APPENDIX 3.B - ANALYSIS OF DAMAGED FUEL CONTAINER

3.B.1 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 Ibs. in Nuclear
- Plants.

3. ASME Boiler and Pressure Vessel Code, Section ITI 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[3] allowables:
shear stress allowable is 60% of membrane stress intensity

b)Welds are govemed by NG Code aﬁowables 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 I, 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 (150°F).
The design temperature for accident conditions is 725°F. 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°F) Smi = 20000-psi
Table 1.A.1
Design stress intensity of SA240-304 (725°F) Smz2:= 15800-psi
Yield stress of SA240-304 (150°F) Sy := 27500-psi
Table 1.A.3
Yield stress of SA240-304 (725°F) Sy2 = 17500-psi
Ultimate strength of SA240-304 (150°F) Sut := 73000-psi
Table 1.A.2
Ultimate strength of SA240-304 (725°F) Su2 == 63300-psi
Ultimate strength of weld material (150°F) Su,, := 70000 psi
. . S
Ultimate strength of weld material (725°F) Stiynee = Suw.gﬁ
ul
Weight of a BWR fuel assembly Wiyl := 400-Ibf
Weight of the damaged fuel container Weontainer = 150-1bf
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Wall thickness of the container sleeve

Thickness of the base

Inner dimension of the container sleeve

Wall thibkness 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]

HI-STAR FSAR 3.B-3
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ts‘lw,e = 0.12-in
thase = 0.12:in
idgleeve = 4.93-in
tco“a,V:: 0.12-in
dgor == 0.44-in
Dpin:= 0.375-in
Dieadin = 0.75-in
tieadin == 0.218:in
tweldt = 0.125-in
lggp = 2.15-in
hgp := 0.5-in
Wb = 0.5-in
tweidz = 0.1875-in
tobe = 0.25-in
Stube := 4.0-in
Scutout := 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-(Weontainer + Wiuel) F = 6321bf

The cross sectional area of the sleeve is

. 2 . 2
Agteeve = (idsteeve + 2-tsleeve) — idsieeve - Agleeve = 2.42 in

Therefore, the tensile stress in the sleeve is

_ F
B Agleeve o = 261 psi

G

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

S
SF = - SF = 76.6
(o]

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 Wgyj F = 460 Ibf
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The area of the weld, with proper consideration of quality factors, is
Ayeld = N4-idgjeeve- thase Ageid = 1.18 inz

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

F
= Ageld o = 389psi

C:

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-Spy1

SF: SF = 30.9

[+
3.B.7.1.3 Container Collar

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 ‘

F= DLF'(Wcontainer + quel)

F = 316.251bf
2.
The shear area of the container collar is
.2
Acollar = 2-dgjor (tsleeve + tt:ollar) Acollgr = 0.2111in

The shear stress in the collar is

F
" Aol o = 1497 psi

o I

The allowable shear stress from Subsection NG, under normal conditions, is
Gallowable := 0.6- Sy Gallowable = 12000 psi
Therefore, the safety factor is

Gallowable SF

L}
-]

SF =

[+
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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.

] o
1= 2=
o) = 9167 psi oy = 14600 psi

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

Gallowable = O1
The total lifted load is
F:= DLF'(Wcontainer + wfuel) F = 6321bf
The shear stress in the shear pin under this load is calculated as
.
Apin= ~Doin Apin = 0.11in”
_ F
¢ 2-Agin o = 2863 psi
The safety factor is
0.60
SF = ——ovable SF = 1.92
(o
The bearing stress in the lead-in and the corresponding safety factor are
o= ———E——— o = 3869 psi
2- Dy tieadin
o ]
) SF = 2.37
o
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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

Ayeid = % Dieadin tweid! Aweig = 0.295in”
The shear stress in the weld is
o= F o = 2148 psi
Aeld
The safety factor is
SF 1= o tlovable SF = 2.13

o

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

Agp = higb Wb Agp = 0.25in”
F
c = o = 1265 psi
2-Agp
The safety factor is
.60
SF 1= ——ovatle SF = 4.35

[+

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

Ayeld = 2-hgy tyeia Ayeld = 0.187 il‘l2

o = 1687 psi

The safety factor is

~ nf-.6- Gyiiowable

SF := SF=1.14

(o]

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 corners of the tube. The load per leg due to
a 60g end drop is
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60- W,
Foe fuel

The cross sectional area of each leg is

Ayeg = (Stbe ~ Scutout)-trube Ajeg = 0.56 in

The stress in the member is

F
9= Areg o = 10667 psi

F = 6000 Ibf

The allowable primary membrane stress from Subsection NG of the ASME Code, for accident

conditions (Level D), is

Sallowable = 2-4- S

Sallowable = 37920 psi

The safety factor is

Sallowable

SF =

[+

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 to.the design basis tornado and the large missile impact (loading case B) specifiedin. =~ . .

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 ¢
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.

HI-STAR FSAR 3.C-2
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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 (Cg) 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, W, := 189000 Ibf

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-—-—2
sec

The weight of the large missile (1800 kg, from Table 2.2.5), Wy, := 3960 1bf
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The maximum tornado wind speed (from Table 2.2.4),v; := 360-mph
The pre-impact missile velocity (from Table 2.2.5), vy, := 126.mph
The translation speed of the tornado (from Table 2.2.4), V4 := 70-mph

The drag coefficient for Eyli’nder in turbulent crossflow, Cd =06

The density of air, p,; = 0.075-1L;f ("Ibf" indicates pounds "force")
ft
The viscosity of air, p,; := 4.18.10° 7 Ibf
ft-sec

Maximum instantaneous pressure drop (from Table 2.2.4), dp = 3-psi
The total mass of the cask and its contents (M,) can be calculated from the total
weight and gravitational acceleration as: :

We
g

MC =

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

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:

dp = atan(%\

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

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

0.5
d=(2+17
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The centroidal mass moment of inertia of a cylindrical object about an axis parallel
to and intersecting its axial midplane (), for rotation about z, is given by:

1 DV
L E.Mc.[g.(.z.) +L]

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

about the rotation point can be determined as:

d 2
L= I+ Mc-{a}

I; = 3.033x 109 Ib. in2 ("Ib" 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:

Mpm V- d
I;

Thus, the post-impact initial angular velocity, o = 0.635 —}—
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:

Pair Vt-D
Re = —4mm8 —

Re = 7.579x 10°

Wair

The drag coefficient (Cg) 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 (pyay), due to wind loading, is determined
using:

and the resulting force on the projected area of the cask is therefore given by:
Fmax = PmaxD-L
Thus, the force due to tornado wind, Fya = 2.638 x 104 Ibf

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:

]
Lao [ Wel s P 2
2) \2)
where [, is the cask moment of inertia about the rotation point and « 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 Fj,,«, 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

tj = —_.sec
200

Let 6 = the angular rotation variable of the cask subsequent to the impact. The
analytical solution of the above equation is therefore:

2
t;
91 = mtl + .&.)_.(_wci + Fmax}.]

2L | 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;!-= 1—;- _ g-cos(acos(l—)-\ + eiw

L 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 = L dt = 0.078sec
e

Increment of angular velocity imparted to cask in time dt

(dpD-L)»(%} dt

do = 1 do = 0.059sec’!
r

Therefore, for this case the initial angular speed is
0] = o+ do 0] = 0.694sec””
The angular position of the cask is examined through 250 time steps of 0.005 sec duration.

Let i:= 1.250

ti = L sec
200

Let 61 = the angular rotation variable of the cask subsequent to the impact. The
analytical solution of the above equation is therefore:
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2
8l; = @y-tj+ (1) -{-Wc.-zﬂ

2L | 2)

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:

d D
- E-COS(aCOS{"a') + 91i1

)

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

D
xlj = —
2

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.1]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 answetr.

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.

HI-STAR FSAR 3.D-1 Revision 0
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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, Sy == 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.328.

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 := 250000-1bf 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.

HI-STAR FSAR 3.D-3 Revision 0
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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:

4
d 1o ®(4) o _ W-(1+DLF)

Area = zZ
) T 42)

n

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

.2
Area = 25.97in I = 53.65884in" P = 1.44x 10’ Ibf

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 (L) 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).

Lamm = L - .5-tf Conservatively neglect the clearance "c"
Larm = 2.25in

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

M := P-Lam M = 3.23x 10° in-Ibf

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= -

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

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

o = 17329.51 psi

G

Sp= — Si = 8.48
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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
= A in(e) drd or Q= —d
Q= Jo JO.inr -sIn ] .Q =4

Q = 15.84in°

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=4d
From beam theory, the maximum shear stress is determined as:

- ¥Q
T 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 ASME 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
Sy = Sz = 11.95
T
This safety factor is greater than 6, as required by [3.D.2].
HI-STAR FSAR 3.D-5 Revision 0
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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).

3
4 (d
M, = S“[;(E} ] My = 5.74x 1061bf-in
Comparing the ultimate capacity with the applied moment gives
Sy = S3 = 17.76
Ry 3 =17

Similarly, the ultimate shear force capacity is

Vy:= .6-Sy Area Vy = 2.82x 10°Ibf

Therefore the ultimate carrying capacity in shear is

Vu
S4 = — S4 = 19.65
4= 54

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, Ly := 5.875-in

The design internal pressure under normal handling, p := 40-psi Table 2.2.1
The overpack forging outer diameter, D, := 83.25-in
. The overpack forging inner diameter, Dj := 68.75-in

The mean diameter in thread region dp= d+ 1.0-in

HI-STAR FSAR 3.D-6 Revision 0
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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 trunnion 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:

dd = dy - Mm dd = 6.43in
NTI
The projected area supporting the bearing load is determined as:
A= Lydd A= 37.75in°

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

\%
sa= 4 o4 = 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=025m

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

(Larm - <) LV (Lw) (Larm - ¢)

Moment .= M. = (.89

arm k 2 Larm

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

2-r !

Moment = J' R sin(theta)-R-(Lw) dtheta
0

where the average shear stress along the threaded length, 1 := 1, sin(theta) '
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Integrating the moment expression above, over the required interval, yields the following
expression for the total bending moment:

]
L
Moment := Ty 7 dd>. -(-Z‘Q

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 .
= f— tax = 3725.96psi

n-dd” (Ly)

Tmax

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

= gooment .
Ffroot r-d-Lo Thoot = 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 + D|
2
and the thickness of the overpack forging is determined as:

r=76m

Ir:=

Do— Dl
2

t= t=7.25in

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

-

Opres = p-; Opres = 419.31psi

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, 61 := —64+ -5 Gpres
A normal stress estimate on a surface perpendicular to a radial line, ¢, := -.5-p
The normal "hoop" stress, 63 = Opres
Substituting the appropriate values of o4, Gpres and p, the three normal stresses are:
o1 = -3598.46psi 6y = —20psi o3 = 41931 psi

The formula for maximum stress intensity in the plane of the shear stress involves o; and o5. For
a bounding estimate of the safety factor, we use o1 and o3 instead since o3 adds to o;. The
maximum in-plane stress intensity is therefore calculated as:

2 2]0.5

Skeale = | (01 - 93)” + 4%fioor Sleaic = 7857.06psi

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

Sl

SFy =
" Slealc

SFm = 44

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

III, 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 trunnions
is set forth in Section 3.D.3 of this appendix as:

Syt = 35850 psi
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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 = SFbearing = 941

G4
Safety Factor Against Yielding for Thread Shear Stress in Forging at interface.

Syf

Tfroot

SFthread shear = .6 SFthread__shear = 6.37

Safety Factor Against Yielding for Bearing Stress in Trunnion

Sy
SFbearing = SFbearing = 38.6
Sd

S:alfety Factor Against Yielding for Thread Shear Stress in Trunnion

Sy

SFthread_shear = .6 SFthread_shear = 23.67

Tmax

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
[II, 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 Scope

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.

3E4 Conﬁgﬁration, Geometry, and Input Weight Data ‘
3.E.4.1 Configuration and Geometry

~ Figure 3.E.1 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, Ry;q == -in

53.03125
—-——.m

The inner radius of the closure ring, R; := 5

The outer radius of the closure ring, R, := 67':75 -in

The minimum thickness of the lid, h = 9.5-in

The closure ring thickness, t := 0.375.in

N HI-STAR FSAR . 3.E-1 Rev. 0
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3.E.4.2 Input Weight Data

The bounding weight of the closure lid (MPC-68), Wyq = 10400.bf  Table 3.2.4

: : Wiid
The bounding weight per square inch of lid, P4 := : Pjiiqg = 2.917psi
©Riid
The bounding weight of the fuel basket plus fuel,
Wiuel == 13000-1bf + 54000 Ibf Table 3.2.4

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

Wiig := 1.15-90000- Ibf 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
7759F 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), Sz := 25450-psi
The Level A allowable stress intensity for membrane stress (550°F), Sp, := 16950-psi
The Level D allowable stress intensity for combined stress (550°F),  S4c := 61050-psi
The Level D allowable stress intensity for membrane stress (550°F),  Sgm := 40700-psi
The Level D allowable stress intensity for combined (775°F), Stirec = 54225-psi

The Level D allowable stress intensity for membrane (775°F), Stirem = 36150.psi

HI-STAR FSAR 3.E-2 Rev. 0
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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 400°F, 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, Pext := 125-psi
The internal pressure, Pint := 100-psi
The fire pressure, Pgre := 125-psi
A bottom end drop on the overpack baseplate gives a pressure of,

60- Wiid )
Psqg = 175.0psi

Py =
7-Riid

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

60- Wiyel

Py = Py = 1128psi

2
7-Riid
The center lift weight,  Pjia = Wiig

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 SI; and resultant margin of safety are determined

as:

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

2
_ 3(3+v) Riid

The bending stress due to internal pressure, oy, - (Pint + Piid)- kT

N —

op = 1601 psi
The direct stress due to internal pressure, o4 := —Pjy o4 = -100psi
The combined stress intensity, SI) = (op + lcdl) SI; = 1701 psi
HI-STAR FSAR 3.E4 : Rev. 0
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The margin of safety, MS; = T 1 MS; = 14.0
1

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.106-107
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.

Py Rjj Py
Glift == -—hE(l + v)~(.485-1n(£\+ 0.52)4- 1.5'ﬂ Olift = 2238psi
2 2
h \ b ) mh

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

The limiting combined stress intensity, SI; := o+ SIy SI; = 3940psi

- ., . . Sac
The limiting margin of safety, MS; = S—Iz -1 MS; = 5.5

3.E.8.2 Level D Bounding Calculations

3.E.82.1 Load Case E3.a, Table 3.1.4

3.E.8.2.1.1 Bounding 10CFR72 (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:

2
. Ry
The bending stress due to the loading, oy, := EE—V-)- (Psd + pext). _.lffl.)
8 (b )
op = 4669 psi
HI-STAR FSAR 3.E5 Rev. 0
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Sd
The margin of safety, MS; = — - 1 MS; = 12.1
Cp

3.E.8.2.1.2 Bounding 10CFR71 (Transport) Top End Drop

For this case, the MPC closure plate is supported by the overpack 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:

| 2
The bending stress due to the loading, oy, = _3 (38+ v) (Pint + Psa + Py d)_(¥}
op = 21825psi
3 Sdc
The margin of safety, MS4 = -1 MS4 = 1.8
(Gb + Pint)

3.E.82.1.3 Load Case E5, Table 3.1.4

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

2
. Ry
The bending stress is, op = 3(3—;\,)'(1)““’ + Pud)-(%ﬂ

J

op = 1.991x 10’ psi

-1 MSs = 26.2

The margin of safety is, MSs =
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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 Ry;q)
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, tyelq == 0.625-in

The quality factor for a single groove weld that is examined by root and final PT is
n:= 045

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

0.3.70000-[1 - (Z—S—__%i}]-psi Sa = 1.772x 10* psi

Sd

42 70000-[1 . ( 15—'7?6313}}-psi Sd = 2.481x 10*psi

The maximum load capacity of the weld, LCyeld :== n-2-n-Ryj¢ tweld- Sa

LCyeld = 1.055x 10°Ibf

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:

LCyweld
MSg := ks -1 MSg = 1.29

2
Wiit + 7 Pint Riid

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.

2
Lweld = Psd-n-(Riid) Lweld = 624000 1bf
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S; = Sd LCweld

= — -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
MSg = —— _ 1 MS;g = 2.40
3- Wiig
3.E.8.4Fatigue Analysis of Weld

The welds will be subjected to cyclic stress each time the cask is lifted. The force difference
is equal to Wy 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

(. Y]

: L z) 6 = 1565psi

2-1-Rjid- 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 MPC 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, ~Slkyng == 20001.psi
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Sacr

The margin of safety, MSyg = -1 MSg = 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 R; and R, 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 PTis n := 0.45

=

0

+ -\7_—)

The load capacity of the ring welds, LCerw = D27 (Ri terw Sa

W)

LCery = 3.164x 10° Ibf

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

MSyo = -1 MSjo = 1.24

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 suppdrts 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
3F.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.1] 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 mrear the bolt circle rather than as a
uniform pressure load since the MPC contacts the overpack closure plate only around the
penphery 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 unpact
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.L. 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.

HI-STAR FSAR 3.F-1 Rev. 0
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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. Asthe 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 1 fora
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 HI-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 L.oadings

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

a. Bolt preload. Bolt preload is present in all loadipgs 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. Animpact 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), Ap = 1.680-in>
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, t:= (6 - li\. in

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, Dlo := 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.

HI-STAR FSAR 3.F4 Rev. 0
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The number of bolt threads per inch, n:= 8-_—1-
mn

The bolt thread pitch, p:= —
n

The upper bound MPC weight (from Table 3.2.4), We := 90000-1b
The bounding weight used for closure plate (from Table 3.2.4), Wl := 8000-Ib
The overpack closure lid recess inner diameter, d;:= 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 := 26100000-psi
The Poisson's ratio of the closure plate material, NUl:= 0.3

The closure bolt material coefficient of thermal expansion, ab:= 7.45.10°°R™

The cask wall material coefficient of thermal expansion,  ac = 6.98-10°%R™

The closure plate material coefficient of thermal expansion, al:= 6.98.10°°R"'

The zero points of the Fahrenheit and Rankine scales differ by a constant (1 °F = 1 R), therefore
the above numbers are accurate with either unit.

Young's modulus of the closure bolt material, Eb := 27600000 psi

Yield strength of closure plate material, Syl := 32200-psi

Tensile strength of closure plate material, Sul := 64600-psi

Young's modulus of top flange material, Elf := 26100000-psi

Bolt material minimum yield stress or strength (room temperature), Syl := 150000 psi
Bolt material minimum yield stress or strength (design temperéture), Sy2 := 138300 psi

Bolt material minimum ultimate stress or strength (design temperature),  Su:= 170600 psi

HI-STAR FSAR 3.F5 Rev. 0
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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, Pis = 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, T1 := @ Tl = 82.5R

The maximum temperature change of the closure bolts,Tb ;= Ti+Te

Tb = 83.75R

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).

HI-STAR FSAR 3.F-6 Rev. 0
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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 = Fa;
The shear bolt force per bolt = Fs;
The fixed-edge closure lid force = Ff;

Fixed-edge closure lid moment = Mf;

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, Fa, = %)—

The maximum residual tensile bolt force (preload) per bolt,  Far, = Fa,
The maximum residual torsional bolt moment per bolt, Mtr:= 0.5.Q

. F
The preload stress in each bolt (based on stress area), Preload := Iab'-

Substituting the appropriate input data, the values of these parameters are determined as:
Fa; = 154688 Ibf
Far, = 154688 Ibf
Mtr = 17910 in-1bf

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]:

HI-STAR FSAR 3.F-7 Rev. 0
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x-DigZ (Pli - Plo)
4.Nb

The non-prying tensile force per bolt, Fa,:=

x-El-tl-(Pci — Pco)-DIb’
2.Nb-Ec-tc-(1 - NUI)

The shear bolt force per bolt,  Fs, =

DIb-(Pli - Plo)

The fixed-edge closure lid force, Ff,:= 7

(Pli - Plo)-Dlb>

The fixed-edge closure lid moment, Mf,:= =

Substituting the appropriate input data, the values of these parameters are determined as:
Fay = 6354 1bf

Fs, = 18816 Ibf

Ibf
Ff, = 1504 28
in

Mf, = 14894 Ibf

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;:= 0.25.n.Db%Eb-(al- Tl - ab-Tb)

n-El-tl-Dlb-(al- Tl - ac-Tc)

The shear bolt force per bolt, Fs; := Nb-(1 - NUI)

The fixed-edge closure lid force, Ff; = O»E
mn
El-al-tI%.(Tlo - TIi)
12.(1 - NUI)

The fixed-edge closure lid moment, Mf; =

Substituting the appropriate input data, the values of these parameters are determined as:
Faj = 2753 Ibf
Fs3 = ~16800 Ibf

Ffy= 02
m

Mf3 = -3823 Ibf
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3F.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.1 1.3.1 Tensile Bolt Force

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

The total preload and temperature load, Fa_pt = Fa; + Fay

Fa_pt = 151936 Ibf
The sum of the remaining forces (pressure), Fa_al := Fa,
Fa_al = 6354 Ibf
The combined non-prying tensile bolt force, Fa_c:= Fa_al-(Fa_al > Fa_pt) + Fa_pt-(Fa_pt> Fa_al)

Fa_c = 151936 Ibf

If the combined non-prying tensile bolt force (Fa_c) 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(Fa_c> 0-1bf)

Fa_c = 151936 Ibf
Next, combine the prying tensile bolt forces and moments (these bolt forces develop due to Ff;
and Mf;):
The sum of the fixed edge forces, Ff c:= Ff; + Ff, + Ff;

Ff c = 15942
m

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

Ff ¢:= Ff_c-{Ff_c> O-lb—q + 0--I-.l£-(Ff__c< O-E
L in ) in | in )
Ff c= 1.594x 1031,—“:
n
The sum of fixed-edge moments, Mf c:= Mf} + Mf; + Mf;
HI-STAR FSAR 3.F-9 Rev. 0
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Ibf-in
Mf_c = 11071 T N

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 = (Dlo - DIb)-(Mf ¢ > 0-Ibf) + (Dlb - DIi)-(Mf ¢ < 0-1bf)
Arm = 2.625in

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

The constants C; and C, are: Ci:=1
3 . 3
Gy [—2 ][ ELt’ _ (Dlo - DI)-Elf-f ]( Lb
L 3-(am)? L 1 - NUI Dib 1\ Nb-Db%Eb |
C, = 3.347
The bolt preload per unit length of bolt circle, P:= Fa _pt-( Nb )
kleb )
Ibf g

P = 34938 —
- mn

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 I1.3 of Reference 3.F.1).

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

B = 34938 l,b—f
mn

2-Mf
The additional tensile bolt force per bolt .Dlb |- e = - C(B- Ffo)- Cy(B- P)-I
caused by prying action of the closure lid,Fap == ( 0 \-I I

)L C|+C2 _J

Fap = -24918 Ibf

The prying force must be tensile. If the result is negative, set it equal to zero.
Fab_c := Fap-(Fap > 0-1bf) + 0.1bf (Fap < 0-1bf)

Fab_c = 01bf

HI-STAR FSAR 3.F-10 Rev. 0
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The total tensile bolt force for stress analysis, FA:= Fa_c+ Fab_c
FA = 151936 1bf
3.F.11.3.2 Bolt Shear Force
The sum of the shear forces, Fs_c:= Fs, + Fsy + Fs3

Fs_c = 2016 Ibf
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.1.
The following relations are defined:

b oo (N (Eb\[ Db}

" {LbJ{DibJ{ 64 )

KI.—-

3-[(1 ~NUB) + (1 - NUl)z.(R“l\z].le

\ Dlo J |

Mbb_c:= (Db Kd e
| Nb J{Kb+Ki)

Mbb := Mbb_c

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

Kb = 511136 Ibf
Kl = 17817619 Ibf
Mbb _c = 1.343 x 10° Ibf-in

Mbb = 1.343 x 10° Ibf.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.

HI-STAR FSAR 3.F-11 Rev.0
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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 = 1.503in
The bolt diameter for shear stress calculation, Dbs:= Dba
Dbs = 1.503in
The bolt diameter for bending stress calculation, Dbb := Dba
Dbb = 1.503in
The bolt diameter for torsional stress calculation, Dbt := Dba
Dbt = 1.503in
FA

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

Dba?
Sba = 85608 psi

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

Dbs?
Sbs = O psi

The maximum bending stress caused by the bending bolt moment Mb, Sbb = 10.186.3'“’—b

Dbb’
Sbb = 4026 psi

The maximum shear stress caused by the torsional bolt moment Mt, Sbt = 5.003. M8

Dbt’

Sbt = 26854 psi

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

0.5
Sbi = [ (Sba + Sbb)® + 4.(Sbs + Sbt)?]

HI-STAR FSAR 3.F-12 Rev. 0
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Sbi = 104494 psi
N ‘
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:= —i—-Syl-(Syl < Sy2) + %-SyZ-(Sy2 < Syl

Sm = 9.22x 10*psi
The average tensile stress (must be <Sm), Sba = 85608 psi
The average shear stress (must be < 0.6Sm), Sbs = 0psi
For combined tensile and shear stress, the sum of the squares of the stress-to-allowable ratios (R;

and R;) must be less than 1.0.

The tensile stress-to-allowable ratio, R,:= -?— R, = 0.929
’ m
Sbs

The shear stress-to-allowable ratio, R;:=
0.6-Sm

The sum of the squares of.the ratios (mustbe < 1.0), R+ R,> = 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 = 104494 psi

3.F.11.6 Conclusion
For the first loading combination, allowable stress limits are not exceeded.
3.F.12 (Critical Combined I .oad Case 2
Accident Condition maximum stress analysis: Preload + pressure + temperature + puncture
3F.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:

HI-STAR FSAR 3.F-13 Rev. 0
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The diameter of the puncture bar, D, := 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 1id 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-n:~pr2~Syl
Pun = 2.731x 10°Ibf

The bolt forces and moments due to the puncture load can now be determined as:
-sin(xi)- Pun

Nb
Fay = -50580 Ibf

The non-prying tensile bolt force per bolt, Fa,:=

cos(xi)-Pun

The shear bolt force per bolt, Fs,:= -y

Fsy = -1.936x 107" 1bf

—sin(xi)- Pun

The fixed-edge closure lid force, Ff, =
n-Dlb

Ffy = -11631 l'-’f
mn
4.1

The fixed-edge closure lid moment, Mf, :=

HI-STAR FSAR 3.F-14 Rev. 0
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Ibf-in

mn

Mf, = -217350

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; + Fa;
Fa_pt = 1519361bf
The sum of the remaining loads (pressure and puncture), Fa_al := Fa; + Fa,
Fa_al = —44226 Ibf
The combined non-prying tensile bolt force, Fa_c := Fa_al-(Fa_al > Fa_pt) + Fa_pt-(Fa_pt > Fa_al)
Fa_c = 151936 Ibf
If Fa_c is negative, set it equal to zero: Fa_c:= Fa_c(Fa_c> 0-1bf)
Fa_c = 151936 Ibf
Combine the prying tensile bolt forces. |

The sum of the fixed-edge forces, Ff c:= Ff) + Ffy + Ffy + Ffy

Ff ¢ = -10037 l—,b—f

m
If Ff_c is negative, set it equal to zero: Ff c:= Ff__c~(Ff_c> O-Eﬂ + O-E-( Ff c< o.l,?-f-\
k in ) in k in )

Ffc=0 E

m

The sum of the fixed-edge moments, Mf c:= Mfj + Mf, + Mf + Mf,

Ibf-in

mn

Mf ¢ = -206279

Determine the appropriate prying force moment arm depending on the direction of Mf_c.
Arm := (Dlo - Dib)-(Mf ¢ > 0.1bf) + (DIb - Dli)-(Mf_c < 0-1bf)
Arm = 5in

HI-STAR FSAR 3.F-15 Rev. 0
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Determine the prying tensile bolt force for the combined loading.
The non-prying tensile bolt force, B := Ff ¢ (Ff ¢> P) + P-(P> Ff ¢)

B = 34938 L]

in

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

The constants Cy and C, are: Ci=1

e[ —2 [_Eee? (Dlo-Dh) EIf. tf ]{ Lb

L 3-(amy? LT UL Nb.DbEb |
C, = 0.923
2-Mf
The additional tensile force per bolt [ Y= = - C(B- Ff0) - C(B - P)]

caused by prying action of the closure lid, Fap:= (n Db }l C,+C, Jl

Fap = -265668 Ibf
If the prying force is negative, set it equal to zero: Fab_c := Fap-(Fap > 0-Ibf) + 0.1bf.(Fap < 0-1bf)

Fab_c = 01lbf

The total tensile bolt force for stress analysis, FA = Fa_c+ Fab ¢

FA = 151936 Ibf

3.F.12.3.2 Bolt Shear Force

The sum of the shear forces, Fs_c:= Fs; + Fs, + Fs; + Fsg
Fs_c=-1.936x 107 1bf

Fs:= 0.bf  (protected cask lid)

3.F.12.3.3 Bolt Bending Moment

The bolt bending moment can be determined as:

Mbb ¢ . [®DIbY (Kb \Mf_c
| Nb J{Kb+Kl)

Mbb_c = -25016 in-1bf

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: e _

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
Dba2
Sba = 85608 psi

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

The average shear stress caused by the bolt shear force F's, Sbs:= 1.2732- s
Dbs’
Sbs = O psi
The maximum bending stress caused by the bolt bending moment Mb,  Sbb = 10.186-&%—
Dbb

Sbb = 75018 psi

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

Dbt’

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 = 1.383 x 10° psi
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 (R;
and R;) must be less than 1.0.

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

0.7-Su-(0.7-Su < Sy2) + Sy2-(Sy2 < 0.7-Su)

Sbs

The shear stress-to-allowable ratio, R;:=
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), R+ Rz = 0.514

3.F.12.6  Conclusion
For the second loading combination, allowable stress limits are not exceeded.

3F.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

Impéct 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 cask,ai = 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.1]. The distance from the pivot point to
the center of pressure on an impact limiter r, must therefore be specified. The following formula
is used to ensure, for any given case, that r, is underestimated.

Ip:= (DTIO \ sin(xi)8

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

Ipi= Q-m

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

The fourt't; 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
L . - b
The non-prying force per bolt, Fa, = 1.34-sin(xi)- DLF.ai- (Wl + We) 2
Nb (Dib)
\2)

Fa, = 156178 1bf

This formula has been modified by addition of the correct location of the load from the impact
limiter (non zero rp,), although for storage, r, is zero.

The shear bolt force per bolt, Fs,:= gcﬁ(}%s‘ﬂl
Fs, = 1544 Ibf

1.34-sin(xi)-DLF-ai-(W1 + Wc)
n-Dlb

The fixed-edge closure lid force, Ff,:=

Ff, = 34695 28
in
2
1.34-sin(xi)- DLF-ai- (W1 + Wc) [1 _ r d \ ]
L J 1

8-n

The fixed-edge closure lid moment, Mf, = Er

in-1bf

n

Mf, = 162740

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;/2 has been used.

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

3.F.13.4.1 Boit Tensile Force

First, combine the non-prying bolt tensile forces.
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The total preload and temperature load, Fa_pt:= Fa; + Fas
Fa_pt = 151936Ibf
The sum of the remaining loads (pressure and impact), Fa_al := Fa, + Fa,

Fa_al = 162531 Ibf

The combined non-prying tensile bolt force, Fa_c:= Fa_al (Fa_al> Fa_pt) + Fa_pt-(Fa_pt> Fa al)

Fa_c = 162531 1bf

If Fa_c is negative, set it equal to zero: Fa_c:= Fa_c-(Fa_c> 0-1bf)

Fa_c = 162531 Ibf
Next, combine the prying bolt tensile forces.

The sum of the fixed-edge forces, Ff c:= Ff; + Ff, + Ffy + Ffy

Ff ¢ = 36289 E
m

The sum of the fixed-edge moments, Mf ¢:= Mf| + Mf, + Mfy + Mf,

in-1bf

in

Mf c = 173811

Define the appropriate prying force moment arm depending on the direction of Mf c.
Arm := (Dlo - DIb)-(Mf ¢ > 0-1bf) + (DIb - DIi)-(Mf ¢ < 0-1bf)

Arm = 2.625in

Determine the prying bolt tensile force for the combined loading.
The non-prying tensile bolt force, B := Ff ¢(Ffc> P) + P-(P> Ff ¢)

B = 3.629x 10 f

[14]

The additional tensile force per bolt caused by prying action of the closure lid can be determined
as:
The constants Cy and C, are: C:

1

3 . 3
| —2 [ _Ev® | (Dlo- D) EIfdf ]( Lb
| 3-(Arm)? L1 - NUI Dlb J{ NbDb2ES |
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C, = 3.347

2. Mf
I[ Arm—" - C;(B-Ffo)- Cp(B- P)]I
L Cl + C2 J

The additional tensile force per bolt +Dib
caused by prying action of the closure lid,Fap := { b }

Fap'= 1279551bf -

If the prying bolt force is negative, set it equal to zero: Fab_c := Fap-(Fap > 0- Ibt)' + 0.1bf-(Fap < 0-1
Fab ¢ = 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:= Fa_c+ Fab_c
FA = 162531 Ibf

3.F.13.4.2 Bolt Shear Force

The sum of the shear forces, Fs_c:= Fs; + Fs; + Fs; + Fs,
Fs_c = 1544 1bf
Fs:= 0-bf (protected cask lid)

3.F.13.43 Bolt Bending Moment

The bolt bending moment can now be determined as:

Mbb_c := (zDlbY(_Kb 1Mt ¢
| Nb J{Kb+KI)

Mbb_c = 21079 in-Ibf
Mbb := Mbb_c

Mbb = 21079 in- Ibf

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- -
Dba

Sba = 91578 psi

Fs
Dbs2

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

Sbs = Opsi

The maximum bending stress caused by the bolt bending moment Mb,  Sbb = 10.186. 100

Dbb’
Sbb = 63211 psi

The maximum shear stress caused by the bolt torsional moment Mt,  Sbt:= 5.003. 4

Dbt’

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 = 1.383x 10’ psi
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 = 0psi

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

Sba

The tensile stress-to-allowable ratio, R, :
0.7-Su-(0.7-Su < Sy2) + Sy2-(Sy2 < 0.7-Su) Ry=0.767

Sbs
0.42-Su-(0.42-Su < 0.6-Sy2) + 0.6-Sy2-(0.6-Sy2 < 0.42-Su)

i

The shear stress-to-allowable ratio, R,:

The sum of the squares of the ratios (must be < 1.0), R;” + R;? = 0.588

HI-STAR FSAR 3.F-22 Rev. 0
REPORT HI-2012610



App 3F.mcd

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-présented 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.1] 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. Inmissile 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 l-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

The mass of the sphere (from Table 2.2.5),M = 0.22. kg-2.204~kE
g
The velocity of sphere before impact (from Table 2.2.5), Vg := 126-mph

The density of steel (from Section 3.3), p = 0,283.1?{.

n

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 (V) is:

V= 125.95-mph
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Using Table 33, case 1 (p. 650) of reference 3.G.1 for a sphere penetrating a flat plate, the
spring constant K relating the contact load to the local target deformation (raised to the
power 1.5) is defined as:

0.5
Ky = (E—ZB]
155 )
Balancing the kinetic energy with the work done deforming the bodies, we obtain the relation:
—;—-M(dV)Z = Fdx.
where: 31
Fo= Kpx’

and x is the depth of penetration.

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

M 5.

2
-2-.(v2 -V = g-Kz-xz'

Solving this equation for x, the depth of penetration x :=

]
'L ]

and the peak impact force F = Kz-xl’5 Thus, the depth of penetration; = 0.003in
and the peak impact force F = 2112.312Ibf

The surface area of the cask/missile contact patch is determined as:
Area= n.(Dx-x?)  Area = 0.009in’

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

Pavg =

Pavg = 232519 psi

HI-STAR FSAR 3G-3 Rev. 0

REPORT HI-2012610



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:

KE = —;—-M-Vo2

KE = 257.338ftIbf

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

Assume d := 0.18-in

Given KE = Sy-n.(D.d—2 - Ei}
2 3

J

where the right hand side is the plastic work. The final deformation is characterized by the
depth (d1) of the spherical dent in the cask surface, which is obtained as the value d (which
solves the energy balance equation):

d1 = Find(d) dl = 0271in

Note that the solution to the equation, d1, that is obtained by using the "Find(d)" command,
can be checked by direct substitution of d1 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 = Syn-(D-d1 - d1?)

Pmax = 202491bf

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 1-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£?g-- g
The velocity of the missile before impact (from Table 2.2.5), Vg := 126-mph

The yield stress of the material at 400°F (from Table 3.3.4), Sy := 32200-psi

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

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

Sﬂow = O.S(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:

D2

Force .= Sgown-—
oW 4

Force = 2.433x 10° Ibf

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), S, = 70000- psi

S
Given n-D-t. (—zﬂ = Force the maximum depth of penetration can be determined.

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 400°F (from Table 3.3.4), S, := 68800:psi. . ..

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

. (Su) . |
Given n-D-t\?) = Force h := Find(t) h = 2.814mn

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), S, := 64600 psi

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

S
Given n-D-t-(—j] = Force h := Find(t) h = 2.997in
\2)
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 10% bt

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  t; .= 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=3555% 10 in"

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

D:=2ti+D D = 76.25in

Then the metal moment of inertia is computed as follows:

_ L my Y]
4 Lkz) \2 )

Ii = 2.071x 10°in"
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The total area moment of inertia is obtained by summing the results from the two cylinders.
I=1+T I=5.627x 10°in*

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

D:=2t+D D = 78.75in

Then the metal moment of inertia is computed as follows:

I = 2.286x 10°in"
The total area moment of inertia is obtained by summing the results from the three cylinders.

1= I+1i [=7912x 10°in"

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

D:=2t+D D = 81.25n

Then the metal moment of inertia is computed as follows:

co ey Y
4 [\2) (2 )|

li= 2.514x 10°in"

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

[=1+1 I=1.043x 10%in*
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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:=2t+D D = 83.75in Douter = D
Then the metal moment of inertia is computed as follows:
4 4
e Lal 2V (2 )]
4 L2) (2 )]
i = 2.757x 10° in*

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

I=1+5 I=1318x 10°in*

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:

S - M Dinner - t
tress := oment-T Stress = 12565 psi

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

S
SF = 2

= SF = 3.836
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.
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The resultant stress in the outermost intermediate shell can then be determined as:

Douter - t
Stress := Moment-——OBZE;—— Stress = 14329 psi

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

Sa

= SF = 2.729
Stress

SF -

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

. The applied moment, M; := Force

4.t

M
The radial stress at bolt circle (from [3.G.1], p.398), o, = 6.—2’
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 (S, from Table 3.3.4) and less than the
material ultimate stress.

Sm = 21500-psi
3.6-Sm = 77400 psi

Sy = 64600 psi

3.6S S
o <2399 22002
Or Oy

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), deon = 8in

The radius of simple support (from Drawing 1397), a .= 122_111 = 36in

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

3

The plate stiffness, D = —C D = 5.003x 10°bf.in
2
12.(1- %)
HI-STAR FSAR 3G-12 Rev. 0

REPORT HI-2012610



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)

(3+ v)~a2

K = 7.644x 10021

m

To establish the appropriate structural damping value, a post-impact natural frequency is
determined as follows:

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

analysis,
Weip = 0.5-7984-1bf Welp = 39921bf

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

1 g

T 2my (Weight+ Wep)

f = 132.354Hz

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

¢ = 735.3521bf.
m

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 Ibf .
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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 (In(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 and the stress are computed at:

dcon
r= 1.5-{ 5 J

r=6in

The tangential moment exceeds the radial moment at this location, so the maximum
moment and corresponding stress are:
il
1]

Ltaw) i@V as (12w 4o [Geom
[(1 )m{r}4 (1 )[4k }

w

M, =
' 16-n

2-r

M, = 2.847x 10° Ibf.
mn

o= 6— oy = 4.845x 10%psi
h

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:

Sy
— = 1.333
Ot

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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REPORT HI-2012610



3.G.7 Conclusion

The above calculations demonstrate that the HI-STAR 100 Overpack provides an effective
containment barrier for the HI-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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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]JASME 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 + 1.15G 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 Submergénce. This is a Level D event

3H32 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 + 1G Dead Load. This is a Level D event.

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

3.H4 Stability of the Overpack Inner Shell
3.H4.1 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

FSia =20 Level A Service Limit
FSip:= 134 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.H4.3 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.

R = 68;5 .in Inner radius of shell

Ry := 732’75 -in Outer radius of shell

L:= 173.625.in Axial length of shell (conservative)

t:=2.5.in Shell thickness
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W := 155000-1bf - 10000 Ibf Bounding Weight of overpack (minus the bottom plate)Table 3.2.4

g:= 386.4~—in— Gravitational acceleration

Secz
E = 26.1.10% psi Young's modulus (400 F) SA203-E Table 3.3.4
oy = 34300-psi Yield strength (400° F) SA203-E Table 3.3.4

3.H4.4 Analysis of Overpack Load Cases

3.H44.1 Load Case 1 (Load Case 03 in Table 3.1.5)

The G level for Longitudinal Load is G:=1.15g

The Factor of Safety for Design is FSp:= FSpa FSp=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.

PG P=1.667x 10°Ibf
g
A=n(Ry - R) A = 559.596 in’
Gy = -}:— o, = 297.982 psi Longitudinal stress

The circumferential membrane stress is equal to the mean fabrication stress (from Appendix
31N

g := 10506-psi Bounding circumferential mean stress from fabrication analysis
Gy = 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.

o, FS og| - FSp O, FS
P 0017 <1.0 L:O.GB <1.0 ® P _o <06
Oy Oy Oy

Capacity reduction factors

The first step towards defining the capacity reduction factors is to calculate the following
geometric parameters.
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Ri + RO
2
The unsupported longitudinal and circumferential lengths are

R = 35.625in Mean radius

=L l, = 173.625in

lg=2nR lg = 223.838in

M. is a dimensionless factor defined as follows

1
= — = 1
My = &0 M, = 18.39%8 M, = — M, = 23.719
. R
M = if(M, < Mg, M,, M,) M = 18.398 ‘M equals smaller of two values

R
t

The radius-to-thickness ratio is = 14.25

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)

R
o= 152- 0.473-10{—\ ay = 0.974
t)
_s Oy
ay = 1.0-107°—= - 0.033 ay = 0.31
psi

ey = ey < @z, 2q,09) oLt = 0.31 o,,, equals smaller of two values

Effect of Length (M > 10)

oLz = 0.207
oL = (oL > gLz Byt Or2) oy = 031 a,, equals larger of two values

Hoop Compression

o = 0.8
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Shear (R/t < 250)

a,eL = 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,> 1.73) C, = 0.605
GoeL = C,% O = 1.108x 10%psi
External Pressure

No End Pressure (3.0 <M, <1.65 R/t)

0.92
Cop i3 e Cyr = 0.053
M, - 1.17
E-t ‘
orel i= Cor— Grer, = 9.781 x 10%psi
End Pressure Included (3.5 <M, < 1.65 R/t)
0.92
Cypm —222 Con = 0.052
M, - 0.636
Et
Shet. = Cow—= Oper, = 9.487 x 10* psi

Shear (1.5 <M, < 26)

4.8 0.5

38

- 3
Cyo 1= = (1 + 0.0239M,7) Cpo = 0.174
M@
E-t
et = Con—— Geel = 3.193 x 10° psi

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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N Axial Compression

ne:= 1.0

Hoop Compression

oy )
Shear
(GW'FSD < 0.48\
T]w = 1.0 k oy )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling
g FSD
Gys = . Oy = 1.922x 103psi
o Ol
N’
cg-FS
g 1= Gos = 2626 10°psi < ope = 9.487x 10°psi
Ol
0’,”- FSD
Opgs = Cges = 0 psi
aw[_
Axial Compression Plus Hoop Compression
Oy — 0.5-0 c 2
L "eL+( es1:0.034 <1.0
Ope. = 0-5:Oher, | Ohet |
Axial Compression Plus Shear
[+ [+ 2
—°‘-+( ‘“] = 1.735x 107 <1.0
Cgel. kdwe]_ )
N HI-STAR FSAR 3.H-7
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Hoop Compression Plus Shear —

2
Lol (2o ] 0269 <1.0
Orel. | Oecl )

Axial Compression Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows

K:=1-(°‘“T K=1
| Oeel. )

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

g,
Oupi= —= Oyp = 1.922x 10°psi

Mo

[+ -
Oop = — Gop = 2.626 x 10 pi

Ul

O .

Ogpp = —— Gyep = O psi

Moo

Axial Compression Plus Shear

(ﬂfa» r Zeo T: 3.01x 107 <1.0

(t) (o)

Hoop Compression Plus Shear

2 2

(22 ], (2= ] o072 <1.0
(ot ) wet )
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.H4.42 Load Case 2 (Load Case 04.a in Table 3.1.5)

The G level for Drop Load is G:= 60g Table 3.1.2
The Factor of Safety for Design is FSp:= FS{p FSp = 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.

[ 8]

W
P:=G— P=87x 10°bf  A==(R’Z-R) A = 559.596 in
g

o, = 2 o, = 1.555x 10°psi Longitudinal stress
A

The circumferential membrane stress is equal to the mean fabrication stress (from Appendix

31N
oq := 10506-psi Bounding circumferential mean stress from fabrication analysis

Ge = 0-psi In-plane shear stress

The amplified stress components must meet the allowable limits in Section 3.H.4.1 of the
appendix.

6, F
o TS0 _ 0.607 <1.0 041 <10
Oy Oy Oy

|oo| -FSp % FSp _

0 <0.6

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
o, FS
N := ———0(;1:8— n, = 0.695 (0.55 <22 0.7381
( - 5-0,,1 L oy )
k O’Q-FSD }
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Hoop Compression

ng:= 1.0 (lo"I'FSD < 0.671
\ J
Shear
Nyo = 1.0 (G""'F P 0.48}
L % )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling
a FSD
Gy = ——— Gps = 6.72x 10%psi
U’&pL
oy FSp
Gog = — gs = 1.76x 10%psi <
Ogl
4 FSp
Cyas '= Oy = 0 psi
(XoeL

Axial Compression Plus Hoop Compression- (s, > 0.5 o,)

2
O~ 05-OheL ( Tos ) - 0,053

<1.0
Cgel — 0.5-0per, koheL}
Axial Compression Plus Shear
2
%o (2= ) oos <10
Coel kaeL )
Hoop Compression Plus Shear
2
IO“IJ(’”] = 0.18 <1.0
Orel. | Fosel
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Axial Compression Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows

G 2
K;=1-(°“1 K=1

\ Ceect )

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

(¢

Oppi= — oy = 9.674x 10°psi
Mo
s .

Ogp == = Ggp = 1.76x 10* psi
Ne
a,

Oyop = = Cyop = O psi
Neo

Axial Compression Plus Shear

(—01"—]2 + ( T T = 7.621x 107 <1.0

CHEC

Hoop Compression Plus Shear

[i'-"p—}er { Toop }2 = 0.032 <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.

3.H4.43 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 FSp:= FSip FSp= 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 _ S - 2_g?
P=G ; P= 1.45x 10°Ibf A=n(R, - RY) A = 559,596 in’
2
P Ro 3 osi itudinal
Op= — 4 Per T o, = 2.549x 10°psi Longitu stress

The circumferential membrane stress is equal to the mean fabrication stress (from Appendix
3.L) plus the submergence pressure.

R
1= 10506.psi + pewe — oo = 1.478x 10°psi

Gy = 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.

o, -FSp lcel -FSp Gp-FSp

=0.1 <1.0 =0577 <1.0 =0 < 0.6

Oy Sy Oy

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.
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

-FS
o < .55
N, = 1.0 oy
Hoop Compression
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Mg:= 1.0 (I"“I'FSD < 0.671
’ L% )
Shear
Neg:= 1.0 (O“’FSD < o.4s]
]
L% )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling
[¢) FSD
Oy = — 04 = 1.102x 10*psi
(XOL
G, FSD
Ops = — Ops = 2476 10°psi < ope = 9.487x 10°psi
ol
Cae' FSp
s = Gyps = Opsi
aQGL

Axial Compression Plus Hoop Compression (o, > 0.5 o)

G, ~ 0.5.0 G, 2
g bl +f % ] - 0.034 <1.0
Oget, = 0.5:Oher, | Ohel.

Axial Compression Plus Shear

[+
."i+f “"’51=9.944><10“3 <1.0
Ogel k“oeeL)

Hoop Compression Plus Shear
2
_If’:'s_l- + {_Gﬁs_\ = 0.253 <1.0
OreL kcoeel. }
Axial Compression: Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows
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2

K;:l-(%s\ K=1
\ Feel. )

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

o]

Opp = — Gyp = 1.102x 10*psi
L
o]

Oop = — oep = 2476 x 10*psi
Mg
g,

[ ] .

Cygp = = Gogp = O psi

MNee

Axial Compression Plus Shear

fﬁ\i (ET = 9.889% 107° <1.0

\Oeel ) | CoeeL )
Hoop Compression Plus Shear

2

2
(2o ][22 - 006 <10
(o) |t )
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 tempefature 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 .

R;:= S in Inner radius of shell

R, := 68';’75 -in Outer radius of shell

L:= 188-in Axial length of shell

t:= 0.5-in Shell thickness

W := 10400-1bf + 5900-1bf ... Bounding weight of MPC components. This weight excludes the

+ 3700 Ibf fuel basket and the baseplate but includes the closure lid and all of
the basket support structure. The values are obtained from Table
o 3.2.4.
g:= 3864 ;; Gravitational acceleration
HI-STAR FSAR 3.H-15 Rev. 0

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 := 26.75-10° psi Young's modulus (350 deg. F), Alloy X Table 3.3.1
o, = 21600-psi Yield strength (350 deg. F) Alloy X Table 3.3.1

3.H5.4 Analysis

3.H.5.4.1 Load Case 4 (Load Case E2 in Table 3.1.4)

The external pressure is Pext = 40psi
The G level for Longitudinal Load is G:=1l15g
The Factor of Safety for Design is FSp:= FSi4 FSp= 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.

p-cY P=23x 10*Ibf
g
A=n(R) - RY) A= 106.618 in”
R;+ R e .
o, = .E + pm.%.o_o 6, = 215.724 psi Longitudinal stress
t -

No lateral pressure is assumed since use of actual internal pressure is not conservative.

(R; + R,)-0.0 . .
Op = Pex ’2 J Gy = Opsi Circumferential stress
t

The shear stresses on the gross section of the inner shell are equal to zero.

Goq = 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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o,-F o, -FS Gy FS
v 002 <1.0 —I—?I—-—E=o <1.0 * P_o <06
Gy Gy ] Gy
Capacity reduction factors
R;+ R .
R:= — - 2 R = 33.938in _ Mean radius
The unsupported longitudinal and circumferential lengths are
l,=L 1, = 188in
ly:= 2-n-R ly = 213.236in Neglect stiffeners
M. is a dimensionless factor defined as follows
lQ
M, = M, = 45.639
(R't)O.S
19
M, = M, = 51.765
(R
M= if(M, < My, M,. M) M = 45.639 M equals smaller of two values

The radius-to-thickness ratio is
= 67.875

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)

ap = 1.52 - 0.473-10{5\ ap = 0.654
t)
-5 Oy
az:= 1.0-107°.— - 0.033 ay = 0.183
psi
g = if{a) < oz, @y, 09) a1 = 0.183 o,,, equals smaller of two values
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Effect of Length (M > 10)

0.826
M0.6

Qg2 = Q2 = 0.083

yp, = if{gL1 > @pr2. 01 CL2) =
o = 0.183 a,, equals larger of two values
Hoop Compression
QgL = 0.8

Shear (R/t < 250)

awL = 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

C, := .605 C, = 0.605

GpeL = c,,.% OpoL = 2.384x 10° psi
External Pressure 1.65-% = 111.994

No End Pressure

92
Cori= ————— : Cy = 0.021
M, - 1.17 or
Et
oret = Cor =~ Orep = 8.154x 107 psi

End Pressure Included

.
M, - .636 Cen = 0.052

Cor:
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Et
Ohet, = Cobr — Oher, = 2.041 x 10* psi

Shear (26 <M, < 8.69 R/Y)

0.746
C= — Cpo = 0.11
M,
Et
Swel. = Coor— Gyt = 4.352x 10*psi

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

O, FSD
= 1 - 002
. Oy
Hoop Compression
B o] FSD
= 1.0 rl : < 0.671
L% )
Shear
Gu' FS
f ¥ D, 0.48}
N = 1.0 A k oy )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling
o, FS
O = ——s O4s = 2.358 x 10° psi
(IQL
oy F
Ggs = v P Ggs = 0 psi < OheL, = 2.041 x 104psi
OgL
{
HI-STAR FSAR . 3.H-19

Report HI-2012610

Rev. 0



0'°e~FSD

Ous =

Gggs = 0 psi
Coal

Axial Compression Plus Hoop Compression (o,> 0.5 o,)

O — 0.5-0 o 2
LA h°'“+( °s}=-o.034 <1.0

No need to check this
0’¢eL - O'S'Ghel.. kchel.)

per Code Case.
Axial Compression Plus Shear

2

G, g

i+( "“W = 9.888x 107 <1.0
Geel \OWL)

Hoop Compression Plus Shear

Axial Compression Plus Hoop Compression Plus Shear
The shear constant, K, is computed as follows

5 2
K;=1-f°“] K=1

\ Ooeet. )

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

[+
Ggpi= — Oup = 2:358x 107 psi
e
o}
Ogp = = Ggp = 0 psi
Ng
Tges .
Ogop = — Gggp = O psi
Moo
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Axial Compression Plus Shear

o
GQBGL

2 2 .
{1‘31 +( W\ = 9.777% 107 <1.0
(Ot ] (el )
Hoop Compression Plus Shear

G""f (%Tw <1.0

(ont ) owet

—_

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.H542 Load Case 5 (Load Case E3.a in Table 3.1.4)

The external pressure is Pext = 40psi
The G level for Drop Load is G:= 60g
The Factor of Safety for Design is FSp:= FSip FSp= 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.

Pi G P=12x 10°1bf A= (R - R) A= 106.618in’
g
R; + R, s ge
o, = % + pm.—lz—ﬂ-o.o o, = 1.126 x 10*psi Longitudinal stress
-t

We neglect stresses due to pressure since the normal operation will have tensile
circumferentailstress in the shell.

Pext (R + Rg) 0.0 . .
Gy = et ‘2t J Gy = Opsi Circumferential stress

The shear stresses on the gross section of the inner shell are equal to zero.

Oy = 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.

IGBI FSD GOG'FSD

o,-F
: SD=0.698 <1.0 =0 <1.0
Oy Oy Oy

=0 <06

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

FSp
Ny = 1.31 - L15-0y— n, = 0.507
Oy

Hoop Compression

FS
ng = 1.0 (M < 0.67\
Lo J L
Shear
FS
Nyo = 1.0 (20550 4 4)
L% )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.
Elastic Buckling

o, FS
O = —— 04 = 8.241x 10*psi
oL
og FS
Ogg 1= —— Ges = 0 psi < gy = 2.041 x 10%psi
XL,
OQO'FSD
Cops = Ops = Opsi
qu
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Axial Compression Plus Hoop Compression (o, > 0.5 o,)

2

Gy — 0.5-0 ] :
L el +( es1:0.316 <1.0
Gpel = 0.5-Oper. | OneL )

Axial Compression Plus Shear

2
LN f Coes 1 = 0.346 <1.0
Cgel. kcmL)

Hoop Compression Plus Shear

EL”L(J';’S”-T:O <10

Crel k Opoel )

Axial Compression Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows

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
Ogs 5 . 5 .
Gppi= — Ogp = 1.625x 107 psi Gyl = 2.384 x 107 psi
Mo
o
Ogp 1= = Gp = O psi
Ne
Ogos .
Gogp 1= Gyep = O psi
Neo
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Axial Compression Plus Shear

(—Eﬁf + ( i T = 0.465 <1.0
(Oeel ) | OoceL )

Hoop Compression Plus Shear

(ﬁ}i(“w"f:-o <1.0
(o) Ower)
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.5.43 Load Case 6 (Load Case ES5 in Table 3.1.4)

The external pressure is Pext = MP: Pext Pext = 60psi
The G level for Longitudinal Load is G=1g
The Factor of Safety for Design is FSp:= FSip FSp= 134

The Young's modulus and the yield strength are evaluated at (400°F), which bounds the
MPC shell temperature during a fire accident (see Subsection 3.4.4.2.2).

E := 26.5-10% psi Young's modulus (400 deg. F), Alloy X Table 3.3.1
oy = 20700-psi Yield strength (400 deg. F) Alloy X 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.

P G P=2x 10*Ibf
g
A=n(R, - R) A= 106618 in’
R+ T
o, = % + pext._‘“;".‘i G, = 2.224 % 10 psi Longitudinal stress
-t
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A circumferential membrane stress develops in the MPC confinement shell due to external
N pressure.

N Pext (Ri + R,)

Gy 1= - o = 4.073x 10°psi Circumferential stress
t

The shear stresses on the gross section of the inner shell are equal to zero.

Oy = 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.

o, F og|-FS o, FS
T o1 <10 J‘*|_‘3=o.zs4 <1.0 2.0 <06
Oy Oy Sy
Capacity reduction factors
R;+ R :

R = — . =2 R = 33.938in Mean radius
" The unsupported longitudinal and circumferential lengths are

ly:=L l, = 188in

lp:= 2R lg = 213.236 in No credit for stiffeners

M. is a dimensionless factor defined as follows

10
M, = M, = 45.639
®R1)°°
le
M, = M, = 51.765
(RS
M := if(M, < My, M,.M,) M = 45.639 M equals smaller of two values
The radius-to-thickness ratio is R
—-— = 67.875
t
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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)
ay:= 1.52 - 0.473.|og{5\
t)

G,
ag:= 1.0-10°—= - 0.033
psi

Qo1 = if(al < (12,0.1,(12)

Effect of Length (M > 10)

yrz:= 207
ayr = if{egL1 > @gL2, Xgp1, 0tL2)
Hoop Compression

o = 0.8

Shear (R/t < 250)

awL =028

Theoretical elastic buckling stresses

ad‘l = 0.174

oy = 0.207

a, , equals smaller of two value:

o, equals larger of two values

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284.

Axial Compression

C, = .605

HI-STAR FSAR
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N

External Pressure 1.65- 111.994

~|=

No End Pressure

Cyp 1= ——— Cor = 0.021

O, = ce,-%f orep = 8.077x 107 psi

End Pressure Included

.92

Cor= M.~ 636
e Cyp = 0.052

Et .
Ohel == Ceh'_R' Oher, = 2.022x 10% psi

Shear (26 < M, < 8.69 R/t)

Coo = : Ce = 0.11

Et
Swel. = Coo— Ot = 4311 10" psi

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

o, FS
ny =1 * D _ o144 <.55
Oy
Hoop Compression
oy -FS
ne:= 1.0 (I o FSo < 0.67\
L% )
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Shear

Ng = 1.0

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling
0¢~ FSD
0'05 =
%L
Cg- FSD
Ogs =
OgL
GQB' FSD
O ogs =
aoGL

< 0.481

L% )

Oy = 1.44x 10%psi

Gs = 6.821 x 10° psi < oy = 2.022x 10 psi

Goas = 0 psi

Axial Compression Plus Hoop Compression (o, > 0.5 o,)

2

Gy — 0.5-0 V]
L el +f > \ = 0.133 <1.0

Opel, = 0-5-Oper. | OreL )

Axial Compression Plus Shear

2

1 - 0.061
Cgel. kaeL)

O ("ws

—_—

Hoop Compression Plus Shear

2

i ¥ ( Zos } = 0.845
OreL | Toeel )
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Axial Compression Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows

K;=1-(6°“1 K=1
| Oeet. )

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

-2 = 1.44x 10*psi = 2.362x 10°psi
Cgpi= — Gy = 1.44x psi Gpel, = 2.362 x psi
Ny
O,
Ogp = = Ggp = 6.821 x 103psi
Mo
_ S 0 psi
Cpop = — Goep = O psi
Moo

Axial Compression Plus Shear

(ﬁ”-fﬁu ( i f: 3.714x 1073 <10

(%L ) (Cweel )

Hoop Compression Plus Shear

2o 1 = 0.713 <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 6.
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3.H5.44 Load Case 7 (Load Case El.bin Table 3.1.4)

The external pressure is Pext := 40-psi Pext = 40psi
The G level for Longitudinal Load is G=1¢g
The Factor of Safety for Design is FSp:= FSia FSp=2

The Young's modulus and the yield strength are evaluated at (300°F), which bounds all
MPC temperatures during the normal heat condition.

E := 26.75-10°psi Young's modulus (350 deg. F), Alloy X Table 3.3.1
o, = 21600-psi Yield strength (350 deg. F) Alloy X 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.

P G P=2x 10'Ibf
g
A=n(Ry - RY) A= 106618 in”
R; + TP
o, = % + pm-'4—R° o, = 1.545 x 10° psi Longitudinal stress
-t

A circumferential membrane stress develops in the MPC confinement shell due to external
pressure.

_ Pext (Ri + Ry)

- oo = 2.715x 10°psi Circumferential stress
t

Oy

The shear stresses on the gross section of the inner shell are equal to zero.
Gy := 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.

e, F o,| - FS o, FS
2 S"’:0.143 <1.0 ﬁ—l’:o.zm <1.0 ' ™_o <06
Oy Oy Oy
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Capacity reduction factors

R = 33.938in Mean radius

The unsupported longitudinal and circumferential lengths are
=L l, = 188in
l, = 2.n-R l = 213.236in No credit for stiffeners

M, is a dimensionless factor defined as follows

M, = — M, = 45.639
®R "
10
M, = M, = 51.765
(R-9)>
M := if(M, < My, My, Mo) M = 45.639 M equals smaller of two values

The radius-to-thickness ratio is R

t

= 67.875

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)

R
o= 1.52- 0.473-|og(—\ a; = 0.654
t)
2
ap:= 1.0-10°—% - 0.033 ap = 0.183
psi
a1 o= if{oy < @z, 0, %2) @,y = 0.183 o, equals smaller of two values

Effect of Length (M > 10)

App2 = 207 &2 = 0.207

HI-STAR FSAR 3.H-31 Rev. 0
Report HI-2012610



(IOL = if(ad_l > GQLz, %u N (7.01_2) aQL = 0.207

Hoop Compression

QgL = 0.8

Shear (R/t < 250)

awL = 0.8

Theoretical elastic buckling stresses

o, equals larger of two values

The basic equations used are given in Sec. 1712.1.1 of Code Case N-284.

Axial Compression M, = 45.639

C,:= .605 C, = 0.605

Opel = CQ-% Oyl = 2.384x 10 psi
External Pressure 1652 - 111,994

t

No End Pressure

.92
Car 2 oo
M, - 1.17
Et
OreL == Cer‘?

End Pressure Included

92
Cori= ———
M, - 636
Et
OheL = Ceh'?
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Shear (26 < M, < 8.69 R/t)

0.746
- Q746 Cyo = 0.11
Coo 05 »
¢
Et
SeL. = Coo = Gpoel, = 4352 10°psi

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

G, FSD
ny:= 1 P —=-0143 <.55

Hoop Compression

ng:= 1.0 (Ioel'FsD < 0.671
L % )

Shear
N = 1.0 [20F0 _ o 45)
L% )

Interaction equations

The interaction equations for local buckling are supplied in Sec. 1713 of Code Case N-284.

Elastic Buckling
o, FS
Gps = —— o, = 1.493% 10°psi
L7
oy FSp
Gos = — Gos = 6.787x 10° psi < ope = 2.041 x 10%psi
Oof,
G4 FSp
s = Goes = Opsi
awL
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Axial Compression Plus Hoop Compression (o, > 0.5 o,)

6, — 0.5-6 o, 2
LA +{ s \ = 0.131 <10
Ogel — O'S'GheL ko’he[‘)

Axial Compression Plus Shear

O¢s Oyes f
= = 0.063 <1.0
GQCL kGQ&L }

Hoop Compression Plus Shear

Axial Compression Plus Hoop Compression Plus Shear

The shear constant, K, is computed as follows

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

Os 4 5 .
Ogpi= — Ogp = 1.493 x 10" psi Gyer, = 2.384 x 107 psi
Mo
G
Ogp 1= — Gep = 6.787 x 10° psi
Mg
Oges .
Gepp '= — Goep = Opsi
Teo
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N

Axial Compression Plus Shear

(—2°-"-T+ ( e T - 392x 107 <1.0

(L) Ol ]

Hoop Compression Plus Shear

(%" T + ( Zo T= 0.693 <1.0
CHRCY
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.I: STRUCTURAL QUALIFICATION OF MPC BASEPLATE
3.I.1 SCOPE

This appendix provides the structural qualification of the MPC baseplate for a bounding set of
loadings. The results demonstrate that the baseplate thlckness is adequately sized to insure
satisfaction of stress intensity allowables.

312 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.

3.13 References

[3.L.1] ANSYS 5.2, Ansys, Inc., 1995.

314 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 Behding 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,, = 1.5 x Sm,, = 28050 psi
Primary Membrane and Bending and Secondary Allowable, Sm,, =2 X Sm,;, = 56100 psi

HI-STAR FSAR : Rev. 0
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Level D

Primary Membrane Allowable, Sy, =2.4 S, = 44,880 psi

Primary Membrane and Bending Allowable, Smy,, = 2.4 x Sm,;,, = 67320 psi
Primary Membrane and Bending Allowable (775F), S, fire = 54,225 psi

3.15 Assumptions

1. The baseplate and the lower portion of the canister are modeled as plate and shell structures.
The SHELLS51 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.L6 Input Load Data

3.1.6.1 Level A Loads —

For the Level A condition, the following loadings must be accounted for:

Accident Pressure = (P,¢c) = 125 psi Table 2.2.1
Design Internal Pressure (P) = 100 psi Table 2.2.1
MPC Basket Weight (W) = 13,000 Ib. Table 3.2.4
MPC Baseplate Weight (Wy,..) = 3,000 1b. Table 3.2.4
Fuel Weight = 54,000 1b. 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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3162 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 HI-STAR 100. The drop loadlng on the baseplate is the
weight of the baseplate multiplied by 60.

Top End Drop Load (L) = Wieee X 60 = 180,000 Ib.

3.17 Input Geometry

The pertinent geometric input values are obtained from the Design Drawings in Section 1.5.
Baseplate Thickness (ty,) = 2.5 in.
Canister Thickness (t.,,) =0.5in.

Mean Radius to Canister Mid-Plane (R,,,) = 1/2 x 68.375 - t,/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 Ib. 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 E1 (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.

Oy = 26427 x P+ 125 psi = 21141.6 psi
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The corresponding margin of safety is:
MSgimp = (S, + Ogyems) - 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 399438 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:

g5 = 39948 x P+ 125 psi =31958.4  psi
MSEIS = (Smas _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:

Opim = (P X Ryen = to) + P =6887.5 psi
and the corresponding margin of safety is:
MSEIm = (Smam - 6Elm) - 1 = 1.715

It should be noted that the margin of safety for all three of these stress intensities is greater than
zZero, 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:

Wi = (Wae + Wigge) X 1.15 = 65,550 Ib.
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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 Ib.) gives a total support reaction load of 157394 Ib. from the amplified
gravitational load. An effective gravitational multiplier can be determined by calculating the ratio
of W, to the support reaction load.

et = Wy = 157394 1b.=0.416 (2. allows finite element results to be ratioed for the
| case considered here) U

The maximum stress intensity produced by the 1,000 Ib. 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 W
basket - 25,781 psi

Opomy = 9375 psi X + 26,427 psi x P + 125 psi +49.5 psi X ——————
E2mb p Eerr p p p 1,000 Ib.

MSg, s = (Smy, + Opam) - 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:

. ) . . LIS W )
Opas = 12299 psi X g+ 39948 x P + 125 psi + 84 psi x o000 b = 38,331 psi

MSEZS = (Smas d 6}:_25) - 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
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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:

Oamp = 9375 psi + 26552 psi = 35927 psi
and the resultant margin of safety is therefore:
MSesm = Sy, + Og3my) - 1 = 0.874
The combined stress intensity in the canister from the applied g-loading and pressure is:
Op3s = 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:
MSgs = (Smﬂdmb +0ps)- 1= 0.288
3.1.8.4 Load Case ES (Fire Accident)

During a fire the MPC 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 \ Y
6E5 = p gEﬂ‘ + 26,427 pSi X . + 49,5 psi X -_basi = 30’461 psi
1.15 125 psi 1,000 Ib.

Sm
E5 =( ,ﬁ”] -1 = 0.78
Ogs
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319 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 Ibs.
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 10g'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 [.oading 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 Wpyy = 1680 1b., H (deceleration
factor) = 10, and Wgyr =700 1b.

Fpyg = 16,800 Ib. Faug = 7,000 Ib.

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:

AL, =6%-5.5>=5.75 in?
AL,=4%3.5=3.75in’
AL, =AL,, =8 (1.75%- 1.45%) =3.016 i’

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: Foax = ALy, S = (3.016 in?) (15.4 ksi) = 46,446 1b.

Comparison of the load with the allowable follows:

PWR BWR
Fpy = 16,800 Ib. Fawg = 7,000 Ib.
F ey = 46,446 Ib. F, = 46,446 Ib.
Fowg < Foae Fawr < Fo

Subscripts p and b refer to PWR and BWR cases, respectively. Second subscript u or ¢
indicates upper and lower fuel spacer, respectively.
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Therefore, the normal and off-normal loads do not exceed the values for S, 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

- momerits of inertia. S, equals the outer side length and S, equals the inner side length of the lower

fuel spacer square tube.

= (8 - shnz = (6* - 5.5%12
1,=31.74 in*

L, = (S} -8sHn2 =@ -35912
bl i

o

1, = 8.83 in*

Equivalent Thin Walled Cylinder
, 0 4 ,
Equiv. L, = — R} - R}) = 31.74 in*

Equiv. I, = % R} - R,.4) = 8.83 in*

Assume t = 0.25, the thickness of the square tube in the lower fuel spacer, yields
R, = R, + 0.25 in.

Equiv. Rp! = R, = 3.55 in.

Equiv. R, = R, = 2.365 in.
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_ = 1.75 in.

tpu =t, = 0.3 in.

Article NG-3133.6 states the following, where T = the thickness and R = the inner radius (R,).

; .0.125
(R/T)

Using the inner radius for the equivalent thin walled cylinder and the inner radius of the upper
fuel spacer, yields

Al,, = 0.0095 Al = A,,=0.0259
Al,,=0.0148

Using the value A with Figures HA-1 and HA-2 on page 628 of Part D, ASME Section II, the
value B is determined to be the following (the lower value from the two figures is utilized):

B, = 8,000 B,, = By, = 8,500
B,, = 8,100

The area as calculated earlier is:

ALy, =5.75 in?
AL, =3.75in?
AL, = ALy, =3.016 in?

The compressive stress is the following:

S = Fpur/ALy, = 16,800/5.75 = 2,922 psi
Sy = Fawr/ALy, = 7,000/3.75 = 1,867 psi
Spu = Fpur/AL,, = 16,800/3.016 = 5,570 psi
Sy, = Fawr/ALy, = 7,000/3.016 = 2,321 psi

The maximum compressive stress of the fuel spacers, S,,,, is less than the minimum B value, B,
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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3.J.3 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 10° psi
Ultimate Strength, S, @ 725°F = 62,350 psi

Other properties, namely net minimum cross sectional area and moment of inertia, are calculated
as follows:

AL, =5.75 in’, as calculated earlier

Moment of Inertia, [, = -115 (h: - 1}

where h, and h; are outside and inside side dimensions of the square tubes.

1 4 4
orl,6 =— (6" - 5.5
12( )

1

or I, =— (1296 - 915.1)
12

or I, = 31.8 in*

The corresponding data for the BWR lower fuel spacer is 4 inch square tube, 1/4 in. wall, I, =
8.8 in*, AL, =3.75 in®

The upper spacer for both PWRs and BWRs is 3 inch Sch. 80 pipe (3.5 inch O.D. x 0.3 inch
wall):

AL, = AL, =3.016 in®

Moment of inertia, [, =1, = 3.9 in*

Strength Compliance

The minimum area, A_;,, for the spacers is 3.016 in’ 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

HI-STAR FSAR : Rev. 0
REPORT HI-2012610 Appendix 3.J-5



BWR or PWR: F,. = (3.016 in?) (36,950 psi)
F_ =111,441 Ib.

Let W, be the maximum fuel assembly weight, then at 60 g's
F

max

Wmax
60
BWR or PWR: W = 111,441/60 = 1,857
As can be seen from Table 2.1.6, all fuel assemblies weigh less than the W,

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).

where

E: Young's Modulus of the spacer material at temperature (725 °F)
I: 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

(8% (24.625 x 10% (3.9)
40.5%

F =

cr

or

F, =577 x 105 Ib.

Allowable fuel weight W, is again given by (for 60g axial inertial deceleration)
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max 0

or
W = 9,616 Ib.

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" (¢=
20.25").

The critical load is given by

i 8 E I, _ (8% (24.625 x 105 (31.8)
02 20.25%
1.88 x 107

cr

The maximum allowable fuel assembly weight for 60g deceleration is, therefore,

w_. = 1.88 x 10760
313,333 .

W .. 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, ¢ = 40.5"
(maximum length from Table 2.1.10)

F = (8% (24.625 x 10°%) (8.8)

“ 40.52
= 1.30 x 10° /b.
Therefore
1.30 x 10°
W = T = 21,667 Ib.
HI-STAR FSAR : Rev. 0
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W ... bounds all BWR fuel assembly weights.

Therefore, it is concluded that the upper aﬂd 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 appenidix 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

Dh
_.I End Plate

!

— o —

HpI
<+~ >

. 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:= l-in

Under the postulated handling accident, the total applied load is (design basis deceleration of
60 g's):

P := 60-1680. Ibf P = 1.008 x 10° Ibf

This load may be applied as a line load around the outer periphery

P f
Qo= —— qo = 7.826 x 103-1?—

- 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 Ibf
= q; = 1.783 10t B
7n-1.8-in in
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In either case, the shear load at the pipe connection is approximately

P 3 1bf
= — =9167x 10—
A n-Dt b in

At the design temperature, the ultimate strength is, (conservatively neglect any increase in
ultimate strength due to strain rate effects

S, := 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:

4 lbf
Qeap = 5775, Hp e = 2.698 x 10—

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
IISF" is -

q
= _ 1514

9i

The ultimate moment capacity is (assume rectangular distribution throuh the thickness):

My = Sy == M, = 8.768 x 10° in-%€

The weight of the added end plate is:

Weight := o.z9~——3.:-1+1p-(1)p2 - Dh?) Weight = 2.701 Ibf

n

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 1a -1d Annular Plate With

Uniform Annular Line Load w at Radius
r,; Outer Edge Simply Supported

This file corresponds to Cases 1a - 1d in Roark’s Formulas
for Stress and Strain.

Annular plate with a uniform annular line load w at a
radius rq
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Outer edge simply supported, inner edge free —~

Outer edge simply supported, inner edge guided

L

Outer edge simply supported, inner edge simply supported

- Ty MW

Outer edge simply supported, inner edge fixed

CASE 1A applies to the impact load at the outer periphery. The pipe diameter is the applied
load location
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Enter dimensions,
properties and
loading
Plate dimensions:
thickness: t=0.75-in
outer radius: a=2.05in
inner radius: b= 0.5in
Applied unit load: w= 9167-E
mn
Modulus of elasticity: E = 24.625- 10"’-E
in
Poisson's ratio: v=03
Radial location of applied load: I, = .5-3.5-in
Constants Shear modulus: G= £
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. Ky, and K, are tangential shear
constants used in determining the deflection due to shear:
3
D= —Et D = 9.513 x 10° Ibf-in
12.(1 - v?)
I a
Ksm’-:-—l.z'—g-ln(—-\ Ky = Ky
2 %)
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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
r P £
Deflection ¥(r,i) = yp + By -rFy(r) + Mrb"B'Fz(f) + ijB'Fs(f) - W'B'G3(r)
- | | |
000605 0.89 127 1.66 2.05
L
) in
— Inneredge free:i=0
""" Inner edge guided: i =1
¥30¢€ Inner edge simply supported: i =2
—0— Inner edge fixed: i =3
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REPORT Hi-2012610




2 2

Slope 0(r, i) := 0 -Fa(t) + My —Fs(r) + Qp —F(r) — w-—-Ge(r)
i i D i D D
! | { 1 1 1
-01 | ] | ] | |
05 0.72 0.94 116 1.39 1.61 1.83 2.05
L
~— Inner edge free:i =0 "
""" Inner edge guided: i = 1
6% [nner edge simply supported: i =2
—o— Inner edge fixed: i=3
HI-STAR FSAR Appendix 3.J-15 Rev.0
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Radial moment M(r,i) == eb,‘P"Fz(") + My, -Fg(r) + Qp, -Fo(r) — w-r-Go(r)
ir i i

—
o
~

0.5 0.89 1.66 2.05

5=

Inner edge free: i =0
Inner edge guided: i =1
3% [nner edge simply supported: i =2
—9— Inner edge fixed: i = 3
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The following values are listed in order of inner edge:

Moment at points b and a (inner and outer radius):

free (i=0)

guided (i=1)
simply-supported (i = 2)
fixed (i = 3)

0

Mp | 3.595x10° | Mn |0
Ibfiny | 0 | (1bfin
(Totin N

Lin ) (27sxie®) L)

Maximum radial moment (magnitude):

Mr

100 = Mr("»l) Amr = max(Mr <|> )

(r-b)-—.1i i
mn

(235_5x 10° \
My } 3.595 x 10° I
(Bfin) 4 2115%10° |
L in ) | 3!
(-2.798x 10° )

HI-STAR FSAR
REPORT HI-2012610

Appendix 3.J-17

Rev.0




: 2
Transverse M((r,i) = o(r, ')'D_'(l -v7)
r

moment

+ v-M((r,i)

6000 T T T

— Inner edge free:i=0

""" Inner edge guided: i =1

36 Inner edge simply supported: i =2
—9— Inner edge fixed: i =3
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The following values are listed in order of inner edge:

Transverse moment at points b and a (inner and outer

free (i=0)

guided (i =

fixed (i

1)

simply supported {i = 2)
= 3)

radius) due to bending:

M(b, 1)

( bfin -

\ in )

5.128-103

1.078-103

-1.661-103

-839.265

M(a,1)

(Ibtin ) -

\ i )

1.828-103

1.373-103

452.798

334.706

Maximum tangential moment (magnitude):

-1.661 x 10

; 2234><103 i
| |
| -884.013 |

3

Agy = max(Mt Wy

= S128-1bf

SF=1.71

By = min(Mt W )
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The remainder of the document displays the general plate
functions and constants used in the equations above.

c, =1ty 2y, 1-v(a_B&) c=r(i-vA)(2-2)
2 a kb) 4 \b a) 2 b a)
=l (2Y w2 )] co=tliiviaon(2Y]
AT AR VY) 21 \a) ]
LN |12 DR IWER TS Y = Bl ray (1= (Y]]
allla) " Ib) (=) ] al 2 o) U4 JL el
T P SR, o oY, 2=y
RREI R R M A R I MR
ey 5 (oY a2
=2 ) AT Py 2'[%)1'
S oY a2 _of1ev sy 1ov], (nY]]
Ce 4a|a) t+2d Lo lL 2 I"{ro} 4 Ll \a)“l
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Boundary values due to bending:

At the inner edge of the plate:

R
} 0. f I } 2 i
in Cs
Q= } W.( CyL - Crls }} Mro E} Ibf-in }
I kCl Cy ~ C3-Cq ) | | in l
| (Cz'le-CS'st | Cyly- Cols |
lw. | I—w-a I
L kczcg—cycg” | \Czcg—Cscs)J
i- —wa’ {CrL; ﬂ { w-a> -I
2 e e
3 . 0-d
we| (S22 ) o=l |
| D | Cs )| | -wa® ( Cylo—Cols 1|
} 0-in { { D | €iCo-CxCy )}
L 0-in ] L 0-deg ]
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At the outer edge of the plate:

0-in
y El 0-in |
low |
ko-in)
[ migem )] , -
X ~ 1 ( ) ] (o.1oFin )
| D ) | I a I ] . in l
{ wa _ 161 I e | , Ibfin |
l D ) | | a | R
9a5| | Qa=| ) I Mg =| Ibfii l
e Co- 21, | Q2 22 | 025 |
B 4+ Qp = 6‘"5""1—6 | } 2 a I I in {
W-T. Ibf-in
IM 2c 2c wa’ l | Qy2 - | T
] ®5 5+Qb3' : 6"'5"‘L6J | 2a ) \ ,
Due to tangential shear stresses:
((Kawa ) ( Kooty |
| G | | tG |
I Ksb'W' a | l Ksm.w. T I
Ysb = | | Yero = | |
] t-G | | t-G |
| 0in | | 0in |
| I | |
k 0-in ) \ 0-in }
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l+v b (r) 1-v(r b b\
P =1 ._.m(;)+ - {;-:) FSO)T[{:)-M,,(_\}
NGO EAN Sl k)
TR T A V)1 Fo =y (- -7
R I PR EATAD S sl ivvea-nltY]
Fy(0) ar |\ r) IJl\b) \r) ! Fy(®) le g )kr)_|
LY PR DTN o=ty ey 1=v (Y]]
Fad zL(l )r ( )b Folr) r| 2 lkb) 4 Ll Lr )
Fs(r) = —l-l‘l - (3\2]

2L kr)_]

o (1Y \
Gg(r) = —. (—o\ -1 2-ln(—r—\|- r>r,
¢ 4.r|_\r} * kr°)-l(> )
To r 1+v r 1-v To 211
=12 'ln{r—o)Jr 4 '[l _(T} ]J'(Dr")

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:
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e

Calcutate effective load area at middle surface assuming a 45 degree spread of load patch

Hp = 0.75in - i
R :=0.5-[(3.5 — 2-0.226)-in] P = 1.008x 10°Ibf

¢:=0.5-(1.8-in + Hp) Use inside radius of pipe for this calc.

M, = 8.768 x 10° Ibf-—
n

Using a solution in the text "Introduction to Plasticity"by W. Prager, Addison Wesley, 1959, p. 61,
the limit load is

Therefore, the safety factor for this case is

P.
m 1236
P

Therefore it is concluded that an end plate of diameter and thickness equal to
Dp=4.1in - Hp=10.75in

will perform the intended load transfer and limit the movement of the fuel assembly.
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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.

3K4 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, pp987-990.

[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)

Wiig := 1.15-90000-Ibf includes any anticipated inertia load factor

Bolt diameter db:= 1.75-in

HI-STAR FSAR 3.K-1 Revision 0
Report HI-2012610



App 3K.mcd

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:

Tp= ——— Ty = 2.773x 10° Ibf
tan(ang)
db’
A= 1 e = 2.405 in? is the area of the unthreaded portion of the bolt
Agtress = 1.8983. in’ is the stress area of the bolt
dpitch == 1.6201-in is the pitch diameter of the bolt
dmeyt := 1.5046-in is the minor diameter of the bolt
dmjp == 1.5335-in 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.

Sups 64000 o g . 169650
ulid = _"'1 0 P ubolt 10

psi Smboit := 46100-psi

20050 . 137550
-pst Sybolt :

-psi

Sylid :=

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.
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3K.7 Calculations

3K.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.

N:= 5. l is the number of threads per inch (UNC)
in
p:= 1 is the thread pitch
N
H = 4.0.21651-p H = 0.173in
17 )
Depthext = . H Deptheyt = 0.1231in
5 .
Depthijyt = EH Depthjne = 0.1081in
dmajex ;= dmext + 2- Deptheyt dmajext = 1.751n
Leng = 3.0-in is the length of engagement

Using page 103 of reference 3.K.2,

1
BOlt__thl‘d__Shl'_A = n-N- Leng‘ dmlnt'{ ‘Z_N" + .57735. (dpltCh - dmint) }
Bolt_thrd shr A = 10.84in’

1
EXt_thId_Shr__A = n‘N' Leng' dInajext'[ 2_N— + 0.57735 (dnlajext - dpitch)]

Ext_thrd shr A = 14.43in’
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The load capacities of the bolt and the lid material based on yield strength are:

Load__Capacitybclt = Sybolt‘ Astress LOad_CapaCitholt = 4352 x 104 Ibf

Load_Capacitypoltshear := -377- Sybolt Ad
Load Capacitypolshear = 3.182x 10° Ibf
Load_Capacitypoitthrd = (0.577- Sybol)- Bolt_thrd_shr_A

Load_Capacityboiithrd = 1.434x 10° Ibf

Load_Capacityjig = (0.577-Syliq)- Ext_thrd_shr_A

Load_Capacityyiq = 2.782x 10" Ibf

Therefore, the lifting capacity of the configuration is based on thread shear in the lid
material.

Max_Lift Load := NB-Load_Capacityj;q Max Lift Load = 1.113x 1 0° Ibf
Max Lift Load
MS = xR 088 MS = 0.075
Wit

>0
The load capacities of the bolt and the lid material based on ultimate strength are:

Load_Capacitybolt == Subolt Astress Load_Capacitypejt = 3.22 x 10* bf
Load_Capacitypoltthrd := (0.577- Subolt)-Bolt_thrd shr_ A

Load_Capacitypojthrd = 1.061x 10° Ibf
Load_Capacitypoltshear := -377- Subolt- Ad

Load_Capacitypoltshear = 2.354 x 104 Ibf
Load_Capacityjiq := (0.577-Syjia)-Ext_thrd_shr A

Load_Capacityiig = 5.329x 10" bf
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Therefore, the load capacity is based on bolt tensile strength or bolt shear due to the lift

angle. :

Max_Lift Load := NB-Load_Capacitybot Max_Lift Load = 1.288x 10° Ibf

Max_Lift Loadpoitshear := NB- Load_Capacitypoltshear

Max_Lift_Loadpojshear = 9.418x 10 Ibf

ift Load
Ms o Max Lift Toad MS = 0.245
Wit
or
Max Lift Loadpoltsh
MS o o ROSTCAT MS = 2.396

Th

The previous calculations indicate that external thread shear stresses govern 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

Wit
Boltp) = — Bolty} = 258751bf
NB -

The minimum preload stress required is:

" Astress

o ¢ = 13630.6psi

If preload of the bolt is specified, using an unlubricated joint, the preload torque is:

Wiift
Tpre = 2{-1\1—1;-\ db Tpre = 754.687ft-Ibf
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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_load_factor := 0.15 appropriate for slow speed operation of lifting equipment

Weight .= 8000-Ibf Table 3.2.4

Wiint .= Weight (1.0 + inertia_load_factor)

Wiig = 9.2x 10° Ibf includes any anticipated inertia load factor
Wiigt
- Th = 9.2x 10° Ibf
tan(ang)
Bolt diameter db := .625.in
Number of Bolts NB = 4
db’
Ag=r - =0.307in2  is the area of the unthreaded portion of the bolt
Agiress = 2256 in” is the stress area of the bolt
dpitch == .5660-in is the pitch diameter of the bolt
dmeyt = .5135-in is the major diameter of the bolt
dmjp; == .5266-in is the minor diameter of the threaded hole
HI-STAR FSAR 3.K6 Revision 0
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3K9 Calculations
3K9.1 Lengthof Engggement/Strenth 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.

N=1 1-71- is the number of threads per inch
in
1 . .
p= — is the thread pitch
N
H:= 4.0.21651.p H = 0.079in
17 .
Deptheyt = -2—4-H Deptheyt = 0.0561n
5 .
Depthim = EH Depthim = 0.049m
dmajeyt == dmeyt + 2-Depthex: dmajeys = 0.6251in
Leng = 1.00-in is the length of engagement

Using page 103 of reference 3.K.2,

BOlt_thrd_Shr_A = - N Leng‘ dlnint'[ 21N + -57735 (dpltCh - dnlint) }

Bolt_thrd_shr A = 1.241in°

Ext_thrd_shr A := n-N-Leng dmajext{ El'ﬁ + 0.57735.(dmajext - dpimh)}

Ext_thrd_shr A = 1.718in’
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The load capacities of the bolt and the lid material based on yield strength are:

Load_Capacitybolt = Sybolt Astress Load_Capacitypott = 5.172x 10° Ibf

Load_Capacitypoltshear := -377- Syboit- Ad : ' o »
Load_Capacitypoitshear = 4.058 x 10° Ibf

Load_Capacitypoltthrd := (0.577-Sypols)- Bolt_thrd shr A

Load_Capacitypoltthrd = 1.642 % 104 Ibf
Load_Capacityyiq := (0.577- Syiiq)- Ext_thrd_shr A

Load_Capacityjiq = 3.313x 10° Ibf
Therefore, the lifting capacity of the configuration is based on thread shear in the lid.
Max_Lift Load .= NB-Load_Capacityjiq

Max_Lift Load = 1.325x 10* Ibf
Max_Lift Loadpojtshear := NB-Load_Capacitypoitshear

Max_Lift Loadpoishear = 1.623 x 10° Ibf

_ Max_Lift Load
Wiit

MS .

1 MS=044 >0

The load capacities of the bolt and the lid material based on ultimate strength are:

Load_Capacitypolt := Suboit- Astress
Load_Capacitypoyt = 3.827x 10° Ibf

Load_Capacitypoitshear := -577-Subolt Ad
Load_Capacitybolshear = 3.003 x 10° Ibf

Load_Capacitypoitthrd = (0.577-Subolt)- Bolt_thrd_shr A

Load_Capacitypojthrd = 1.215x 10 Ibf
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Load_Capacityjig = (0.577- Suiid)-Ext_thrd shr A
Load_Capacityjig = 6.344x 10° Ibf

Therefore, the load capacity is based on bolt tensile strength or bolt shear strength due to
inclined lift cable. '

Max Lift Load = NB-Load Capacitypor ~ Max_Lift_Load = 1.531x 10° Ibf
Max_Lift Loadpoitshear := NB-Load_Capacitypojtshear

Max_Lift Loadpojshear = 1.201 x 10* Ibf

ift
MS = Max Lift Load 1 MS = 0.664 >0
Wiig
or
Max_Lift Loadboltshear
MS = -1 MS = 0.306

Th
3.K.9.2 Preload Stress

Wiift ' :
Bolty = —— Bolty = 2300Ibf
NB

The minimum preload stress required is:

c =
AStreSS

If preload of the bolt is specified, using an unlubricated joint, the minimum preload torque is:

c = 10195 psi

W.
Tpre = .2-{——1'31@ Tpre = 23.958 ft.Ibf

NB )
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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. :

o
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APPENDIX 3.L: FABRICATION STRESSES
3.L.1 INTRODUCTION

The HI-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 CONTAC438 point-to-surface elements. Symmetry
boundary conditions apply at 90°, 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.L3 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
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the weld. Localized stresses are not considered as primary stresses. For a coefficient-of-friction
= (.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 S, in each layer are presented in Table 3.L.1 for
circumferential locations -90°, -80°, 0°, 90°. 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.L4 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 includé 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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FABRICATION STRESS S, (psi) IN THE
OVERPACK CONFINEMENT AND INTERMEDIATE SHELLS

Table 3.L.1

(COF =0.0)
E;cha;t::; Cong::;;lent Intermediate Shells
1 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
HI-STAR FSAR Rev. 0
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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

or

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

HI-STAR FSAR Rev.0
REPORT HI-2012610 3.M-1



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=§, (0.707)(0.4) t
F=0.2838, t

Then, since M is given in terms of F, we can write M in terms of S,,. Also, a relation exists between
M and S,. Between these two expressions for M, we can eliminate M and arrive at a relationship
between S., S, the weld size t, and the basket panel thickness h:

M=0.2838, t (h+1)

2
02838, (ht + %) = S—Péh—

This is to be solved for the weld by thickness t that is required for a panel thickness h. The
relationship between S, 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):

S, =55,450 psi at 725°F
The appropriate limit for the weld stress Sy, is set at
S, =042,

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.

62,350
= 42x80,000( 22222 )= 27,930 psi
Sw= A% (75 000) >

b4

Therefore, the corresponding limit stress on the weld throat is

b =(0.283)(6)';—"’(ht+ t?)

14

= 1.698§—W(ht +t)

p

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 “Sy” to base metal allowable strength
“S,”. 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 S 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

W, = weight of a Boral panel (Ibf)

W, = weight of sheathing confining a Boral panel (ibf)
G= 60

Sw= weld shear stress (psi)

Equations

Weld area =2 (0.707 ty €) (h) (Neglect the top and bottom of the sheathing)
Load on weld = (W, + W) G

Weld stress from combined action of vertical plus horizontal load in each of the two directions

- G (Wb + Ws)
Su Jb) 2(.707) e, (h)

For a PWR panel, the weights are calculated as
W,=11.35Ib.
W, =28.0 Ib.

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=156in. w=751n.

Therefore,

_60x(11.35+28)x1.732 _ oo
1.414 x0.3x(1/16)(156)

w

For an MPC-68 panel, the corresponding values are

W,= 7.561b.
W= 1748 1b.
h=  156in.
W= Sin

60 x(7.56+17.48) x1.732

Sw= - .
1.414x03x(1/16in.) (1391n.)

=706 psi

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 I, 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 ASME 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 IT, Advanced Theory and Problems, Third Edition,
page 99, the formula for the bending stress in the cover plate is:
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_099)P)(¥)
()
_(9.9)(125 psi) (2in )’

(8)(0.1875in )
S»=17,600psi

Ss (v=03)

b

The allowable bending stress is 1.5Sy,; therefore, Sp < 1.5Sy, (i.€., 17,600 psi < 24,425 psi).

The shear stress in the cover plate due to the accident MPC internal pressure is calculated as follows

_Pﬂ'rz

2zrt
__ (125psi) (7) 2in)’
(2)(7) (2in) (0.1875in )’
T=667 psi

This shear stress is less than the Level A limit of 0.4S, = 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.

__667psi
Y 0.707x0.3
S. =3,145 psi
S,, <0.38, =0.3x63,300 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:

= 42-Sye T = 9.408x 10° psi

For the non-mechanistic tip-over, the design basis deceleration in "g's" is
G := 60 (Table 3.1.2)

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 "Ibf" = "pound force")

Fuel Basket Fuel
Wmpces = 15263 1bf Wies = 47600 Ibf MPC-68
Wmpc24 = 18725-1bf W4 = 40320-Ibf MPC-24
The minimum length of the fuel basket support is L := 168-in

Dwg. 1396, sheet 1 ~ 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

HI-STAR FSAR 3.M-10 Rev. 0
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(Wmpcss + Wrss)-G 4 Ibf

= = 2.238% 10—

V8= T+ 05m) Qs S
Wipc24 + Wp4)-G

Qg4 = (Winpe - ) Qua = 2.109x 10° 21

m

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 1 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
N used in the subsequent computation of fuel basket angle support stress:

NC¢s = 8 NCyq =7

The total normal load per unit length on the fuel basket support for each MPC
type is therefore computed as:

NCes Ibf

Pg = Qes: Peg = 2.633x 10° —
68 n

NCa4 Ibf

P2 = Qs Pas = 6.151x 10° —
24 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 O in Figure 3.M.2),
the load R at the weld, and the bending moment under the load P/2.

9  Pw ' Note that the small block after the equation

 — indicates that this is a text equation rather
16 (S +3-w) than an evaluated equation. This is a Mathcad
identifier.

M, =

The load in the weld, R, is expressed in the form

[ ]
R = PH M,

—_— ——

2L L

Finally, the bending moment under the load, on the top flat portion, is given as
P w '
22

Performing the indicated computations and evaluations for each of the MPC's gives:

Mp =

MPC-24 (Dwg.1395 sheet 4)

054 = 9-deg L4 = 4in W24 = (0.25 +.125+ .5-1—56\-in
Therefore
Hoq = L24-tan(924) Ho4 = 0.634in w4 = 0.5311in
HI-STAR FSAR 3.M-12 Rev. 0
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S = ,/L242 + Hog? S = 4.05in

P24 wo4 i
M, = — ( ) M, = 173.0121bf-—
16 (S + 3-waq) in
PrHza Mo wf
Ro4 = + % R4 = 530.326—
2L4 Lag n
_ P24 w24 _
PT2 2 M, = 643.8541bf.—
. m

The fillet weld throat thickness is t = 0.125-in-0.7071

The weld stress is
Ra4
Tweld =

tw Tweld = 0% 103 psi

For this event, the safety factor on the weld is

Tall

SFweld = SFweld = 1.568

Tweld

. . . 5.
For computation of member stresses, the wall thickness is twall = E-m

The maximum bending stress in the angled member is

M,

4
twan2 Obending = 1.063x 10 psi

Ohending = 6

The direct stress in the basket support angled section is

(R24' sin(624) + .5 Pas COS(924))

O direct = 3 s
twall G direct = 9.985x 10™ pst

HI-STAR FSAR 3.M-13 Rev. 0
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From Table 3.1.16, the allowable membrane stress intensity for this condition is

Smembrane = 39400 psi (use the value at 600 degree F to
conservatively bound the Safety Factor)

Smembrane
SFmembrane = — SFmembrane = 3,946

G direct

From Table 3.1.16, the allowable combined stress intensity for this accident condition is

Scombined = 59100-psi (use the value at 600 degree F to
conservatively bound the Safety Factor)
Scombined
SFcombined = SFcombined = 2.867

Odirect ¥ Obending

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 = ————— SFmembrane = 3.946
Odirect
Scombined
SFcombined = SFcombined = 2.867

Odirect * Obending

The maximum bending stress in the top flat section is

Mp

Obending = 6

4.
twall Sbending = 3-956x 10 psi

The direct stress in the basket support top flat section is

R24

P 3 .
direct twall Odirect = 1.697x 10" psi

Computing the safety factors gives:

HI-STAR FSAR 3.M-14 Rev. 0
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Smembrane '
SFmembrane = e : SFmembrane = 23.217

O direct

Scombined
SFcombincd = SFcombined = 1.433

Odirect + Obending

All safety factors are greater than 1.0; therefore, the design is acceptable

MPC-68 (Dwg 1401 sheet 4)

8gg = 12.5.deg  Leg:= 4.75in (estimated) ( 075~ 5. % i

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
Hegs = Lss-tan(668) Hgg = 1.053in wgg = 0.5941in
[ 2 2 .
S = ,/Leg + Heg S = 4.865in
9 Pes W«ss2 i
' m
My = ———— M, = 78.57Ibf —
16 (S + 3-weg) in
PsgHes Mo Ibf
= + = 308.454 —
Res 2Les | Les® Res -
M Pss wes
pT T, T, T ok i
2 2 Mp = 312.3341bf.—
m
The weld stress is
R ,
Tweld = 77 Tweld = 3.49x 10 psi
HI-STAR FSAR 3.M-15 Rev. 0
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The safety factor on the weld is

Tall

SFweld = 2.696

The maximum bending stress in the angled member is

M,
Obending = 6-

3 .
twall Obending = 4-827x 10" psi

The direct stress in the basket support angled section is

(R68'Sin(968) + .5-P53-COS(653))

O direct = 5
twall Odirect = 4.327x 107 psi
Smembrane
SFmembrane = SFmembrane = 9.105
G direct
Sc:ombirned

SFcombined = SFcombined = 6.456
Odirect + Cbending .

The maximum bending stress in the idealized top flat section is

Mp

Obending = 6 3 i
twall Obending = 1-919% 10 psi

The direct stress in the basket support top flat section is

Res
Od; = — .
direct = all G direct = 987.052psi
Smembrane
SFmembrane = SFmf:mbrane = 39.917
O direct
HI-STAR FSAR 3.M-16 Rev. 0
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Scombined
SFcombined = SF combined = 2.929

Gdirect + Obending

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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Appendix 3.0 — Detailed Finite Element Listings For The MPC-24 Enclosure Vessel

Fourteen (14) pages total including cover page
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