -Bmri)•Bmri 

2.355 x '1 
Mrmx t 3.595 x 103 • =1 3I 

(lbf.in' 2.115x 103 I 

t in )It-2.798x 10o



Transverse 
moment

O(r,i).D.(1 - 2) 
Mt(r,i) := + v.Mr(r,i) 

r

Mt(r. 0) 

(in 

Mt(r. 1) 

(lin' 

Mt(r. 2) 

(ibfLn) tIbfin• 

Mt(r, 3) 

(~in~

-2000' 
0.5 0.89 1.27 1.66

r 

in 
Inner edge free: i = 0 
Inner edge guided: i = 1 

Se Inner edge simply supported: i = 2 
- Inner edge fixed: i = 3

2.05



The following values are listed in order of inner edge: 

"• free (i = 0) 

"* guided (I = 1) 

- simply supported (i=2) 

• fixed (I = 3) 

Transverse moment at points b and a (inner and outer 
radius) due to bending:

Mt(b,i) 

(lbf.in '• 

in ) 
5.128.103 

1.078.103 

-1.661-103 

-839.2651

Mt(a, i) 

['lbf- in " 

in) 
1.828-103 

1.373-103 

452.798 

334.706

Maximum tangential moment (magnitude):

Amt := max(Mt 0 )Mt 10o0. := Mt(ri) 
(r-b)..---, i 

in

Mtmax :(Amt > -Bmt)-Amt + (Amt !5 -Bmt)Bmt

5.128 x 103 

2.234x 103 =I I 
I -1.661 x 103 I 

-884.013 )

M, SF.
5128-lbf
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Mtm= 

Ibf. in 
in

SF = 1.71

Brat := min(Mt ()



The remainder of the document displays the general plate 
functions and constants used in the equations above.

CI +v ) +n(aI 
2 a ,b) 4 ý,b a) 

4 L t") b ))jJ-

4.a lit. a
+ ' ).ln 'a)+( j týb) ýa)

C7 I( 1 - v2).(1 _ _
2 ýb a) 

C8 ITI+ v + (I - )-ý2 
2L , aJ 

aL 2 tb) . 4 )L
,1 J

C4 2= I.[(I + V). b + v)'bj L3 =- . (4-a LLKa ) J ,ro) 'Ka

- 1 + 2-In a 

'K roJ

- 1 + 2 ,In 

'Kbj

r_ FI•. + v 

a L 2 K, ro)
I -V11 -( raJ11J 

4 L 'Ka) jj
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Boundary values due to bending: 

At the inner edge of the plate: 

Iin 

Iin 
Qb 4C1-L9 - C7.L3 

W4 C2.L9 - C'31 
L ý 2C - CYC 8 )j

YbI

-w~a 3 ( C I.L9 

Do C7 

-w-a 3 . C2 .L9 

D y CS 

o .in 

O .in

F. Ibf in 
0-.

In

w* a.  
C8 

MrbI lbf-in 
I 0.

I wa(C3 L9 - 93 

L CTC 29 - CC

ID 

L

L3'

2 w, a 
D-C7 

O-cdeg 

CY L9 - CTL3 .  

dCI- 9 - CYC 7 ) 

O-cdeg

1



At the outer edge of the plate:

j0-in1 

Ya 1 0 -i 

I0-in)

w*a2 C4 -L9 

D 7 )
w-a C5.L9 ' 
D C8

2 2 a w-a 
()b C4 + Qb - C 6 .- , 

2 2 D D 
2 2 

Mrb . aC, + Qb . C - a-L 
3 D 3 D D

Qa I

1 

I

r0 

a 

r0 

a 

b w* F.  

2 a a 

Qb w _ F 
3 a a

(0- fin~ 

bfin 

M, lbf in 

I in 
I lbf. in 

10.  
in))

Due to tangential shear stresses:

(Ksb.w.a~ 

It*G 
Ks w. a 

t-G 
I Oin 

O-in

(K~.wr.r 

t-G 
IKsrowI Io 

V*G 
I 0-in I 

0.in )

Oa-
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FI(r) -+ v.rL 
2 r t b) 4 tb r) 

S I _ r . + 2.1n(-r A 

2L r bJ

4"rLt.r) -1 + 2--L 1 
t b)]

-- h - V2).(-L _ b 2 b r) 

F 2(r) a T 1 + V + r - )

Fn(r) =- 1[ 1 + VAn rb 
r L 2 tb)

175(r)=!' rŽY1 
2L ~r) j

rI(r, Y , ro 
G3(r) - - .-I2i - + = . + 4-r LLt. r) ýr 1\) - ll.(r> ro)

ro F( ro I + 2.,In(-- r >.r, , G 6(r) =-= -1' 4 -r r r o) 

,of + 2 +,ro_ 4 I _ _r)J > Q 

r L 2 t, ro. 4 L r )r j /

The actual safety factor against a complete collapse of the ring like plate is much larger since 

unlimited large rotations will only occur when a substantial region of the plate has the 

circumferential moment reach capacity (this can be shown by a limit analysis solution of the 

plate equations).  

The second impact scenario has the loading applied over a region inside the outer diameter of 

the pipe. To qualify this load case, we consider the plate as simply supported at the pipe 

diameter and conservatively neglect the overhanging portion of the pipe. Further, we assume 

the loading is conservatively applied as a uniform pressure over an area equal to the minimum 

impact diameter of 1.8". For simplicity, we neglect the inner hole in this calculation. Therefore, 

the limit analysis model for the second impact scenario is shown below:

_ ¢_t:ll , r)1jj1+ I -V.11 
4 L



R 

Calculate effective load area at middle surface assuming a 45 degree spread of load patch 

Hp= 0.75 in R 0.5.[(3.5 - 2.0.226).in] P = 1.008 x I15 lbf 

c := 0.5.(1.8- in + Hp) Use inside radius o f pipe for this caic. M .6 03lfi 

in 

Using a solution in the text "Introduction to Plasticity"by W. Prager, Addison Wesley, 1959, p. 61, 
the limit load is 

Hp~ ~ ~ ~~~~( - 2.7 cnR: .. (. .. 2)i] P=108×15b 

R) 

Therefore, the safety factor for this case is 

~lin 

-Plim = 1.236 
P 

Therefore it is concluded that an end plate of diameter and thickness equal to 

Dp = 4.1 in Hp = 0.75 in 

will perform the intended load transfer and limit the movement of the fuel assembly.
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App 3K.mcd

APPENDIX 3.K - LIFTING BOLTS - MPC LID and OVERPACK TOP CLOSURE 

3.K.1 Scope of Appendix 

In this Appendix, the bolts on the MPC top lid that are used for lifting a fully loaded MPC 
are analyzed for strength and engagement length. The required number of bolts are set at a 
specific radius of the MPC lid. Only the bolts are considered; the mating lifting device is 
not a part of this submittal. Bolt sizes required for lifting of the overpack top closure alone 
(during the fuel loading operation) are also determined.  

3.K.2 Configuration 

The required data for analysis is 1) the number of bolts NB; 2) the bolt diameter db; 3) the 
lifted weight; and 4), the details of the individual bolts.  

3.K.3 Acceptance Criteria 

The lifting bolts are considered as part of a special lifting device; therefore, NUREG-0612 
applies. The acceptance criteria is that the bolts and the adjacent lid threads must have 
stresses less than 1/6 x material yield strength and 1/10 x material ultimate strength.  

3.K.4 Composition of Appendix 

This appendix is created using the Mathcad (version 6.0+) software package. Mathcad uses 
the symbol ':=' as an assignment operator, and the equals symbol '=' retrieves values for 
constants or variables.  

3.K.5 References 

[3.K. 1] E. Oberg and F.D. Jones, Machinery's Handbook, Fifteenth Edition, Industrial 
Press, 1957, pp9 8 7 -9 9 0 .  

[3.K.2] FED-STD-H28/2A, Federal Standard Screw-Thread Standards for Federal 
Services, United States Government Printing Office, April, 1984.  

3.K.6 Input Data for Lifting of a Fully Loaded MPC 

Lifted Weight: (use a value that bounds all MPC's per Table 3.2.4 - this is the only load) 

Wiift := 1.15.90000. lbf includes any anticipated inertia load factor 

Bolt diameter db := 1.75. in 

HI-STAR FSAR 3.K-1 Revision 0 
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Number of Bolts NB:= 4

It is anticipated that the eventual lifting device will enable a straight (90 deg) lift. For 
conservatism the minimum lift angle (from the horizontal) is assumed to be 75 deg.  

ang:= 75.deg 

Therefore, the load inducing direct shear in the unthreaded bolt region is:

Wlift Thb: tan(ang) 

db2 

Ad:= r.- = 2.405 in 2 

4 

Astress 1.8983.in2 

dpitch 1.6201.in 

dmext 1.5046.in 

dmnint:= 1.5335.in

Th = 2.773x 104 1bf 

is the area of the unthreaded portion of the bolt 

is the stress area of the bolt 

is the pitch diameter of the bolt 

is the minor diameter of the bolt 

is the minor diameter of the hole

The design temperature of the MPC closure ring, located atop the MPC lid, is 400 deg. F.  
The lifting bolts, however, penetrate several inches into the lid. Therefore, for 
conservatism, the material properties and allowable stresses for the MPC lid and bolt 
materials used in the qualification are taken at 450 deg F.  

The yield and ultimate strengths of the MPC lid and bolt materials are reduced by factors 
of 6 and 10, respectively.

64000 
Sulid .psi 10 

20050 
Sylid.- -PSI 6

169650 
Subolt 16950 psi 10 

137550 
Sybolt 6 .PSI

Smboit:= 46100.psi

Since this is an analysis using allowable strengths based on fractions of yield or ultimate 
strengths, the allowable strength in shear is taken as 57.7% of the postulated tensile 
allowable strengths.

3.K-2HI-STAR FSAR 
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3.K.7 Calculations 

3.K.7.1 Length of Engagement/Strength Calculations 

In this section, it is shown that the length of thread engagement is adequate The method 
and terminology of Reference 3.K.2 is followed.  

1 
N := 5--- is the number of threads per inch (UNC) 

in 
1 

p - is the thread pitch 
N 

H := 4.0.21651-p H = 0.173in 

17 
Depthext := H Depthext = 0.123 in 

24 

5 
Depthint -. H Depthint = 0.108 in 

8 

dmajext := dmext + 2. Depthext dmajext 1.75 in 

Leng := 3.0- in is the length of engagement 

Using page 103 of reference 3.K.2, 

.N 1 + .57735.(dpitch- dmint) 

Bolt thrd shrA = 10.84in2 

Ext-thrd-shr-A:= xN.Leng-dmajext.F 1 + 0.57735-(dmajext - dpitch) -L2.NJ 

Ext thrd-shrA = 14.43in2 

HI-STAR FSAR 3.K-3 Revision 0 
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The load capacities of the bolt and the lid material based on yield strength are: 

LoadCapacitybolt := Sybolr Astress LoadCapacitybolt = 4.352 x 104 lbf 

LoadCapacityboltshear := .577. Sybolt. Ad 

LoadCapacityboltshear = 3.182 x 104 lbf 

LoadCapacityboltthrd := (0.577-Sybolt).Boltthrd shrA 

LoadCapacityboitthrd = 1.434 x 105 lbf 

LoadCapacitylid := (0.577. Sylid). Extjthrd_shr_A 

LoadCapacitylid = 2.782 x 104 lbf 

Therefore, the lifting capacity of the configuration is based on thread shear in the lid 
material.  

MaxLiftLoad := NB.LoadCapacitylid MaxLiftLoad = 1.113 x 105 lbf 

Max Lift Load 
MS:= - - - -1 MS= 0.075 

Wlift > 0 

The load capacities of the bolt and the lid material based on ultimate strength are: 

LoadCapacitybolt := Subolt Astress LoadCapacitybolt = 3.22 x 104 Ibf 

LoadCapacityboltthrd := (0.577- Subolt)-Bolt_thrd shrA 

LoadCapacityboitthrd = 1.061 x 105 lbf 

LoadCapacityboltshear := .577. Subolt'Ad 

LoadCapacitYboltshear = 2.354 x 104 lbf 

LoadCapaCitylid := (0.577. Sulid).Ext thrd shrA 

LoadCapacitylid = 5.329 x 104 lbf 
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Therefore, the load capacity is based on bolt tensile strength or bolt shear due to the lift 

angle.

Max LiftLoad:= NB.Load Capacitybolt Max LiftLoad = 1.288 x 105 lbf

MaxLift-_Loadboltshear := NB. LoadCapacityboltshear 

MaxLiftLoadboltshear = 9.418 x 104 lbf

Max Lift Load MS:= - - - 1 
W~ift 

or 

MaxLiftLoadboltshear 
MS:= -- 1 Th

MS 0.245

MS = 2.396

The previous calculations indicate that external thread shear stresses govem the design when 

yield strength is used as the criteria and-bolt tension governs the design when ultimate 

strength is used as the criteria.  

3.K.7.2 Preload Stress

Wlift 
Boltp1 .- N Boltpi = 25875 Ibf

The minimum preload stress required is:

Boltp! 

Astress
a = 13630.6psi

If preload of the bolt is specified, using an unlubricated joint, the preload torque is:

Tpre r .2'w i 'db ~NB) 

HI-STAR FSAR 
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3.K.8 Input Data for Lifting of an Overpack Top Closure Alone 

diameter lid:= 77.375.in

thickness-of lid:= 6-in Bill of Materials 
BM-1476 

ang:= 45-deg Minimum Lift Angle from Horizontal 

inertia-loadfactor := 0.15 appropriate for slow speed operation of lifting equipment

Weight:= 8000. lbf Table 3.2.4 

Wlift Weight. (1.0 + inertialoadfactor) 

Wlit= 9.2 x 103 lbf includes any 

Th:= WfTh =9.2x 103 

tan(ang) 

Bolt diameter db := .625. in 

Number of Bolts NB 4 

db2 

Ad := nt. - = 0.307 in2  is the area ofti 
4

Astress .2256- in2 

dpitch:= .5660.in 

dmext .5135.in 

dmint:= .5266.in

HI-STAR FSAR 
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inticipated inertia load factor 

lbf

te unthreaded portion of the bolt

is the stress area of the bolt 

is the pitch diameter of the bolt 

is the major diameter of the bolt 

is the minor diameter of the threaded hole
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3.K.9 Calculations 

3.K.9.1 Length of Engagement/Strength Calculations 

In this section, it is shown that the length of thread engagement is adequate The method 
and terminology of reference 3.K.2 is followed.

1 
N := l - -

in 

1 
p 

N 

H 4- 0.2 16 5 1.p 

Depthext :17.H 24 

5 
Depthint := H 8

is the number of threads per inch 

is the thread pitch 

H = 0.079in 

Depthext = 0.056 in 

Depthint = 0.049 in

dmajext := dmext + 2. Depthext dmajext = 0.625 in 

Leng := 1.00- in is the length of engagement 

Using page 103 of reference 3.K.2, 

Bolt thrdshrA := aN.Leng dminr - + .57735-(dpitch - dmint) 1 -L IN 

Bolt thrd shrA= 1.241 in2 

Ext_thrd_shrA :-N-Leng-dmajextrF -I + 0.57735-(dmajext - dpitch) 

Ext-thrd-shrA = 1.718in2 
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The load capacities of the bolt and the lid material based on yield strength are: 

LoadCapacitybolt := Sybolr Astress LoadCapacitybolt = 5.172x 

LoadCapacityb 0Itshear:= .577. SybolrtAd

103 lbf

LoadCapacityboltshear := .577. Subolt Ad

LoadCapacityboitshear = 3.003 x 103 lbf

LoadCapacityboitthrd := (0.577. Subolt). Boltthrdshr_A 

LoadCapacityboltthrd = 1.215 x 104 lbf

3.K-8HI-STAR FSAR 
Report HI-2012610
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LoadCapacityboltshear = 4.058 x 10 3 lbf 

LoadCapacityboltthrd := (0.577.Sybolt).Boltthrdshr_A 

LoadCapacityboltthrd = 1.642 x 104 lbf 

LoadCapacitylid := (0.577.Sylid).Extjthrd shrA 

LoadCapacitylid= 3.313x 103 lbf 

Therefore, the lifting capacity of the configuration is based on thread shear in the lid.  

MaxLiftLoad:= NB.LoadCapacitylid MaxLiftLoad = 1.325 x 10 4 lbf 

MaxLiftLoadboltshear := NB-LoadCapacityboltshear 

MaxLiftLoadboltshear = 1.623 x 104 lbf 

Max Lift Load 
MS :=- - - 1 MS = 0.44 > 0 

Wjift 

The load capacities of the bolt and the lid material based on ultimate strength are: 

LoadCapacitybolt := SuboltrAstress 

LoadCapacitybolt = 3.827 x 103 lbf
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LoadCapacitylid:= (0.577-Sulid)-Ext thrd shrA 

Load Capacityiid = 6.344 x 103 lbf 

Therefore, the load capacity is based on bolt tensile strength or bolt shear strength due to 
inclined lift cable.

Max Lift Load := NB. LoadCapacitybolt Max Lift Load = 1.531x 104 1bf

MaxLiftLoadboltshear := NB. LoadCapacityboltshear 

Max Lift.Loadboltshear = 1.201 x 104 lbf

Max Lift Load MS:= -- -1 
Wlift 

or 

Max LiftLoadboltshear 
MS:= - - -1 Th

MS = 0.664

MS = 0.306

3.K.9.2 Preload Stress

Wlift 
Boltpl .- N 

NB
Boltpl = 23001bf

The minimum preload stress required is:

Boltpl 

Astress
a = 10195psi

If preload of the bolt is specified, using an unlubricated joint, the minimum preload torque is:

Tpre .2"(wrif.'db ~NB) 

HI-STAR FSAR 
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3.K. 10 Conclusion 

The preceding analysis demonstrates that the length of thread engagement at the lifting 
locations is conservatively set. In addition, the minimum bolt preload requirements based 
on the lifted load are set. When lifting of a loaded MPC is not part of the operating 
procedure, plugs of a non-galling material with properties equal to or better than Alloy X 
shall be in-place to provide a filler material.

HI-STAR FSAR 
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APPENDIX 3.L: FABRICATION STRESSES

3.L.1 INTRODUCTION 

The rH-STAR 100 System overpack intermediate shells are constructed by layering circular shell 

sections around the inner confinement shell. The shell longitudinal welding process pulls each 

shell together and establishes a radial contact pressure between each layer and circumferential 

stresses in each layer. Girth welds at each end of the intermediate shells (top and bottom) further 

connect the layers to each other and to the top flange and to the bottom plate. In accordance with 

NRC requirements, fabrication stresses arising in the intermediate shells must be included in load 

combinations when performing structural evaluation of the overpack. This appendix documents 

the stress analysis. The results from this evaluation are included as added stresses in the overpack 

finite element analysis and the results of the overpack stress analysis includes the fabrication 
stresses in the final safety margins.  

3.L.2 Methodology 

A two-dimensional finite element analysis of the inner confinement shell and the five 

intermediate shells is performed to establish the level .of fabrication circumferential stress 

developing during the assembly process. Figure 3.L. 1 shows a 180 degree section through the 

overpack consisting of six layers of metal. The ANSYS finite element code is used to model the 

fabrication process; each layer is modeled using PLANE42 four node quadrilateral elements.  

Contact (or lack of contact) is modeled by CONTAC48 point-to-surface elements. Symmetry 
boundary conditions apply at 900, and radial movement of the inner nodepoint of the confinement 

layer is restrained. At -90', the inner confinement layer is restrained while the remaining layers 

are subject to a prescribed circumferential displacement d to stretch the layer and to simulate the 

shrinkage caused by the weld process. Although the actual fabrication process locates the 

longitudinal weld in each layer at different circumferential orientation, in the analytical 
simulations all layer welds are located together. This is acceptable for analysis since the stress of 

interest is the primary membrane component. Figure 3.L.2 shows a partial free body of a small 
section of one of the layers. Normal pressures p develop between each layer due to the welding 

process; shear stresses due to friction between the layers also develop since there is relative 

circumferential movement between the layers. The free body also shows the section forces and 
moment that develop within the layer.  

3.L.3 Analysis and Results 

The fabrication stress distribution is a function of the coefficient-of-friction between the layers.  

For a large enough coefficient-of-friction the effects of the assembly process are localized near 

HI-STAR FSAR Rev. 0 
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the weld. Localized stresses are not considered as primary stresses. For a coefficient-of-friction 
= 0.0, the membrane hoop stress in the component shells is non-local in nature. Therefore, the 
fabrication stress computation conservatively considers only the case coefficient of friction (COF) 
= 0.0 since this will develop the largest in-plane primary membrane stress in each layer. The 
simulation is nonlinear in that each of the contact elements is checked for closure during 
increments of applied loading (the weld displacement).  

Results for maximum primary membrane stress Sm in each layer are presented in Table 3.L. 1 for 
circumferential locations -90 *, -80 °, 00, 900. There is no significant variation through the layer 
thickness except near the actual weld location. For the purposes of load combination with other 
mandated load cases, the maximum circumferential stress at the middle surface in each layer is 
designated as the fabrication membrane stress level for the layer and is used in the load 
combination process in the overpack finite element post-processor. The fabrication stresses 
generated here are also included in the appropriate Code Case N-284 evaluations since a 
compressive stress state is developed. The notations "inner, outer, and middle" used in the tables 
refer to inner surface, outer surface, and mid-plane stress locations for the respective layers.  

3.L.4 Conclusions 

The finite element solution has identified appropriate circumferential stresses in the various shells 
of the overpack due to the fabrication process. These stresses are required to be added to the 
stress components obtained from the finite element analysis of other load cases, and the safety 
margins on stress intensity reported includ6 the fabrication stress effect.  

Where appropriate, the fabrication stresses reported herein need to be included in the Code Case 
N-284 evaluations of the overpack confinement shell.  
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Table 3.L. 1

FABRICATION STRESS Sm (psi) IN THE 

OVERPACK CONFINEMENT AND INTERMEDIATE SHELLS 
(COF = 0.0)

HI-STAR FSAR 
REPORT HI-2012610

Location Confinement Intermediate Shells 
(degrees) Shell 

1 2 3 4 Outer 

-90 Inner -16266 11219 9369 8539 7787 6189 

Outer -4569 172 -351 -165.0 -115 294 

Middle -10418 5695 4509 4187 3836 3241 

-80 Inner -14256 8218 7300 6776 6068 5048 

Outer -6756 3895 1606 1496 1506 1358 

Middle -10506 6057 4453 4136 3787 3203 

0 Inner -8716 3063 4571 3932 4229 2583 

Outer -11185 6133 4678 3858 3823 4295 

Middle -9951 4598 4625 3895 4026 3439 

90 Inner -11399 1597 5371 4693 4694 4637 

Outer -7416 5171 4295 3489 2445 2738 

Middle -9408 3384 4833 4091 3570 3687
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APPENDIX 3.M: MISCELLANEOUS CALCULATIONS

3.M. 1 CALCULATION FOR THE FILLET WELDS IN THE FUEL BASKET 

The fillet welds in the fuel basket honeycomb are made by an autogenous operation that has shown 
to produce highly consistent and porosity free weld lines. However, Subsection NG of the ASME 
Code permits only 40% quality credit on double fillet welds that can be only visually examined.  

Subsection NG, however, fails to provide specific stress limit on such fillet welds. In the absence of 

a Code mandated limit, Holtec International's standard design procedure requires that the weld 

section possess as much load resistance capability as the parent metal section. Since the loading on 

the honeycomb panels is essentially that of section bending, it is possible to develop a closed form 

expression for the required weld throat t corresponding to panel thickness h.  

We refer to Figure 3.M. 1 that shows a unit depth of panel-to-panel joint subjected to moment M.  

The stress distribution in the panel is given by the classical Kirchoff beam formula 

S6M SP = h 2

or

M- Sp h 2 

6

Sp is the extreme fiber stress in the panel.

Assuming that the panel edge-to-panel contact region develops no resistive pressure, Figure 3.M.1(c) 

shows the free body of the dual fillet welds. F is the net compressive or tensile force acting on the 

surface of the leg of the weld.  

From moment equilibrium 

M = F (h + t) 

Following standard weld design practice, we assume that the shear stress on the throat of the weld
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is equal to the force F divided by the weld throat area. If we assume 40% weld efficiency, minimum 
weld throat, and define Sw as the average shear stress on the weld throat, then for a unit depth of 
weld, 

F = S, (0.707) (0.4) t 

F = 0.283 & t 

Then, since M is given in terms ofF, we can write M in terms of Sw. Also, a relation exists between 
M and Sp. Between these two expressions for M, we can eliminate M and arrive at a relationship 
between Sw, S., the weld size t, and the basket panel thickness h: 

M =0.283S, t (h+t) 

0.283 S, (ht + t 2) = SP h2 
6 

This is to be solved for the weld by thiclkess t that is required for a panel thickness h. The 
relationship between Sp and Sw is evaluated using the most limiting hypothetical accident condition.  
The allowable base metal membrane plus bending stress intensity is (Table 3.1.16): 

Sp = 55,450 psi at 7250 F 

The appropriate limit for the weld stress Sw is set at 

SW = 0.42 S, 

Table 3.3.1 gives a value for the ultimate strength of the base metal as 62,350 psi at 725'F. The weld 
metal used at the panel connections is one grade higher in ultimate tensile stress than the adjacent
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base metal (80,000 psi at room temperature compared with 75,000 for the base metal at room 

temperature).  

The strength of the weld is assumed to decrease with temperature the same as the base metal.  

Sw =.42x80,000 (62,350 = 27,930 psi 
( 75,000 

Therefore, the corresponding limit stress on the weld throat is 

h2 =(0.283) (6) S (ht + t 2 ) 
SP 

h = 1.698 s•(ht + t 2) 

The equation given above establishes the relationship between the weld size "t", the fuel basket panel 

wall thickness "h", and the ratio of allowable weld strength "Sw" to base metal allowable strength 
"Sp". We now apply this formula to establish the minimum fillet weld size to be specified on the 

design drawings to insure a factor of safety of 1.0 subsequent to incorporation of the appropriate 

dynamic load amplifier. Table 3.4.9 gives fuel basket safety factors "SF' for primary membrane plus 

bending stress intensities corresponding to the base metal allowable strength Sp at 725 degrees F.  

Similarly, Appendix 3.X provides dynamic amplification factors "DAF" for each fuel basket type. To 

establish the minimum permissible weld size, Sp is replaced in the above formula by (Spx(DAF/SF)), 

and t/h computed for each basket. The following results are obtained: 

MINIMUM WELD SIZE FOR FUEL BASKETS 

Item SF (Table 3.4.9) DAF (Appendix 3.X) t/h h (inch) t (inch) 

MPC-24 1.17 1.03 0.631 10/32 0.197 

MPC-68 1.56 1.08 0.529 8/32 0.132 

Sheathing Weld Capacity 

Simple force equilibrium relationships are used to demonstrate that the sheathing weld is adequate 

to support a 60g deceleration load applied vertically and horizontally to the sheathing and to the 

confined Boral.  
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Definitions 

h = height of weld line (in.) 

w = width of weld line (in.) 

tw= weld size 

e = 0.3 = quality factor for single fillet weld 

Wb = weight of a Boral panel (lbf) 

W, = weight of sheathing confining a Boral panel (lbf) 

G= 60 

Sw= weld shear stress (psi) 

Equations 

Weld area = 2 (0.707 t, e) (h) (Neglect the top and bottom of the sheathing) 

Load on weld = (Wb + Wj) G 

Weld stress from combined action of vertical plus horizontal load in each of the two directions 

S =(3) G (Wb + WS) 

2 (.707) e t, (h) 

For a PWR panel, the weights are calculated as 

Wb = 11.35 lb.  

W, = 28.0 lb.  

The weld size is conservatively assumed as a 1/16" fillet weld, and the length and width of the weld 
line is 
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h= 156 in.

Therefore, 

SW = 60 x (11.35 + 28) x 1.732 = 989 psi 
1.414 x 0.3 x (1/16) (156) 

For an MPC-68 panel, the corresponding values are 

Wb= 7.56 lb.  

W,= 17.48 lb.  

h= 156 in.  

W= 5in.  

Sw = 60 x (7.56 + 17.48) x 1.732 -706 psi 

1.414 x 0.3 x (1 / 16 in.) (139 in.) 

The actual welding specified along the length of a sheathing panel is 2" weld on 8" pitch. The effect 
of the intermittent weld is to raise the average weld shear stress by a factor of 4. From the above 
results, it is concluded that the sheathing weld stress is negligible during the most severe drop 
accident.  

3.M.2 Calculation for MPC Cover Plates in MPC Lid 

The MPC cover plates are welded to the MPC lid during loading operations. The cover plates are 
part of the confinement boundary for the MPC. No credit is taken for the pressure retaining abilities 
of the quick disconnect couplings for the MPC vent and drain. Therefore, the MPC cover plates must 
meet ASME Code, Section III, Subsection NB limits for normal, off-normal, and accident conditions.  

The normal and off-normal condition design basis MPC internal pressure is 100 psi. The accident 
condition design basis MPC internal pressure is 125 psi. Conservatively, the accident condition 
pressure loading is applied and it is demonstrated that the Level A limits for Subsection NB are met.  
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The MPC cover plate is depicted in the Design Drawings. The cover plate is stepped and has a 
maximum and minimum thickness of 0.38 inches and 0.1875 inches, respectively. Conservatively, the 
minimum thickness is utilized for these calculations.  

To verify the MPC cover plate maintains the MPC internal pressure while meeting the ASMIE Code, 
Subsection NB limits, the cover plate bending stress and shear stress, and weld stress are calculated 
and compared to allowables.  

Definitions 

P = accident condition MPC internal pressure (psi) = 125 psi 

r = cover plate radius (in.) = 2 in.  

t = cover plate minimum thickness (in.) = 0.1875 in.  

tw= weld size (in.) = 0.1875 in.  

The design temperature of the MPC cover plate is conservatively taken as equal to the MPC lid, 
550'F. The peak temperature of the MPC lid is experience on the internal portion of the MPC lid, 
and the actual operating temperature of the top surface is less than 400'F.  

For the design temperature of 550'F, the Alloy X allowable membrane stress intensity is 

Sm 16,950 psi 

The allowable weld shear stress is 0.3 S, per Subsection NF of the ASME Code for Level A 
conditions.  

Calculations 

Using Timoshenko, Strength of Materials, Part II, Advanced Theory and Problems, Third Edition, 
page 99, the formula for the bending stress in the cover plate is:
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- (9.9) (P)(W) (v=0.3) 
(8)(t') 

(9.9)(125 psi) (2 in )2 
(8) (0.1875 in )2 

Sb = 17,600psi 

The allowable bending stress is 1.5S.; therefore, Sb < 1.5Si, (i.e., 17,600 psi < 24,425 psi).  

The shear stress in the cover plate due to the accident MPC internal pressure is calculated as follows 

P /r2 
Z- = 

2 /Tr t 2zr2 

(125 psi) (T) (2 in )2 

(2) ()) (2in) (0.1875 in) 2 

r = 667 psi 

This shear stress is less than the Level A limit of 0.4Sm = 6,780 psi.  

The weld size is equal to the minimum cover plate thickness and therefore the weld stress can be 

calculated from the cover plate shear stress. The stress in the weld is calculated by dividing the shear 

stress in the cover plate by 0.707 and applying a quality factor 0.3.  

667 psi 
0.707 x 0.3 

Sw = 3,145 psi 

Sw < 0.3Su = 0.3 x 63,300 psi = 18,990 psi 

The Level A weld stress limit of 30% of the ultimate strength (at 550"F) has been taken from Section 

NF of the ASME Code, the only section that specifically addresses stress limits for welds.  

The stress developed as a result of the accident condition MPC internal pressure has been 

conservatively shown to be below the Level A, Subsection NB, ASME Code limits. The MPC cover 

plates meet the stress limits for normal, off-normal, and accident conditions at design temperature.  
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3.M.3 Fuel Basket Angle Support Stress Calculations

The fuel basket internal to the MPC canister is supported by a combination of angle fuel 

basket supports and flat plate or solid bar fuel basket supports. These fuel basket 

supports are subject to significant load only when a lateral acceleration is applied to the 

fuel basket and the contained fuel. The quasi-static finite element analyses of the MPC's, 

under lateral inertia loading, focused on the structural details of the fuel basket and the 

MPC shell. Basket supports were modeled in less detail which served only to properly 

model the load transfer path between fuel basket and canister. Safety factors reported 

for the fuel basket supports from the finite element analyses, are overly conservative, 

and do not reflect available capacity of the fuel basket angle support. A more detailed 

stress analysis of the fuel basket angle supports is performed herein. We perform a 

strength of materials analysis of the fuel basket angle supports that complements the 

finite element results. We compute weld stresses at the support-to-shell interface, and 

membrane and bending stresses in the basket support angle plate itself. Using this 

strength of materials approach, we demonstrate that the safety factors for the fuel 

basket angle supports are larger than indicated by the finite element analysis.  

The fuel basket supports of interest are angled plate components that are welded to the 

MPC shell using continuous single fillet welds. The design drawings and bill of materials 

in Section 1.5 of this submittal define the location of these supports for all MPC 
constructions. These basket supports experience no loading except when the fuel 

assembly basket and contained fuel is subject to lateral deceleration loads either from 
normal handling or accident events.  

In this section, the analysis proceeds in the following manner. The fuel basket support 

loading is obtained by first computing the fuel basket weight (cell walls plus Boral plus 

sheathing) and adding to it the fuel weight. To maximize the support load, the MPC is 

assumed to be fully populated with fuel assemblies. This total calculated weight is then 

amplified by the design basis deceleration load and divided by the length of the fuel 

basket support. The resulting value is the load per unit length that must be resisted by all 

of the fuel basket supports. We next conservatively estimate, from the drawings for 

each MPC, the number of cells in a direct line (in the direction of the deceleration) that 

is resisted by the most highly loaded fuel basket angle support. We then compute the 

resisting load on the particular support induced by the inertia load from this number of 

cells. Force equilibrium on a simplified model of the fuel basket angle support then 

provides the weld load and the axial force and bending moment in the fuel basket 
support.  

The computation of safety factors is performed for a 60G load that bounds the 

non-mechanistic tip-over accident in the HI-STAR 100.  

This entire section of Appendix 3.M has been written using Mathcad; all computations 

are performed directly within the document. The notation ":=" represents an equality.  
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We first establish as input data common to all three MPC's, the allowable weld shear 
stress. In section 3.M. 1, the allowable weld stress for a Level D accident event 
defined. We further reduce this allowable stress by an appropriate weld efficiency 
obtained from the ASME Code, Section III, Subsection NG, Table NG-3352-1.

Weld efficiency e := 0.35 . (single fillet weld, visual inspection only)

The fuel support brackets are constructed from Alloy "X". At the canister interface, 

Ultimate Strength Su:= 64000.psi Alloy X @ 450 degrees F (Table 
3.3.1) 

Note that here we use the design temperature for the MPC shell under normal conditions 
(Table 2.2.3) since the fire accident temperature is not applicable during the tip-over. The 
allowable weld shear stress, incorporating the weld efficiency is (use the base metal 
ultimate strength for additional conservatism) determined as:

'all := .42. Su- e

G := 60

tall = 9.408 x 103 psi

For the non-mechanistic tip-over, the design basis deceleration in "g's" is

The total load to be resisted by the fuel basket supports is obtained by first 
computing the moving weight, relative to the MPC canister, for each MPC.  

The weights of the fuel baskets and total fuel load are (the notation "lbf' = "pound force")

(Table 3.1.2)

Fuel Basket

Wmpc6 8  15263. bf 

Wmpc24 18725. lbf

Wf68 47600. lbf 

Wf24 :40320.1 bf

The minimum length of the fuel basket support is

Dwg. 1396, sheet 1

L:= 168-in

Note that for the MPC-68, the support length is increased by 1/2"

Therefore, the load per unit length that acts along the line of action of the deceleration, 
and is resisted by the total of all supports, is computed as
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(Wmpc68 + Wf68)" G 
(L + 0.5. in) 

(Wmpc24 + Wf24). G 
Q24 =L

Q68 = 2.238x 104 Ibf 
in 

Q24 = 2.109x 104 lbf 
in

The subscript associated with the above items is used as the identifier for the particular 
MPC.  

An examination of the MPC construction drawings 1395, 1401, (sheet I of each 
drawing) indicates that the deceleration load is supported by shims and by fuel basket 

angle supports. By inspection of the relevant drawing, we can determine that the most 
highly loaded fuel basket angle support will resist the deceleration load from "NC" cells 
where NC for each basket type is obtained by counting the cells and portions of cells 
"above" the support in the direction of the deceleration. The following values for NC are 
used in the subsequent computation of fuel basket angle support stress:

NC68 := 8 NC24 := 7

The total normal load per unit length on the fuel basket support for each MPC 
type is therefore computed as:

NC68 
P68 :=Q68. 6 P6 8 8 

NC24 
P2 4  Q24 24

P68 = 2.633x 10 3 lbf 
in 

P24 = 6.151× 10x lbf 
in

Here again, the subscript notation identifies the particular MPC.  
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Figure 3.M.2 shows a typical fuel basket support with the support reactions at the base 
of the leg. The applied load and the loads necessary to put the support in equilibrium is 
not subscripted since the figure is meant to be typical of any MPC fuel basket angle 
support. The free body is drawn in a conservative manner by assuming that the load P is 
applied at the quarter point of the top flat portion. In reality, as the load is applied, the 
top flat portion deforms and the load shifts completely to the outer edges of the top flat 
section of the support. From the design drawings, we use the appropriate dimensions 
and perform the following analyses (subscripts are introduced as necessary as MPC 
identifiers): 

The free body diagram shows the bending moment that will arise at the location where the 
idealized top flat section and the angled support are assumed to meet. Compatibility of 
joint rotation at the connection between the top flat and the angled portion of the support 
plus force and moment equilibrium equations from classical beam theory provide sufficient 
equations to solve for the bending moment at the connection (point 0 in Figure 3.M.2), 
the load R at the weld, and the bending moment under the load P/2.  

9 Pw2 Note that the small block after the equation 
Mo:= - indicates that this is a text equation rather 

16 (S + 3.w) than an evaluated equation. This is a Mathcad 

identifier.  

The load in the weld, R, is expressed in the form 

P.H Mo0 

2-L L 

Finally, the bending moment under the load, on the top flat portion, is given as 

Pw 
2 2 

Performing the indicated computations and evaluations for each of the MPC's gives: 

MPC-24 (Dwg.1395 sheet 4) 

024:= 9-deg L24 := 4.in w24 := (0.25 + .125 + .5.5 -in 

16) 

Therefore 

H24 := L24-tan(0 24) H24 = 0.634in w24 = 0.531in 
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S:= ýL242 + H 24 

Mo: (p24. W242) 

16 (S + 3.w24) 

P 24 H 2 4 Mo R24= -+ -'• 
2. L24  L 24 

P24 W24 

2 2 

The fillet weld throat thickness is

S = 4.05 in 

in 
M = 173.012lbf.

In 

R24 = 530.326-If 
in 

in 
Mp = 643.8541bf- m 

In 

tw:= 0.125.in.0.7071

The weld stress is

'tweld . tw Tweld = 6 x 10 3 si

For this event, the safety factor on the weld is

"tall 
SFweld :=

'weld
SFweld = 1.568

For computation of member stresses, the wall thickness is 

The maximum bending stress in the angled member is

abending := 6 2* 
twall

5.  
twall:= -. M 

16

abending = 1.063 x 104 psi

The direct stress in the basket support angled section is

(R24.Sin(0 24) + .5.P24 .cos(e24) 
twall

3.M-13IHI-STAR FSAR 
REPORT HI-2012610

Gdirect = 9.985 x 10 3psi

Rev. 0



From Table 3.1.16, the allowable membrane stress intensity for this condition is

Smembrane := 39400.psi 

Smembrane 
SFmembrane 

Gdirect

(use the value at 600 degree F to 
conservatively bound the Safety Factor) 

SFmembrane = 3.946

From Table 3.1.16, the allowable combined stress intensity for this accident condition is

Scombined := 5 9 100-psi (i 
c 

Scombined 
SFcombined 

Oadirect + Gbending

use the value at 600 degree F to 
onservatively bound the Safety Factor) 

SFcombined = 2.867

Note that for this model, it is appropriate to compare the computed stress with allowable 
stress intensities since we are dealing with beams and there are no surface pressure stresses

Smembrane 
SFmembrane 

Odirect 

Scombined 
SFcombined 

adirect + Gbending

SFmembrane = 3.946 

SFcombined = 2.867

The maximum bending stress in the top flat section is

abending - 6. -
twall abending = 3.956x 104 psi

The direct stress in the basket support top flat section is

R24 
Odirect 

twall Odirect = 1.697 x 103 psi

Computing the safety factors gives:
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Smembrane 
SFmembrane 

0 direct 

Scombined 
SFcombined 

0 direct + abending

SFmembrane = 23.217 

SFcombined = 1.433

All safety factors are greater than 1.0; therefore, the design is acceptable 

MPC-68 (Dwg 1401 sheet 4)

068 := 12.5.deg L68 := 4.75.in (estimated) S(0.75- 5.l5 in W68 16)

Note that in the MPC-68, there is no real top flat portion to the angle support. "w" is 

computed as the radius of the bend less 50% of the wall thickness. However, in the 

remaining calculations, the applied load is assumed a distance w/2 from the center on 

each side of the support centerline in Figure 3.M.2.  

Therefore

H6 8 := L68"tan(068) 

2 2 
S := IL 6 8 + H 6 8 

9 P68 W68 
Mo := - 6 16 (S + I.W68)

P68. H68 
R68 := 

2.L6 8

Mo 
+ L L68

P 6 8 w68 
Mp := - MO* 

2 2

H6 8 = 1.053in W68 = 0.594in

S = 4.865 in 

in 
Mo = 78.57 Ibf -i 

in 

lbf 
R68 = 308.454

in 

in Mp= 312.3341bf..-
in

The weld stress is
R68 

"tweld -= 

tw 1weld = 3.49 x 10 3psi
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The safety factor on the weld is

"tall 
SFweld .

"Tweld
SFweld = 2.696

The maximum bending stress in the angled member is

Obending := 6----
twall abending = 4.827 x 103 psi

The direct stress in the basket support angled section is 

(R6 8.sin(0 6 8) + .5.P68.cos(0 6 8))

twall Gdirect = 4.327 x 103 psi

SFmembrane :=
Smembrane 

Gdirect

Scombined 
SFcombined := 

Odirect + Obending

SFmembrane = 9.105 

SFcombined = 6.456

The maximum bending stress in the idealized top flat section is

Gbending 6-- 
twall abending = 1.919x 10 4psi

The direct stress in the basket support top flat section is

adirect = 987.052 psi

Smembrane 
SFmembrane 

:= 

adirect 
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Scombined 
SFcombined := 

adirect + abending
SFcombined = 2.929

All safety factors are greater than 1.0; therefore, the design is acceptable 

SUMMARY OF RESULTS 

The above calculations demonstrate that for all MPC fuel basket angle supports, the 
minimum safety margin is 1.43 (MPC-24 combined membrane plus bending in the 
top flat section). This is a larger safety factor than predicted from the finite element 
solution. The reason for this increase is attributed to the fact that the finite element 
analysis used a less robust structural model of the supports for stress analysis 
purposes since the emphasis there was on analysis of the fuel basket itself and the 
MPC canister.. Therefore, in reporting safety factors, or safety margins, the 
minimum safety factor of 1.43 can be used for this component in any summary table.
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Appendix 3.N - Detailed Finite Element Listings for the MPC-24 Fuel Basket

Twenty six (26) pages total including cover page
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