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1. GENERAL INFORMATION

1.1 INTRODUCTION

This Safety Analysis Report describes a reusable shipping package designed to protect radioactive
material from both normal conditions of transport and hypothetical accident conditions as required by
10CFR71. The package is designated the Model 10-160B package.

1.2 PACKAGE DESCRIPTION
1.2.1 PACKAGING

The package consists of a steel and lead cylindrical shipping cask with a pair of cylindrical foam-
filled impact limiters installed on each end. The package configuration is shown in Figure 1-1.
Cask assembly drawings are included in Section 1.3. The internal cavity dimensions are 68
inches in diameter and 77 inches high. The cylindrical cask body is comprised of a 2 inch thick
external steel shell and a 1 1/8 inch internal steel shell. The annular space between the shells is
filled with 1 7/8 inch thickness of lead. The base of the cask consists of a 52 inch thickness of
flat circular steel plates (2'% and 3 inches) which are welded together. The cask primary lid also
consists of a 5% inch thickness flat circular steel plates (2'2 and 3 inches) which are welded
together. The primary lid is fastened to the cask body with twenty-four, 1 3/4 - 8 UNC bolts.
There is a secondary lid in the middle of the primary lid. This secondary lid is attached to the
primary lid with twelve, 1 3/4 — 8” UNC bolts. A thermal shield protects the secondary lid. The
thermal-shield consists of two polished stainless-steel plates that are separated by a thin air gap
with stand-offs which provide an additional air gap above the secondary lid. The thermal-shield
assembly is attached to the secondary lid lifting lugs with hitch-pins. A 12 gauge stainless steel
liner (0.105 inches) welded to the cask cavity and lid surface protects all accessible areas from
contamination. Also, a steel thermal shield is welded to the exterior barrel of the cask and serves
as protection during the fire accident.

The impact limiters are 102 inches in the outside diameter and extend about 12 inches beyond
the outside wall of the cask. There is a 47" inch diameter void at each end. Each limited has an
external shell, fabricated from stainless steel which cans the foam and allows it to withstand
large plastic deformation without fracturing. The volume inside the shell is filled with a
crushable, shock and thermal insulating polyurethane foam. The polyurethane is sprayed into the
shell and allowed to expand until the void is completely filled. The foam bonds to the shell,
which creates a unitized construction for the impact limiters. The upper and lower impact
limiters are held together with eight circumferentially located ratchet binders which secure the
limiters to the cask.

A general arrangement drawing of the package is included in Appendix 1.3. It shows the
package dimensions as well as all materials of construction.

1-1
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1.2.1.1 Containment Vessel

The containment vessel is defined as the inner steel shell of the cask body together with closure
features comprised of the lower surface of the cask lid and the primary and secondary lid bolts.

1.2.1.2  Neutron Absorbers
There are no materials used as neutron absorbers or moderators in the package.
1.2.1.3  Package Weight

Maximum gross weight for the package is 72,000 Ibs. including a maximum payload weight of
14,250 Ibs.

1.2.1.4  Receptacles
There are no receptacles on this package.
1.2.1.5 Vent, Drain, Test Ports and Pressure Relief Systems

Pressure test ports with manual venting features exist between the twin O-ring seals for both the
primary and secondary lids. This facilitate leak testing the package in accordance with ANSI
NI14.5.

The drain and vent ports are provided with same venting features for venting pressures within the
containment cavity, which may be generated during transport, prior to lid removal. Each port is
sealed with an elastomer gasket. Specification information for all seals and gaskets is contained
in Chapter 3.

1.2.1.6  Lifting Devices

Lifting devices are a structural part of the package. The General Arrangement Drawing in
Appendix 1.3 shows two lifting lugs provided for removal and handling of the cask. Three lid
lifting lugs are used for removal and handling of the secondary and primary lid. Refer to Section
2.4.3 for a detailed analysis of the structural integrity of the lifting devices.

1.2.1.7 Tie-downs

From the General Arrangement Drawing shown in Appendix 1.3, it can be seen that the tie-down
arms are an integral part of the external cask shell. Consequently, tie-down arms are considered
a structural part of the package. Refer to Section 2.4.4 for a detailed analysis of the structural
integrity of the tie-down arms.

1.2.1.8  Heat Dissipation

There are no special devices used for the transfer or dissipation of heat.
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1.2.1.9  Coolants

There are no coolants involved.

1.2.1.10  Protrusions

There are no outer or inner protrusions except for the tie-down arms described above.
1.2.1.11  Shielding

Cask walls provide a shield thickness of 1 7/8 inches of lead and 3 inches of steel. Cask ends
provide a minimum of 5 inches of steel. The contents will be limited such that the radiological
shielding provided (nominally 3% inches lead equivalent based on Co-60) will assure
compliance with DOT and IAEA regulatory requirements.

An optional, removable steel insert may be installed inside the cask to provide additional shoring
and shielding for the cask contents. The insert fits closely to the inside walls of the cask, but is
not attached to the cask nor the contents. It may vary in thickness between Y2 inch and 1'% inch
on the sides, and is open on the top and bottom. It is approximately Y% inch shorter than the cask
cavity.

1.2.2 OPERATIONAL FEATURES

Refer to the General Arrangement Drawing of the package in Appendix 1.3. There are no
complex operational requirements associated with this package.

1.2.3 CONTENTS OF PACKAGING
1.2.3.1 Cask Contents

The contents of the cask will consist of:
1)  Radioactive material in secondary containers.

2)  Radioactive material which does not generate more than 200 thermal watts of
radioactive decay heat.

3) The weight of the contents in the cask cavity will be limited to 14,250 Ibs. If an insert
is installed in the cavity, the maximum payload is reduced by the weight of the insert.

4)  Transuranic Waste (TRU) with not more than 325 fissile gram equivalents (FGE) of
fissile radioactive material.

5)  The activity of gamma emitting radionuclides shall not exceed the limit determined per
the procedure in Chapter 7 Attachment 1.

1.2.3.2 Waste Forms

The type and form of waste material will include:

1)  By-product, source, or special nuclear material consisting of process solids or resins,
either dewatered, solid, or solidified in secondary containers. (See Section 4.2.1 for
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specific limitations). Contents containing greater than 20 Ci of plutonium must be in
solid form.

2)  Neutron activated metals or metal oxides in solid form in secondary containers.

3) Miscellaneous radioactive solid waste materials, including special form materials and
powdered solids in secondary containers. Powdered solids shipments shall be
performed only when the most recent periodic leak test meets the requirements of
Chapter 4, Section 4.9. Powdered solid radioactive material shall not include
radioactive forms of combustible metal hydrides, combustible elemental metals, i.e.,
magnesium, titanium, sodium, potassium, lithium, zirconium, hafnium, calcium, zinc,
plutonium, uranium, and thorium, or combustible non-metals, i.e., phosphorus.

4)  TRU wastes are limited as described in Appendices 4.11.2 through 4.11.7. TRU
exceeding the fissile limits of 10 CFR 71.15 must not be machine compacted and must
have no more than 1% by weight of special reflectors and no more than 25% by volume
of hydrogenous material.

5) Explosives, corrosives, non-radioactive pyrophorics, and compressed gases are
prohibited. Pyrophoric radionuclides may be present only in residual amounts less than
1 weight percent. The total amount of potentially volatile organic compounds present
in the headspace of a secondary container is restricted to 500 parts per million.
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Secondary Lid
Lifting Lug (3) Access Plate
Upper Impact
Limiter
Impact Limiter
Primary Lid Lifting Lug (3)
(51/2%)
Secondary Lid Cask Cavity )
(5 1/2") aiil 68" Dia x Tie-dc(»:;n I.ug
Impact Limiter 77" High
Ratchet Binder (8)

Outer Shell (2)

inner Shell (1 1/8")

Lower Impact Limiter

Lead (1 7/8")

Bottom Plate

(5 1/2")

Overall cask dimensions
{including impact limiter)
102" Dia x 130" High

Thermal Shield

Figure 1-1 10-160B General Arrangement

(Top themal shield not shown)
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1.3  APPENDIX - 10-160B SHIPPING CASK DRAWINGS
¢ Drawing No. C-110-D-29003-010, “Cask Assembly General Notes/Parts List”

¢ Drawing No. DWG-CSK-12CV01-EG-0002, “10-160B Cask Secondary Lid Thermal-
Shield Details”

Drawings withheld on the basis that they are

Security-Related Information
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2. STRUCTURAL EVALUATION

This Chapter identifies and describes the structural design of the 10-160B packaging,
components, and safety systems for compliance with performance requirements of 10 CFR 71
(Ref. 1).

2.1 STRUCTURAL DESIGN
2.1.1 DISCUSSION

The package has been designed to provide a shielded containment vessel that can withstand the
loading due to the Normal Conditions of Transport, as well as those associated with the
Hypothetical Accident Conditions.

The 10-160B assembly is designed to protect the payload from the following conditions:
Transport environment, 30 Foot drop test, 40 inch puncture test, 1475°F thermal exposure, and
transfer of dissipation of any internally generated heat. The design of the package satisfies these
requirements.

Principal structural elements of the system consist of:

e Containment Vessel
e Lead Shielding
e Impact Limiters

These components are identified on the drawing as noted in Appendix 1.3. Their design and
function in meeting the requirements of 10 CFR 71 are discussed below.

2.1.1.1 Containment Vessel

The cask is comprised of carbon steel (SA-516 Gr. 70 or SA-537 Class 2) shells, which envelop
a lead shield, a steel base, and lids. The inner shell serves as the package containment boundary.
The primary lid is attached to the cask with 24 134” - 8UN bolts. A secondary lid is attached to
the primary lid with 12 equally spaced 134” - 8UN bolts. The lid-to-cask body and lid-to-lid
interfaces each employ a pair of high temperature, solid elastomer o-rings. All transport
environment conditions as well as accident conditions (i.e., 30-foot drop, 40-inch puncture test
requirements, etc.) are met with impact limiters installed as discussed in Section 2.1.1.3 below.
All thermal loading and dissipation requirements are met as discussed in Section 3.0.

2.1.1.2  Shielding

The area between the two shells discussed in Section 2.1.1.1 is filled with lead. This lead
shielding is subjected to a Gamma Scan inspection to assure lead integrity. The designed
thickness assures that no biological hazard is presented by the package and all shielding
requirements of 10 CFR 71 are met.
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2.1.1.3  Impact Limiters

The impact limiters are designed to protect the package from damage during the 30 foot drop and
to provide thermal protection during the hypothetical fire accident condition.

They are constructed of fully welded steel shells filled with foamed-in-place rigid structural
polyurethane foam. The foam deforms and provides energy absorption during impact. Eight
circumferentially located ratchet binders attached to the upper and lower impact limiters secures
the limiters to the cask.

2.1.1.4  Summary

Detailed discussions of all components and materials utilized in the 10-160B Package including
stress, thermal, and pressure calculations are contained in the applicable sections of this SAR. A
drawing of the individual subassemblies and the 10-160B package can be found in Appendix 1.3.

2.1.2 DESIGN CRITERIA
2.1.2.1 Normal and Accident Conditions of Transport

Regulatory Guide 7.6, “Design Criteria for the Structural Analysis of Shipping Cask
Containment Vessels” (Ref. 2) was used in conjunction with Regulatory Guide 7.8, “Load
Combinations for the Structural Analysis of Shipping Casks” (Ref. 3) to evaluate the package
according to the requirements of 10 CFR 71.71 and 10 CFR 71.73. Table 2-1 summarizes the
normal and accident conditions load cases.

q)) Containment Vessel & Cask

The containment vessel is defined to be the inside steel shell and its closures. Regulatory guide
7.6 was used for the evaluation of the containment vessel and the cask for both the normal
conditions of transport and the hypothetical accident conditions. The yield and ultimate stress
values of all materials of construction are obtained from Section II, American Society of
Mechanical Engineers, Boiler and Pressure Vessel Code (BPVC). The design stress intensity
value S, is the lesser of 2/3 yield or 1/3 ultimate strength. Table 2-4 summarizes primary limits
for normal and accident conditions.
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Table 2-1
Summary of Normal and Accident Condition Loading*
Loading Ambient Heat Load Pressure (psia) Stress
o Temperature 2
Condition C°F) (watts) Internal | External Table
NORMAL CONDITIONS
Hot Environment 100 200 8.4 0 A2-31 & 32
Cold Environment -40 0 11.23 0 A2-29 & 30
fnereased External 220 0 0 20 A2-33 & 23
M'“‘“;:er:sfr’:ema' 100 200 23.1 3.5 A2-35 & 36
Free Drop + A2-23
Increased External =20 0 0 20 A2-25
Pressure A2-27
Free Drop + A2-23
Minimum External 100 200 11.23 0 A2-25
Pressure A2-27
ACCIDENT CONDITIONS
Free Drop + A2-13
Increased External =20 0 0 20 A2-17
Pressure A2-21
Free Drop + A2-13
Minimum External 100 200 11.23 0 A2-17
Pressure A2-21
Puncture + Increased 20 0 0 20 Page 2-74.3
External Pressure
Puncture +
Minimum External 100 200 11.2° 0 Page 2-74.3
Pressure
Fire 1475 200 31.2 0 A2-41 & 42

! These loading combinations are derived from the NRC Regulatory Guide 7.8, March 1989.
% See these tables for the stress analysis results of the corresponding loading conditions.
3 Corresponds to the pressure differential between the atmospheric pressure (14.7 psi) and reduced external pressure

(3.5 psi). This pressure is conservatively used in the load combinations instead of the maximum cask internal
pressure of 8.4 psi.
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) Impact Limiter Foam Strain

The impact limiter is designed to absorb energy through inelastic deformation during the
hypothetical accident conditions. Strain, rather than stress, is used as the limiting parameter to
assure that the material does not bottom out. The maximum limiting strain was established as
70% since the stress and corresponding forces applied to the cask become large, and the
“stiffness” of the impact system becomes large.

3) Brittle Fracture

The primary structural components of the cask are fabricated with ASME SA 516, Grade 70, or
ASME SA 537, Class 2 carbon steel with supplemental nil ductility temperature (NDT)
requirements. Fracture toughness requirements specified in NUREG/CR-1815,
“Recommendations for Protection Against Failure by Brittle Fracture in Ferritic Steel Shipping
Containers up to Four Inches Thick”, (Ref. 4) are complied with. Section 2.6.2 evaluates the
critical components of the cask. '

Buckling

Buckling, per Regulatory Guide 7.6, is an unacceptable failure mode for the containment vessel.
The intent of this provision is to preclude large deformations which would comprise the validity
of linear analysis assumptions and quasi-linear stress allowables as given in paragraph C.5 of
NRC Regulatory Guide 7.6.

Cask drop calculations show that the critical buckling stresses of the containment vessel and
exterior shell are very high. Under service conditions, internal pressure would induce membrane
biaxial tensile stress components in the containment vessel. These tensile stresses would tend to
reduce compressive stresses due to hypothetical accident impact induced internal forces. Thus,
under these conditions, the package would be less susceptible to buckling failure than under the
conditions analyzed. Since no incipient buckling was predicted by the analysis, it may be safely
concluded that buckling is not a probable failure mechanism for the 10-160B package.

The remainder of this subsection defines techniques and criteria used in subsequent section of
this safety analysis report to demonstrate that containment vessel buckling does not occur.

Euler Column Buckling

Reference is made to “Formulas for Stress and Strain” by R.J. Roark, 5" Edition; (Ref. 5) Page
415. The critical buckling load, P, is calculated by:

Pcr Cm?E
—=-7

4 @2
Where:

C is the coefficient of constraint
C=I for simply supported ends.
E is the modulus of elasticity.
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L is the length of the cylinder.
r is the radius of gyration.
[ = Ar2 =moment of inertia.

The above equation could be written as follows:

Pcr = R2I§I

E
E = 27.8 x 10° psi
I = Rt
Where R = cylinder radius

t = cylinder thickness

Inner Shell
I; = n(34.5° (1) = 129,005 in*
Per; = 5.97 X 10° Ibs
Outer Shell
I, = n (37.625)°(2) = 334,664 in*
Per, = 1.51 x 10" Ibs

Axial Stress Limits

Refer to Baker, Kovalesvky, Rish, Structural Analysis of Shells. 1981 Ed., (Ref. 6) page 230.

2K

A thin-wall cylinder is considered “moderately long” if: )-/z >

Where y is the correction factor dependent on R/t.

Ko = 1, for simply supported edges. (Conservative)
L = cylinder length
R

= cylinder mean radius

Il

cylinder mean thickness
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v = Poisson’s ratio

The following two sets of properties correspond to the inner and outer shells of the cask side
wall:

Inner Shell Outer Shell
ti = | in to = 2in
Ri = 34.5in Ro = 37.625 in
Li = 77 in Lo = 78in
Y = 3 v = 3in
Zi = 163.94 Z0 = 77.13
K
Check value of T 1 _ 2385
23
Figure 10-9, Page 230 (Ref. 6)
Riti = 34.50 yields yi = 74
Ro/to = 18.81 yields yo = 8
YiZ; =121.32
Yozo =61.70 [ ) 285

Both shells will be treated as moderately long cylinders.

From (ref. 6) Page 229

2
2 t
6. =0,/n=K ——-TC—E——( ]

“T20-v) (L
4
K. =—J3_ Yz
2

yis
cei = 360,906 psi
and
ceo = 715,482 psi
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HOOP STRESS LIMIT

(Ref. 6) PAGE 236

2 —
ch=ccrm = kpnlz(l_v) L

where K, is a function of z. (Page 237)

then

zZi = 163.94 —> Kpi
Zo = 77.13 > Kpo
Ghi = 44,497 psi

and

Cho = 132,155 psi

Critical Buckling Stress

Critical buckling stress (o) for each of the above cases, can be found by solving the following

equation (Ref. 6, page 265)

Ce = Ou/Muvverveeccirinennees (D

Where  is the plasticity coefficient. For moderately long cylinders under uniform axial and

hoop compressions this coefficient can be defined as follows:

For axial stresses

EIES
n= f s (2)
Where:
E; = tangent modulus = %
Es = secant modulus = o
de
o = critical stress
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€ = strain

The stress-strain relationship of A516 GR.70, (o, = 38,000 psi) between the proportional limit
(0.70y ) and the yield point (6, ) can be expressed by the following quadratic equation:

c=A2+Beg +C (3)

Where,
A = -1.6948 X 10"
B = 6.0233x 10’
C = -1.5517x 10*

Figure 2.1.1 shows a plot of stress-strain curve thus constituted. Substitution of eqn. (3) into
eqn. (2) yields the following expression for the plasticity coefficient,

J (A +B)(Ac +B+c/e)
E

Using equations (1) and (4), inelastic buckling stress for any elastically calculated buckling stress
can be calculated for 10-160B Cask, these stresses are calculated as follows:
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STRESS, o.(psi) —— .
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Figure 2.1.1
Constituted Stress-Strain Curve for A516 GR.70

©.200

2.225

B 25



10-160B Safety Analysis Report - Consolidated SAR Revision 7

November 2013
Axial
Inner ~ Outer
se, psi 360,906 715,482
ecr 1.7653 x 10-3 1.774 x 10-3
n 0.1051 0.0539
ocr, psi 37,921 37,948
Hoop
Inner _ Outer
ch, psi 44,497 132,155
ecr 1.165 x 10-3 1.6928 x 10-3
n 0.854 0.2875
acr, psi 37,999 : 37,989

The buckling stress limits are summarized in the following table:

Inner Shell Outer Shell
Axial Membrane 37,921 psi 37,948 psi
Hoop Membrane 37999 psi 37,989 psi

Buckling evaluation of the cylindrical shells, for combined loading, is done using the technique
described in (Ref. 6), Page 275 accordingly.

O - NOi = 0

Where o is the combined load critical buckling stress intensity.

. .. . E
1 is the plasticity correction Factor E—S—[

oiis elastic buckling stress intensity

i = V(G +(01)? —(0.0n)
Gii = 340,843 psi

Cio = 659,413 psi

Values for both shells are as follows:
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Inner Outer

oe psi 360,906 715,482

oH psi 44,497 132,155

Gi psi 340,843 659,413

ecr 1.7639 x 10-3 1.77347 x 10-3
n 0.1112 0.0576
ocr (Combined Load), psi 37,911 37,949

The largest stress intensity under the hypothetical accident condition in the outer shell is
16,880 psi (see Table 2-11) and in the inner shell is 21,120 si (See Table 2-20) which are clearly
well below the corresponding critical buckling stresses. Hence, buckling of shells in the
10-160B cask is not a possible mode of failure.

2.1.2.2  Tie-downs and Lifting Devices

¢)) Cask and Lid Lifting Devices

10 CFR 71.45 (a) requires that the cask lifting devices be capable of supporting three times the
weight of the loaded package without generating any stress in the cask in excess of the yield
strength. No stresses shall be generated in any material in excess of yield strength.

Maximum stresses and safety factors are computed in Section 2.4.3.

2) Tie-downs

10 CFR 71, 7.45 (b) paragraph (1) requires that the tie-downs be designed such that no stresses

exist in any material of the package in excess of yield strength for the specified 10-5-2G loading
condition. Maximum package stresses and factors or safety are computed in Section 2.4.4.

A3) Failure of the Tie-down and Lifting Devices

Any tie-down, cask lifting or lid lifting device must be designed such that failure of the device
under excessive loads will not impair the ability of the package to meet the other requirements
specified in 10 CFR 71.45.

Sections 2.4.3 and 2.4.4 demonstrate that the failure load for tiedown and lifting components, the
shielding and containment requirements are met.

Failure is predicted for an equivalent state of stress which produces a maximum shear stress of:

Ctailure — "\/%Su = 0.577 S,

Where S, = Material ultimate tensile strength

2-11



10-160B Safety Analysis Report Consolidated SAR Revision 7
November 2013

2.2  WEIGHTS AND CENTER OF GRAVITY

The weight breakdown of the package is as follows:

Cask Body 47,250 lbs
Outer Shell 10,600
Inner Shell 6,000
Lead Shell 13,800
Base Plate 7,200
Upper Ring 1,050
Primary Lid 5,300
Secondary Lid 2,150
Tie-Down Lugs (4) 200
Lifting Lug Pads 350
Thermal Shield 350
Thermal Shield (lid) 250
Impact Limiters 10,500 Ibs
Upper 5,300
Lower 5,200
Net Package Payload 14,250 lbs
(See Note)
Total Package Weight 72,000
GROSS PACKAGE WEIGHT 72,000

The center of gravity of the package is located at the geometric center of the package.

Note. If an optional insert is installed in the cavity, the maximum payload is reduced by the
weight of the insert.

23 MECHANICAL PROPERTIES OF MATERIALS

All major cask body components are fabricated of carbon steel, including the shells and lids; and
are included in Section II of the ASME BPVC. The basic material properties of the lid and shell
components are shown in Table 2-2. The temperature variation of these properties can be
obtained from Appendix I of Section III, ASME BPVC. The basic properties of the other steel
components are shown in Table 2-3 as a function of temperature. The allowable stress intensity,
Sm, is the lesser of one third ultimate or two-thirds of yield at a given temperature. The primary
stress allowables are tabulated in Table 2-4.

The impact limiters are constructed of rigid, self-extinguishing, polyurethane foam, foamed in-
place. Figure 2-1 represents the stress-strain curve for the foam used for this package. The

[\
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tolerance limits (10%) are shown along the nominal curve. The specification for the foam is
located in Appendix 8.3.1.

24  GENERAL STANDARDS FOR ALL PACKAGES

This section demonstrates that the general standards and loading conditions for all packages are
met.

2.4.1 CHEMICAL AND GALVANIC REACTIONS
The materials from which the packaging is fabricated (steel, lead, and polyurethane foam) along

with the contents of the package will not cause significant chemical, galvanic, or other reaction
in air, nitrogen, or water atmospheres.

2.4.2 POSITIVE CLOSURE

The positive closure system has been previously described in Section 1.2.1.
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Table 2-2 : :
Mechanical Properties of Materials Used in Fabrication of 10-160B Cask
MATERIAL | 1YPE,CLASS S Su el B “
OR GRADE (psi) (psi) (psi) (psi) in/in °F
SA-516 70 38,000 | 70,000 | 23,300 29.5x10° | 6.41x10°
SA-5371 2 55,000 | 85,0002 | 28,300 | 29.5x10° | 5.42x10°
SA-517 F 100,000 | 115,000 | 38,300 | 29.5x10° | 6.20x10%
A-354 BD 130,000 | 150,000 - 29.9x10° | 6.50x10°
A-540% B2I, Class 1 150,000 | 165,000 - 29.7x10° | 5.42x10°

Nomenclature: S,

Notes:
(1)

@

€))

= Yield Stress of the Material

S. = Ultimate Stress of the Material
Sm = Allowable Membrane Stress Intensity of the Material

= Modulus of Elasticity of the Material

Mean Coefficient of thermal Expansion

Alternate material for inner shell and bolting ring. This material has a higher
allowable than SA-516 Gr. 70 for all loading conditions. Therefore, the allowable
values for SA-516 are used throughout in the SAR.

SA-537 Class 2 has S, in the range of 75,000 to 95,000 psi. A minimum S, of
85,000 psi has been specified for the 10-160B cask.

Alternate material for primary and secondary lid bolts. This material has a higher
allowable than A-354 Gr. BD for all loading conditions. Therefore, the allowable
values for A-354 are used throughout in the SAR.
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Table 2-3
Material Properties Versus Temperature
E o
. Type Class | Temp. Sy Su Sm . -
Material . . . (psi) in/in °F
orGrade | °F | (psi) (s) | (Psi)
(5) 4)

70 38,000 70,000 23,300 29.5E6 6.50E-6

100 38,000 70,000 23,000 29.5E6 6.50E-6

SA-516 70 200 34,600 70,000 23,100 28.8E6 6.67E-6
) 300 33,700 70,000 22,500 28.3E6 6.87E-6
400 37,600 70,000 21,700 27.7E6 7.07E-6

500 30,900 70,000 20,500 27.3E6 7.25E-6

70 100,000 115,000 38,300 29.5E5 6.27E-6

100 100,000 115,000 38,300 29.5E6 6.27E-6

SA-517 F 200 95,500 115,000 38,300 28.8E6 6.54E-6
¢)) 300 92,500 115,000 38,300 28.3E6 6.78E-6
400 89,800 115,000 38,300 27.7E6 6.98E-6

500 87,600 115,000 38,300 27.3E6 7.16E-6

Ag;j4 BD 100 130,000 150,000 | ------- 29.9E6 6.20E-6
-40 - - - 2.46E6 15.56E-6

=20 - - - 2.43E6 15.65E-6

70 - - - 2.27E6 16.06E-6

LB]‘E/;;) Chemical 100 - - - 2.21E6 16.22E-6
'6 ' 200 - - - 2.01E6 16.70E-6
©) 300 - - - 1.85E6 17.33E-6
400 - - - 1.70E6 18.16E-6

500 - - - 1.52E6 19.12E-6

Notes: ) From Code Case N-71-11

2) From Section VIII, Division II, ASME B&PVC
3) From ASTM Specification

€} From Table 1-5.0, Section I1I, ASME B&PVC
&) From Table 1-6.0, Section III, ASME B&PVC
6) From NUREG/CR-0481 (Ref. 25)
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Table 2-4

Primary Stress Intensity Allowables

Normal Condition

Accident Condition

Type
Material Cla};g or Sn'1 Su- Membrane Membr'fme * Membrane .Membra_me
Grade (pst) (psi) (psi) Bending (psi) + Bending
(psi) (psi)
SA-516 70 23,300 | 70,000 23,300 34,950 49,000 70,000
SA-517 F 38,300 1 115,000 | 38,300 57,400 80,500 115,000
A-354 BD - 150,000 - - - -
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Compressive Stress-Strain Curve for Foam
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2.4.3 LIFTING DEVICES

The 10-160B cask is provided with two (2) removable lifting lugs (Figure 2-2) attached toa 2
inch plate welded to the outer shell of the cask by which the cask and payload can be lifted. The
lid is provided with three (3) lifting lugs by which the lid may be removed from the cask. The
lid lifting lugs are covered by the impact limiter and the cask lifting lugs are removed during the
transportation. Hence, neither lugs can be inadvertently used for the tie-down. A stress
summary of the lifting devices is tabulated in Table 2-5.

The load requirements for lifting devices are defined in 10 CFR 71, paragraph 71.45 subpart “a”
as, “... must be designed with a minimum safety factor of three against yielding when used to lift
the package in the intended manner.”

Cask Lifting Lugs

The lugs can be used only with impact limiters removed; for conservatism, the weight of the
impact limiters will be included in the following analysis. Therefore, the total lifted weight is:

W =72,000 Ibs.

The lug load is:

P= = 36,000 Ibs/lug.
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Table 2-5
Stress Summary of Lift Lugs and Welds
. Stress Stress '
Material ShearSSi;ress Dlre(cts?)tress Intensity Allowable Safetzlll; actor
P p (psi) (psi)
Steel of 3,027 3,027 12,667 420
Cask Lug 4,129 7,309 1.77
1.819 — 3,638 7,309 . 3.48
Weld
1,819 - -— 7,309 4.02
Steel of Lid 870 2,004 2,654 12,667 4.77
Lug 870 7,309 8.40
Weld 159 000 000 7,309 4597
Bolts 37,152 1,161 37,737 75,010 1.99
Bolt Holes
(Threads) 1,515 -— -— 7,309 4.83
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A — Shear in weld of mounting plate to cask body

Each mounting plate is attached to the outer shell of the cask with a 1.75” full penetratlon weld
all around. The weld properties are as follows:

Weld length, Ly, =4 x 12 =48”
Weld throat thickness, t, = 1 % x .707 = 1.24”

Weld area, Ay, =48 x 1.24 = 59.39 in’

The weld shear stress, 1, = AL

w

_ 36,000

= 606 psi
59.39 pst

T\V

Allowable stress in pure shear is 1/3 x .577x S, =
1/3 x .577 x 38,000 = 7,309 psi

SF. = 7309 =12.06

606
Stress Intensity of Weld
2x 606 =1,212 psi

SF. = 1/3x 38,000 _ 10.45

1,212
Shear in weld of lift lug
Each lift lug is attached to a base plate by a 1-inch weld. The weld properties are as follows:
Weld length, L., = 2 x12)+(2x2)=28"
Weld throat thickness, t, =.707 x 1 =.707”
Weld area, A,, =28 x .707 = 19.8 in’
The weld shear stress, T = P/Ay,
Tw = 36,000/19.8 = 1,819 psi
Allowable stress in pure shear is

1/3 x .577 x 38,000 = 7.309 psi
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S.F.=7,309/1,819 =4.02

Stress intensity of weld =2 x 1,819 = 3,638 psi
S.F.=(1/3 x 38,000)/3,638 = 3.48

B — Bolt stresses

Each lifting ear is attached to the cask mounting plate, as shown in Figure 2-2 using four (4) 1-
1/4-7 UNC -2A, 2 -3/4-inch-long ASTM 354 grade BD Hex head bolts. The stress area for each
bolt is 0.969 in’.

The shear force, V, will be carried by four bolts, so the shear force acting on the bolts is, V =
36,000 x 3 = 108,000 Ibs.

108,000 _
4(.969)

Nominal shear stress, 1, =

Tp, nom. = 27,864 psi

Maximum shear stress in the bolts will be 4/3 (four-thirds) the nominal shear stress, so T, =
4 x 27864
3

Tv=237,152 psi

The tensile force, F, will be carried by all four bolts.

The horizontal component of the force acting on the cask lifting lug is,
108,000/tan 60° = 62,354

Summation of moments about point 0.
304375 F +3P,-5P,+2V=0

_ 5(108,000 - 2(108,000) - 3 (62,354)
30.4375

F

F = 4,499 |bs
Therefore, tensile stress, o , = F/Ap
G b =4,499/4 (969) = 1,161 psi

Maximum principal stresses in the bolt are found by
cp=0p2% ,/(cb /2)* +(1y)?
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co= 116172 + /(1161/2)* +(37,152)°

6 p=237,737 psi

S.F.=(.577 x 130,000)/37,737 = 1.99

¢ — Threads — Cask Metal

Because the cask material is weaker than the bolt material, failure will occur at the root of the
cask material threads. From Bickford, John H., an introduction to the design and behavior of

bolted joints, Marcel Bekker, Inc. 1981, pp. 272-273, the equations for shear area and the length
of thread engagement required to develop full strength of the threads are:

Ats = (M)(0)(Le)Dmin)[ 1/2n + 0.57735 (Dmin-Enmax)]

Le= [Sst(2A)][{(SnXm)(N)(Dmin)[(1/2n) + 0.57735(Dmin— Eamax)1]

Where:
Dpin = Min. O.D. of bolt, in
= 1.25 in.
Eomax = Max. P.D. of cask threads, in.
= 1.157 in.
S« = Tensile strength of bolt material, psi
= 150,000 psi
n = Threads per inch
= 7.0 threads/in
As = Stress area of bolt threads, in’
= 0.969 in’
Sut = Tensile strength of cask material, psi
= 70,000 psi
Ats = Shear area at root of cask threads, in.2
Le = Length of thread engagement required to develop full strength, in.
L. = [(150,000)(2)(0.969))/[n(70,000)(7)(1.25)[1/14+0.57735(1.25 — 1.157)]]
Le = 1.21 in. deep
Ars = (n)(n)(I;e)(Dmm)[l/2n + 0.57735(Dmin — Enmax)]
Arg = 2.97in.”

The bolt tension was determined as 6.257 Ibs resulting in shear stress at the threads of:

T thread shear Fooi/Ats = 4.499

2.97

T 1,515 psi

The allowable shear stress is (1/3)(.577)(Sy), where the yield stress for the cask body material is
38,000 psi.
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Tallowable = (1/3)(.577)(38,000) = 7,309 psi
The associated safety factor is:
SF. = 7.309 = 4.83

1,515
d — Lug Stresses
Lug Thickness, t = 2 4”
Effective lug width, W = 5.29” at weld location
Tension

P 36,000 .
o = = = 3,027 psi
Effectivedrea  21/4(5.29) '

SF. = 38,000 - _ 4.20

3x3,027
Shear out of lug
\Y% = 36,000 lbs.

Plate thickness, t =2 4

Hole radius, r; = 1,0625”
L=3-1.0625=1.9375"

No. of shear faces, N=2

A=N . L .b=2%x 1.9375*2=8.72 in’

vV _ 36,000

Shear stress, T = = 4,129 psi
As 8.72
FS. = 577 x38,000 _ 177
3x4,129

e — Lid Lift Lug stresses

Lug thickness, t = 1"
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Lid weight, W = 4,550 + 1,650 = 6,200 lbs.

Lug width, w=5.25”

Lug height, h = 4.25”

No. of lugs =3

Tension

o = W/(Effective Area) = 6,200/(3 x (5.25 — 1.125)) = 501 psi
Apply a stress concentration factor of 4. |

6 =501 x4=2,004 psi

S.F. =38,000/(3 x 2,004) = 6.32

Shear out of lug

1.125

L = 1.75-—=2 =1.1875”
2
\Y = Lid weight/No. of lugs = 6,200/3
N = 2
t = 17
A, = NLt=2x1.1875x 1= 2.375 in’
T = V/As= 620073 _ 870 psi
2.375

SF. = 38000x.577  _ 8.4

870 x 3

Stress intensity, S.I. = 2./t* +(c/2)*

2
2\/(870)2+—2—’03—4 = 2,654 psi
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p——5 174"

2 S/8° —
1/72° X 45

3/B"
/6

I 3/e"

Sp o= 8000 4
3x2,654
Shear in weld
Weld length, L =(5.25x2)=10.5"

Weld thickness, t= (2 x .5 x .707) + (2 x .375 x .707) = 1.237”
Weld area, Ay = 10.5 x 1.237 = 12.99 in®
Tw=6,200/(3 x 12.99) = 159 psi

S.F.= (38,000 x .577)/(3 x 159) = 45.97
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2.4.4 TIE-DOWN DEVICES

The tie-down system for transporting the package is designed to load conditions defined in 10
CFR 71, paragraph 71.45(b). This load condition is defined as follows: “The system must be
capable of withstanding, without generating stress in any material of the package in excess of its
yield strength, a static force applied to the center of gravity of the package having a vertical
component of two times the weight of the package and its contents, a horizontal component
along the direction in which the vehicle travels of 10 times the weight of the package with its
contents and a horizontal component in the transverse direction of five times the weight of a the
package with its contents.”

The 10-160B cask has been provided with 4 tie-down lugs welded to the cask’s outer shell. The
tie-down force is calculated by considering the equilibrium of forces and moments acting on the
impact limiter and the cask as one rigid body. This approach is more conservative than that of
considering the equilibrium of forces on the cask without the impact limiter. The impact limiter
increases the moment arms of the overturning moment, thereby resulting in larger cable loads.

Each component used in the tie-down arrangement is designed and evaluated for the loading
conditions described in 10 CFR 71.45 (b). For the purpose of this analysis, the package is’
assumed to weigh 72,000 Ibs.

The results of the analysis verify that the tie-down system is capable of withstanding the above
mentioned forces, without generating stress in any part of the packaging in excess of its yield
strength. The analysis is subdivided into individual sections dealing with: Loads acting on the
lugs, and lug stresses. A stress summary of the tie-down devices is tabulated in Table 2-7.
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Table 2-5.1
Stress Summary of Tie-Downs
Component Shear Direct Bending Instgnessist Allow S:'afety'
P Stress (psi) | Stress (psi) | Stress (psi) (psi) Y | Stress (psi) | -Factor (psi)
Tie-Down 45,252.7 57,700 1.28
Lug 10,414.6 16,313 8900.31 32,704.24 100,000 3.06
Weld 21,195.1 57,700 2.72
Stress , :
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Tie-down Load Evaluation

The tie-down arrangement of the 10-160B cask to the vehicle is as shown in Figure 2-3. The
loads in the tie-down cables are obtained by statically applying the required 10W, 5W and 2W
loads on the cask center of gravity along X, Z, and Y-directions respectively. The total load in
the cables is obtained as the sum of the cable loads under each of these load conditions.

Cable Load Under X-Direction Loading

Due to negative X-direction loading, two of the four cables, namely cables | and 2, will be slack
and the remaining two will carry the load. Due to symmetry, both cables 3 and 4 will carry equal
loads. The magnitude of the load in each cable, Ty, can be calculated by moment balance about
point A and by summing forces in the X-direction.

SFy, = -10W +28; + 2T\Bx =0, = S; = 5W - T\B (Eq. A)
M, = 10W¢ - 2B,T\h - 2ByTia - WR, - 28,b =0 (Eq. B)
Eq. A into Eq. B yields the following:

~10We + WR, +10Wb

T OB h2B,a+2B.b

Where

B, = L./ \/sz +L,2 +L,°

Ly = X-component of cable length

L, = Y-component of cable length

L, = Z-component of cable length

S = X-component of shear block force
S, = Z-component of shear block force
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W = 72,000 Ibs.
B, = 42.24/,[(42.24)> + (71.5) + (48.13)"
B, = 4401
B, = L/yLJ+L+L,2
B, = 71.5/4/(42.24)% +(71.5)° + (48.13)°
By = 7449
h = 73.5”
b = 12”
a = R, + Ry cos 30°
c = 65”
R, = Impact limiter radius
R, = 45”
Ry = Radium extended to the tie-down lug
RL = 41.625”
a = 45 +41.625 cos 30° = 81.05”
h = 73.5”

—10(72,000)(65) + 72,000(45) + 10(72,000)(12)
— 2(4401)(73.5) - 2(.7449)(81.05) + 2(.4401)(12)
T, = 199,679.78 Ibs.

»
Il

We thus have:

Tk = Tox = 0,Ts = Ta =199,679.78 Ibs.

Eq. A. yields the following:

S« = 5(72,000) - (199,67.78)(.4401) = 272,120.93 lbs.
We thus have:

Six = Sox = Si; = S, = 272,120.931 Ibs.

Cable Load under Z-Direction Loading

Due to negative Z-direction loading, two of the four cables, namely cables 2 and 3, will be slack
and the remaining two cables will carry equal loads. The magnitude of the load in each cable,
T,, can be calculated by moment balance about point B and by summing the Forces in the Z-
direction. '

SF,=5W - 2T,B,~ 25, =0 S, = %—TZBZ " (Eq.C)

2Mp = 5Wc -2B,T,h—2B,T,.d-WR,-2S;,b=0 (Eq.D)

Eq. C into Eq. D yields the following:
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_ —5Wc+WR_+5bW
-2B,h—2B,d+2bB,

zZ

d=R,—Ry sin 30°

d=45-41.625 sin 30° =24.19”

- 2 2 2
2= LZ/\/LX +Ly +L,

B, = 48.13/ \/(42.24)2 +(71.5) +(48.13)?

B,=.5014

T o _=5(12,000)(65)+(72,000)(45)+5(12)(72,000)
2T _2(.5014)(73.5)—2(.7449)(24.19)+ 2(12)(.5014)
T, = 162,116.6 Ibs.

We thus have:

Tar=T3, =0, Ti,=Ts,=162,116.6 Ibs.
S,= % (72,000) — (162,116.6) (.5014)
S, =98,717.24 Ibs.

We thus have:

Szz = S3Z = Szx = S3x = 98,717.24 Ibs.

Maximum load per shear block = '\/S2x2 +S3y° +82.°

Maximum load per shear block = 139,607.26 Ibs.

Cable Load Under Y-Direction Loading

November 2013

Due to negative Y-direction loading, all of the four cables are effective and because of
symmetry, they carry equal loading. The magnitude of the loading, Ty, can be calculated by

force balance along the Y-direction.

SF, = 2W — 4B,T, =0
T, = W/2B,

T, = 72,000/(2 x .7449)
T, = 48,329 Ibs.

We thus have,
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T1y=T2y T3y T4y 48,329 |bs.

Cable Load Under Combined Loading

To obtain the load under the combined loading of 10G, 5G, and 2G along X, Z, and Y-directions,
respectively, the loads in a particular cable under these loadings can be added together which
yields the following:

T =Tix+Tiy+T,=0+48,329+162,116.6 =210,445.6 lbs.
To=Tox + Tay + Ty, = 0+ 48,329 + 0 = 48,329 Ibs.

T3 = T3+ Tsy + T3, =199,679.78 + 48,329 + 0 = 248,008.78 1bs.
Ty = Tax + T4y + T4, = 199,679.78 + 48,329 + 162,116.6

T4 =410,125.38 lbs.

The largest tension under the combined loading occurs in cable 4 and is equal to 410, 125.38 Ibs.
(5.7 times the weight of the cask). The Tie-down arrangement is designed to withstand this
loading without generating stress in excess of its yield strength.

2.44.1 Tie-Down Stress Evaluation

Tie-Down Lug Stresses

Four tie-down lugs are constructed from 2.5” thick A517 grade F, the tie-down lug (Figure 2-4 is
analyzed for shear-out, tension, and bending and it is shown that under these conditions, stresses
nowhere in the lug exceed the yield strength of the material.

Shear Out of Lug

The maximum shear stress in the lug is calculated as follows:

Shear force, V=410,125.38 lbs

Lug thickness, t = 2.5”

Shear out length, L. =2.75 - .9375 = 1.813”

No. of surfaces, N =2

Shear area, Ags =N.L.t+2x 1.813 x 2.5 =9.063 in’
Shear stress, T = V/Ags = 410,125.38/9.063

1=145,252.71
SF = 2770100000 _ g
45,252.71
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Figure 2-4
Tie-Down Lug Detail
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Tension Stress

Force, F =410,125.38 Ibs.

Horizontal component, Fy =F (sz + Bzz) Y2gin 12.27°
Fu = 410,125.38 [(.4401)? + (.5014)*] sin 12.27°
Fy=58,148.41 lbs.

Vertical component, Fy = (F* - Fy;?)'"?

Fy = [(410,125.38)> — 58,148.41)*]"*= 405,982.25 Ibs.

148.41
6 =Fn/A = o8,148.4 = 6002.42 psi.
2.5(5.75—1.875)
405,982.25 .
Gy = FV/A= ————==10,310.66 psi
15.75x2.5

6y =0 + O = 16,313.08 psi

Bending Stress

The bending moment about the center of the lug base is:

M =405,982.25(3) — 58148.41 (% -2.75)

M =919,936.15 in-lbs

2
Section modulus, S = bh%/6 = 2.5(15.75)"

S =103.36 in’

6, =919,936.15/103.36 = 8900.31 psi
Direct stress is ot + cb = 25,213.39 psi
Shear Stress

Use v =410,125.38 lbs (conservative)
Shear area, A gs = 15.75(2.5) = 39.38 in’

T=V/Ags=410,125.38/39.38 = 10,414.56 psi

2-35



10-160B Safety Analysis Report Consolidated SAR Revision 7
November 2013

Stress Intensity, S.I. = 24/1% +(c/2)?

SIL= 2\/(10,414.56)2+(25,213.39/2)2

S.1.=32,704.24 psi

SF.= 100000 _ 5 ¢

25,213.39
2442  Stresses in the Welds
Length of weld, Lw = (15.75 x 2 +2.5x%x2)
Lw =36.5"
Width of weld, Wy =.707 x % = .53”
Area of weld, Aw =36.5 x .53 =19.35 in’
Conservatively assume the force acting on weld:

F=410,125.38 lbs

410,125.38
tw= —2222% =91 195.11 psi
W 19.35 P
_ 57,700 .
2119511

2.5 STANDARDS FOR TYPE B AND LARGER QUANTITY PACKAGING
This section is not applicable.
2.6 NORMAL CONDITION OF TRANSPORT

The package has been designed, constructed and the contents limited such that the performance
requirements specified in 10CFR 71.71 will be met when the package is subjected to the normal
condition of transport specified in IOCFR 71.71. The ability of the package to satisfactorily
withstand the normal condition of transport has been assessed as described in the following
paragraphs. -

2.6.1 HEAT

10CFR 71.71 (c) (1) specifies an ambient temperature of 100°F in still air, and insolation
requirements as normal condition of transport. The pressure, shown in Table 3.1-1, and the
thermal gradients corresponding to this case are small. The stresses resulting from internal
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pressure are very low in comparison to the allowable stresses summarized in Table 2-40.
Therefore, this normal heat condition will not affect cask performance. -

2.6.2 COLD

The materials of construction for the packaging, including the lead, carbon steel, ovefpack and
seals are not significantly affected by an ambient temperature of -40°F.

The cask must be able to resist brittle fracture failure under normal conditions of transport and
hypothetical conditions at temperatures as low as -20°F per NRC Regulatory Guide 7.8.
Fracture-critical parts of the cask include the 2-inch thick outer shell, the 3-inch and 2%:-inch
plates in the lids and bottom end plate, the 1 1/8-inch thick steel inner shell and welds jointing
these components. Note that according to NUREG/CR-1875, the bolts are not fracture-critical
because they are part of a redundant system.

These critical components are shown in Figure 2-9. For compliance with Category II, fracture
toughness requirements of NUREG/CR-1875, the nil ductility transition temperature (TNDT) of
this steel must be less than the value determined by the equation:

Tnpr=LsT— A

Where Lst = Lowest service temperature (= - 20°F)

A= Value from Figure 2-9A
(from NUREG/CR 1815)

Table 2-5A tabulates the Tnpr required for critical components.
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Table 2-5A
Nil Ductility Temperature Requirements for
Fracture Critical Components of the 10-160B Cask

Thickness @) TNDT -

Component (inches) A req®'°F)
Bottom End Plate (outside) 2172 -6 -14
Bottom End Plate (inside) 3 0 -20
Inner Wall 11/8 -20 ' 0
Outer Wall 2 -17 -3
Primary Lid (inside) 3 0 -20

Primary Lid (outside) 2172 -6 -14 -
Secondary Lid (inside) 3 0 -20
Secondary Lid (outside) 2172 -6 -14

Welds Joining bottom end plates and the upper
. 2 -17 -3
ring to the shells.

Notes:
¢)) Material number from drawing
2) Calculated according to Figure 2-9A
3) Tnpr determined according to ASTM Standard E208-81
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2.6.3 PRESSURE

10CFR 71.71(c)(3) and (4) require a reduced external and external pressure cases as to be
evaluated as a normal condition of transport. The reduced external pressure of 3.5 psi absolute
and the maximum internal pressure of 8.4 psig (see Section 3.4.4) under normal conditions
results in a net pressure differential of, AP, = 8.4 + 14.7— 3.5 =19.6 psi.

Review of Tables A2-35 and A2-36, which provides cask stresses for internal pressure cases,
shows that 19.6 psi would have no significant effect on the cask. The 20 psi external pressure
will also have an insignificant effect on the cask (See Tables A2-39 and A2-40).

2.64 VIBRATION

The package is similar to many other proven casks with many years operational use in a transport
environment. This experience demonstrates that vibration normally incident to transport will
have an effect upon the package.

2.6.5 WATER SPRAY
Not applicable, since the package exterior is constructed of steel.
2.6.6 FREE DROP

The gross package weight of 72,000 pounds establishes the normal handling condition drop
height to be one foot. The package must survive a one-foot free fall onto a flat, unyielding
surface without reducing its effectiveness in withstanding subsequent accident conditions. Using
techniques described in Appendix 2.10.1, the maximum accelerations experienced by the
package for a one-foot drop have been calculated to be:

Condition Acceleration (G’s)
End 54.3
Side 29.0
Corner 94

A portion of the CASKDROP computer output for these cases are shown in Figures 2-10 and 2-
12. The stresses resulting from these loads have been found as a percentage of those calculated
for the 30-foot drop conditions based on the ratios of peak accelerations. These stresses are
summarized in the following sections.
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1-Foot Side Drop CASKDROP Print-out
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2.6.6.1 End Drop

The ratio of stresses for the one foot drop compared to the thirty-foot drop is 54.3/175.6 =
0.3092. Maximum stress intensities are summarized in Table 2-6. Stress intensities throughout
the package are well below allowables. The maximum stress intensity, 9,433 psi, occurs in the
inner shell at the section shown in Figure A2-40. The results in a minimum factor of safety of:

SF. = 35.000 = 3.71

2.6.6.2 Side Drop

The ratio of stresses for the one-foot drop compared to the thirty-foot drop is 29./120.6 = 0.2405.
Maximum stress intensities are summarized in Table 2-7. Stress intensities throughout the cask
remain well below allowables during the side drop. The highest stress intensity is 13,618 psi in
the inner shell at the section shown in Figure A2-41. The minimum factor of safety is then:

SF. = 23.300 = 171
13,618

2.6.6.3 Corner Drop

The ratio of stresses for the one foot compared to the thirty-foot drop is 9.4/71.13 = 0.1322.
Maximum stress intensities are summarized in Table 2-8. Stress intensities are well below
allowables throughout the cask. The highest stress intensity, 7,435 psi occurs in the inner shell at
the section shown in Figure A2-43. The corresponding minimum safety factor is:

SF. = 23,300 = 3.13
7,435

2.6.7 (SUCCESSIVE) CORNER DROP

Not applicable since this is not a wooden package.
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Table 2-6
Maximum Stress Intensities in Cask Components
Hypothetical Accident — 1-Ft End Drop*
Cask . . S.I.2 Allowable Safety
Component Stress Classification Sl (PSI) "~ Factor
Membrane 269.82 23,300 86.4
Baseplate -
Membrane Plus Bending 5,142.04 35,000 . 6.81
Membrane 4,142.86 23,300 5.62
Outer Shell -
Membrane Plus Bending 9,427.74 35,000 3.71
Membrane 6,431.72 23,300 3.62
Inner Shell -
Membrane Plus Bending 9,433.3 35,000 3.71
. . Membrane 4,051.69 23,300 © 575
Bolting Ring - .
Membrane Plus Bending 4,380.27 35,000 £ 7.99
. . Membrane 2,006.49 23,300 . 11.61
Primary Lid -
Membrane Plus Bending 6,798.35 35,000 5.15
. Membrane 81.56 23,300 286.0
Secondary Lid -
Membrane Plus Bending 7,764.57 35,000 4.51

' See Table 2-1 for accident condition load combination

2 See Table A2-23 for the load combination per Regulatory Guide 7.8.
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Table 2-7
Maximum Stress Intensities in Cask Components
Hypothetical Accident — 1-Ft Side Drop*
Cask . . S.1.2 Allowable Safety
Component Stress Classification (PSI) (PSI) Factor
Membrane 3,422 23,300 6.81
Baseplate - -
Membrane Plus Bending 8,614.94 35,000 4.06
Membrane 10,244.61 23,300 2.27
Outer Shell
Membrane Plus Bending 14,625.95 35,000 2.39
Membrane 13,618.43 23,300 1.71
Inner Shell '
Membrane Plus Bending 18,343.48 35,000 1.91
. . Membrane 12,311.74 23,300 1.89
Bolting Ring - '
Membrane Plus Bending 13,408.91 . 35,000 2.61
. . Membrane 3,480.92 23,300 6.69
Primary Lid -
Membrane Plus Bending 9,166.15 35,000 3.82
Secondary Membrane 3,332.02 23,300 6.99
Lid Membrane Plus Bending 9,422.1 35,000 3.71

! See Table 2-1 for accident condition load combination

? See Table A2-25 for the load combination per Regulatory Guide 7.8.
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Table 2-8
Maximum Stress Intensities in Cask Components
Hypothetical Accident — 1-Ft Corner Drop*
Cask . . S.I.2 Allowable Safety
Component Stress Classification (PSI) (PSI) Factor
Membrane 1,489.03 23,300 15.65
Baseplate :
Membrane Plus Bending 3,306.04 35,000 10.59
Membrane 4,191.65 23,300 565
Outer Shell -
Membrane Plus Bending 7,561.5 35,000 - 4.63
Membrane 7,434.98 23,300 3.13
Inner Shell - ;
Membrane Plus Bending 8,952.06 35,000 3.91
o Membrane 4,278.36 23,300 5.45
Bolting Ring -
Membrane Plus Bending 5,507.76 35,000 6.35
. . Membrane 3,422.5 23,300 6.81
Primary Lid ;
Membrane Plus Bending 5,025.03 35,000 6.97
Secondary Membrane 1,472.72 23,300 15.82
Lid Membrane Plus Bending 3,165.2 35,000 11.06

"' See Table 2-1 for accident condition load combination

2 See Table A2-27 for the load combination per Regulatory Guide 7.8.
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2.6.8 PENETRATION

Impact energies resulting from a 13-pound rod dropping from a height of 40 inches will have no
significant effect on the package. The impact limiter fully protects both ends of the cask leaving
only the central body exposed. The cask body is manufactured from 2-inch thick steel plate and
backed with 1 7/8 inches of lead. The ends are 5 4 inches of thick steel. No valves, valve
covers or fragile protrusions exist.

2.7 HYPOTHETICAL ACCIDENT CONDITIONS

The package has been designed and the contents limited such that the performance requirements
specified in 10 CFR 71.51 will be met if the package is subjected to the hypothetical accident
conditions specified in Section 71.73 of 10 CFR 71. '

To demonstrate the structural integrity of the cask and its ability to withstand accident
conditions, a set of comprehensive loading, stress and deflection analyses have been made
addressing each of the specified accident conditions. For the thirty-foot drop analyses, loads
were derived by computing energy absorption of the foam impact limiters and the distribution of
stresses over the outer cask surface due to the impact limiters. For the fire accident conditions,
temperatures through the cask walls were computed using a one-dimensional ANSYS thermal
finite element model. Transient analysis over a period of 90 minutes was performed to evaluate
the temperature gradient and average temperature of the cask walls (see section 3.5 for details of
the analysis). A conservative estimate of temperature distribution in the entire cask was
established based upon the results of this analysis. These temperatures were used in hand
calculations in order to find stresses in the cask. Descriptions of these calculations are contained
in Appendix 2.10.1.

2.7.1 FREE DROP

Section 71.73 of 10 CFR 71 requires that the package survive a thirty-foot drop onto a flat
unyielding surface. Analytical methods were used to demonstrate the capability to withstand the
effects of this accident. These analytical techniques are described in Appendix Section 2.10.1.

As described in Section 1.2, the package features cylindrical energy absorbing impact limiters
surrounding each end of the cask body. These impact limiters are designed to minimize damage
to the cask body from thirty-foot drops at any orientation onto an unyielding surface. The
analyses described in this section demonstrate that these impact limiters function as designed; the
cask body experiences no damage and incurs no stresses in excess of allowable levels. This
behavior, under thirty-foot drop conditions, assures the complete effectiveness of the cask
closure features essential for preservation of packager containment integrity.

Using the methods described in Appendix 2.10.1.1, three drop conditions for the package have
been evaluated, i.e. end, side and corner. Analytical values of stress and deflection are combined
with appropriate values due to temperature and pressure. These combined results are then
compared with applicable criteria to demonstrate compliance of the package with the
requirements for the hypothetical accident conditions.
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2.7.1.1 Free Drop Impact — End Drop

The end drop produces the largest deceleration forces in the package of all the potential drop
orientations. This produces the worst case loading for lead slump or deformation (see Sections
5.4.3). : :

For a thirty-foot end impact drop, deformation of the impact limiters amounted to 5.7 inches.
This prediction employed the end drop analysis described in Appendix 2.10.1.1 and the energy
absorbing foam properties of Figure 2-1. In order to predict maximum deflection, the curve of
stress vs. strain for the lower bound was used and only the regions of the impact limiter that are
directly backed by the cask are considered effective. Results of the analysis are shown in Table
2-9. A second analysis, using the upper bound of foam stiffness, and all regions of the impact
limiter was used to predict the maximum bounding deceleration experienced by the cask upon
impact. This maximum deceleration was found to be 176 G’s. The results of this analysis are
shown in Table 2-10.

Detailed cask stress calculations were made using the cask finite element model discussed in
Section 2.10.1. The constraints and loads placed on the cask for the end drop analysis are shown
in Appendix 2.10.2 with the resulting reaction forces to show moment and force equilibrium.
The stresses associated with an end impact deceleration of 175.6 G’s were combined with
maximum normal temperature and pressure stresses as outlined in NRC Regulatory Guide 7.8.
Maximum stress intensities are summarized in Table 2-11.
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Caskdrop Program Output for End Drop (Hard Foam)
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Table- 2-11
Maximum Stress Intensities In Cask Components
Hypothetical Accident — 30 Ft End Drop"
Cask Stress S.1.& Allowable Safety
Component Classification (psi) (psi) Factor -
Membrane 651.89 49,000 7517
Baseplate ;
Membrane Plus Bending 14,557.3 70,000 - 481
Membrane 6,955 49,000 7.05
Outer Shell -
Membrane plus Bending 16,971 70,00 4.12
Membrane 11,196 49,000 4.38
Inner Shell - :
Membrane plus Bending 17,992 70,000 . 3.89
. . Membrane 10,288 49,000 4.76
Bolting Ring -
Membrane plus Bending 11,087 70,000 ' 6.31
. . Membrane : 5,674.5 49,000 8.64
Primary Lid -
Membrane plus Bending 20,309.9 70,000 3.45
.| Membrane 224.76 49,000 218
Secondary Lid -
Membrane plus Bending 23,845.8 70,000 2.94

NOTE: (1) See Table 2-1 for accident condition load combination.
2) See Table A2-13 for the load combination per Regulatory Guide 7.8.
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Stress intensities throughout the cask are well below allowables, with the maximum stress
intensity of 23,846 psi occurring in the secondary lid at the section shown in Figure A2-40. The
corresponding minimum factor of safety is:

SF. = 70,000 = 2.94
23,846

The stress intensity distribution in the solid elements in the critical region is shown in Figure 2-
13.

2.7.1.1.1 End Drop Secondary Lid Bolt Forces

The loads required to hold the secondary lid in place for the end drop were calculated using the
results of ANSYS stress analysis. The forces on the bolts were computed in the axial (tensile)
and radial (shear) direction. Because of the axisymmetry for this load case, no tangential (shear)
forces should exist. However, since the grid geometry is not axisymmetric, a slight difference in
weight and the element centroid location around the circumference of the cask model exists.
This gives rise to a nonaxisymmetric inertia loading on the cask. Therefore, the results
tangential (shear) forces on the bolt locations. Also, because of the reasons mentioned, a slight
variation in nodal forces at the bolt locations around the circumferential directions is predicted
by ANSYS model. Table 2-12(a) lists the load and the intensities in the bolts (1 3/4” — 8UN) are
also presented in the table. The highest stress intensity was found to be 57,310 psi, and the
corresponding safety factor, is

SF. = 130,000 = 2.27
57,310

2.7.1.1.2 End Drop Primary Lid Bolt Forces

No forces are developed in the primary lid bolts during this condition.
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STRESS INTENSITIES.

Figure 2-13
End-Drop — Stress Intensity Contour Plot Secondary Lid
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Table 2-12
10-160B Cask — End Drop Analysis
Secondary-Lid Bolt Loading
Location FEMNODE | FX® Fy" Fz® Axial Shear S.19
(Degrees) NO. (lbs) (Ibs) (Ibs) Load(lbs) Load(lbs) (psi)
0 114 28 341 RE) 80,475 80,475 28,341 47,341 @
30 116 38,903 7,132 88,003 88,003 39,551 56,910 9
60 118 39,580 7,235 87,884 87,884 40,236 . 57,310
90 120 32,619 2,639 82,017 82,017 - 32,726 50,467 Y
120 122 37,554 1,537 84,975 84,975 37,585 54,565 @
150 124 38,604 424 86,208 86,208 38,606 55,661 @
180 126 38,477 @ 86,496 86,496 38,477 55,682
Notes: (1) FX is force on the node in radial, FY in tangential and FZ in axial directions.
2) Tangential loads at the plane of symmetry do not go through the bolts.
3) For 1 3/4” — 8UN bolts (stress area 2.0792 in?).
G} Because of non-uniform grid size in the model, a small amount of moment, in

addition to axial loading, exists giving non-axisymmetric S.I. distribution.
The largest value is conservatively assumed to exist uniformly. See section
2.10 for more detail.
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2.7.1.2  Lead Slump

Lead slump is derived directly from the finite element model used to compute stresses and
deflections in the cask for the end drop analysis. From that analysis, lead slump is predicted to
be less than 0.02 inches. This agrees well with test results of other Type B packages using foam
impact limiters in which no measurable lead slump was found. No bonding is assumed between
the lead and the steel shells in evaluating lead slump. The analysis shown in Section 5. 4 3 shows
that a localized loss of lead, due to slump, is acceptable.

2.7.1.3  Free Drop Impact — Side Drop

Behavior of the impact limiters during the side drop conditions has been evaluated using the
analysis described in Appendix 2.10.1.1. Using the lower bound foam stiffness, a deflection of
7.8 inches was computed. Using the upper bound foam stiffness, a peak acceleration of 120.6
G’s was found. The results of the analyses are shown in Tables 2-13 and 2-14.

Detailed cask stress calculations were made using the cask finite element model discussed'in
Section 2.6.1. The constraints and loads placed on the cask for the side drop analysis are shown
in Appendix 2.10.1.3 with the resulting reaction forces to show moment and force equilibrium.
The stresses associated with a side impact deceleration of 120.6 G’s were combined with
maximum normal temperature and pressure stresses as outlined in NRC Regulatory Guide 7.8.
Maximum stress intensities are summarized in Table 2-15. While high stresses occur mostly at
the plane of the impact, some of the highest stresses are also found at other locations. Figures 2-
14 to 2-16 show the contour plots of stress intensities in the critical regions of the cask.
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Caskdrop Program Qutput for Side Drop (Soft Foam)
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Table 2-14

Caskdrop Program Output for Side Drop (Hard' Foam)
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Table- 2-15
Maximum Stress Intensities in Cask Components
Hypothetical Accident — 30 ft Side Drop" |
Cask Stress S.1.@ Allowable Safety
Component Classification (PSDH (PSI) Factor
Membrane 13,918.79 49,000 3.52
Baseplate N
Membrane Plus Bending 32,897.3 70,000 2.13
Membrane 33,494 49,000 1.46
Outer Shell -
Membrane Plus Bending 41,711 70,00 1.68
Membrane 43,055 49,000 1.14
Inner Shell -
Membrane Plus Bending 58,589 70,000 1.19
. . Membrane 47,220 49,000 1.04
Bolting Ring ;
Membrane Plus Bending 51,410 70,000 1.36
. . Membrane 13,324.5 49,000 3.68
Primary Lid -
Membrane Plus Bending 35,749.9 70,000 1.96
) Membrane 13,801.46 49,000 3.55
Secondary Lid -
Membrane Plus Bending 37,395.8 70,000 1.87

NOTE:(1) See Table 2-1 for accident condition load combination.
2) See Table A2-17 for the load combination per Regulatory Guide 7.8.
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LEGEND :

A = 30,000 pst

B = 40,000 psi

.. C = 50,000 psi

D = 60,000 psi

NOTE :

CONTOUR PLOTS REPRESENT
NODAL PEAK VALUE OF THE
STRESS INTERSITIES.

Figure 2 — 14
Side Drop — Stress Intensity Contour Plot Bolt Ring
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LEGEND 13
A = 30,000 psi

B = 40,000 psi
C = 20,000 psi
D = 60,000 psi

NOTE

CONTOUR PLOTS REPRESENT
NODAL PEAK VALUE OF THE
STRESS INTENSITIES.

Figure2 - 15
Side Drop — Stress Intensity Contour Plot Primary Lid
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LEGEND 1

A = 30,000 psi

B = 40,000 psi
C = 50,000 psi

D = 60,000 psi

NOTE :

CONTOUR PLOTS REPRESENT
NODAL PEAK VALUE OF THE
STRESS INTENSITIES.

Figure 2-16
Side Drop — Stress Intensity Contour Plot Lower Shell
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Stress intensities throughout the cask during the thirty-foot side drop are below allowables with
the maximum stress intensity of 47,230 psi occurring in the bolting ring at the section. The
corresponding minimum factor of safety is:

SF. = 49,000 = 1.04

47,230

Side Drop Secondary Lid Bolt Forces

The loads required to hold the secondary lid in place were computed using the calculated
ANSYS loads in the axial (tensile), radial (shear), and tangential (shear) directions. The lids and
bolts are designed so that radial “compressive” forces are reacted by bearing between the
secondary lid and the primary lid. Because of this, only radial “tensile” forces are used in
computing bolt stresses. Radial “compressive” forces are those that tend to drive the bolted parts
together in the radial direction, while radial “tensile” forces are those which tend to separate the
parts in the radial direction. The resulting stress intensities, (for [%4” bolts) as a function of
angular position of the bolts, are shown in Table 2-16(a) for the secondary lid bolts. The angular
position is measured around the circumference of the cask with zero degree corresponding to the
vertical downward direction. The highest stress intensity was found to be 120,494 psi, and the
corresponding safety factor is:

SF. = 130,000 = 1.08

120,494

Side Drop Primary Lid Bolt Forces

The loads required to hold the primary lid in place are obtained using the results of ANSYS
model. The resulting stress intensities (for 1%4” 8UN bolts) as a function of angular position of
the bolts, are shown in Table 2-16(b) for the primary lid bolts. The angular position is measured
around the circumference of the cask with zero degree corresponding to the vertical downward
direction. The highest stress intensity was found to be 121,796 psi, and corresponding safety is:

SF. = 130,000 = 1.07

121,796
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Table 2-16(a)
10-160B Cask — Side Drop Analysis
Secondary-Lid Bolt Loading
Location® II:II(E)I(;i Fx® FYy® Fz" Axial Shear S.1¥9-
(Degrees) No (Ibs.) (Ibs.) (Ibs.) (Ibs.) (lbs.) (psi)
0 114 | 172,712? -3 5,675 @ R 0
30 116 | 51,792¥ | -121,519 | -281 281 121,519 | 116,889
60 118 -100,457 | -74,818 -2,910 2,910 125,257 120,494
90 120 -122,577 1,784 -1,909 1,909 122,590 117,924
120 122 -52,788 66,538 -606 606 84,935 81,700
150 124 | 28,722 | 59,002 1,563 2 59,002 | 56,754
180 126 | 62,413 3 2,611 2 -0 0
Notes: (1)  FX s force on the node in radial, FY in tangential and FZ in axial directions.
2) The ‘compressive’ loads in radial and axial directions do not go through the
bolts. See section 2.6.6.2 for more explanation.
3) Tangential loads at the plane of symmetry do not go through the bolts.
4) For 134 — 8UN bolts (stress area 2.0792 inz).
%) 0° corresponds to the point of impact.
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Table 2-16(b)
10-160B Cask — Side Drop Analysis
Primary-Lid Bolt Loading
Location® | (M | FX" | FY® | FZO | Axial | Shear | S1¥
(Degrees) No (Ibs.) (Ibs) (Ibs) (Ibs.) (Ibs) (psi)
0 433 -10,813 -(3) 35,499 ) 10,813 10,401
30 438 221,851 | -83,065 9,754 -2 85,891 82,619
60 443 -118,307 | -45,071 -4,193 4,193 126,602 121,796
90 464 25,966 | 60,660 1,579 2 65,984 | 63,470
120 222 29,010 110,172 -9,788 9,788 113,927 109,688
150 224 36,227 59,072 1,343 @ 69,296 .| 66,656
180 226 18,860 B 6,495 @ 18,860 18,842
Notes: )] FX is force on the node in radial, FY in tangential and FZ in axial directions.
2) The ‘compressive’ loads in radial and axial directions do not go through the
bolts. See section 2.6.6.2 for more explanation.
3) Tangential loads at the plane of symmetry do not go through the bolts.
(4)  For 13 — 8UN bolts (stress area 2.0792 in?).
0° corresponds to the point of impact.

)
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2.7.1.3 Free Drop Impact — Corner Drop

An energy balance analysis, described in Appendix 2.10.1, was used to predict loads on the cask
during the corner drop. The angle of the cask with respect to the impact surface was chosen so
that the center of pressure at full deformation was directly beneath the cask center of gravity.
Because no drop energy is converted to rotational energy of the cask, this is the worst case.

For a thirty-foot corner impact drop, deformation of the impact limiter amounted to 17.0 inches.
In order to predict maximum deflection, the curve of stress vs. strain for the lower bound of foam
stiffness was used and only the regions of the impact limiter that are backed by the cask are
considered effective. Results of the analysis are shown in Table 2.18. A second analysis, using
the upper bound of material stiffness and all regions considered effective was used to predict the
maximum deceleration experienced by the cask upon impact. This maximum deceleration was
found to be 71.13 G’s. The results of this analysis are shown in Table 2-19.

Detailed cask stress calculations were made using the cask finite element model discussed in
Section 2.10.1. The constraints and loads placed on the cask for the corner drop analysis are
shown in Appendix 2.10.3 with the resulting reaction forces to show moment and force
equilibrium. The stresses associated with a corner impact deceleration of 71.13 G’s were
combined with maximum normal temperature and pressures stresses as outlined in NRC
Regulatory Guide 7.8. Maximum stress intensities are summarized in Table 2-20. While high
stresses occur mostly at the plane of impact, some of the highest stresses are also found at other
locations. Table 2-20 also indicates the location of high stress intensities in the cask
components. Figures 2-17 thru 2-18 show contour plots of stress intensities in the critical
regions of the cask.

Stress intensities throughout the cask are well below allowables with the maximum stress
intensity of 28,029 psi occurring in the inner shell at the section shown in Figure A2-43. The
corresponding minimum factor of safety is:

SF. = 49,000 = 1.75
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Caskdrop Program Qutput for Corner Drop (Hard Foam)
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Table 2-20 ,
Maximum Stress Intensities in Cask Components
Hypothetical Accident — 30-Ft Corner Drop!
Cask Stress S.I.2 Allowable Safety
Component Classification (PSI) (PSD) Factor
Membrane 10,618.79 49,000 4.61
Baseplate -
Membrane Plus Bending 18,927.3 70,000 3.70
Membrane 12,779 49,000 3.83
Outer Shell -
Membrane Plus Bending 17,481 70,000 4.0
Membrane 28,029 49,000 1.75
Inner Shell -
Membrane Plus Bending : 30,952 70,000 2.26
. . Membrane 24,100 49,000 2.03
Bolting Ring -
Membrane Plus Bending 32,628 70,000 2.15
. . Membrane 23,504.5 49,000 2.08
Primary Lid -
Membrane Plus Bending 33,099.9 70,000 2.11
. Membrane 11,029.46 49,000 4.44
Secondary Lid -
Membrane Plus Bending 20,235.8 70,000 3.46

! See Table 2-1 for accident condition load combination

* See Table A2-21 for the load combination per Regulatory Guide 7.8.
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LEGEND ;

A = 30,000 pat

B = 40,000 psi
C = 50,000 psi

D = 60,000 psi

NOTE :

CONTOUR PLOTS REPRESENT
NODAL PEAX VALUE OF THE
STRESS INTENSITIES.

Figure 2-17
Corner Drop — Stress Intensity Contour Plot Bolt Ring

2-70



Consolidated SAR Revision 7

10-160B Safety Analysis Report
November 2013

LEGIND :
A = 10,000 psi
= 20,000 psi
C = 30,000 psi

NOTE

CONTOUR PLOTS REPRESENT
NODAL PEAK VALUE OF THE
STRESS INTENSITIES.

Figure 2-18
Corner Drop — Stress Intensity Contour Plot Primary Lid
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Corner Drop Secondary Lid Bolt Forces

The load required to hold the secondary lid in place was computed using the ANSYS stress
analysis model. The forces on the bolts were computed in the axial (tensile), radial (shear), and
tangential (shear) directions. The lids and bolts are designed so that radial “compressive” forces
are reacted by bearing between the primary lid and the cask body and between the secondary lid
and the primary lid. Because of this, only radial “tensile” forces are used in computing bolt
stresses. Radial “compressive” forces are those that tend to drive the bolted parts together in the
radial directions, while radial “tensile” forces are those which tend to separate the parts in the
radial direction. The resulting stress intensities (for 1 34 Bolts), as a function of angular position
of the bolts, are shown in Table 2-21(a) for the secondary bolts. The angular position is
measured around the circumference of the cask with zero degree corresponding to the vertical
downward direction. The highest stress intensity was found to be 113,204 psi, and the
corresponding safety factor, based on yield is: -

SF. = 130,000 = 1.15
113,204 )

Corner Drop Primary Lid Bolt Forces

The loads required to hold the primary lid in place under the corner drop conditions were
obtained from the results of ANSYS finite element model. The forces on the bolts were
computed in the axial (tensile), radial (shear) and tangential (shear) directions. The resulting
stress intensities (for 1 %” 8UN bolts), as a function of angular position of the bolts are shown in
Table 2-21(b) for the primary lid bolts. The angular position is measured around the
circumterence of the cask with zero degree corresponding to the vertical downward direction.
The highest stress intensity was found to be 81,461 psi and the corresponding safety factor,
based on yield, is:

130,000
81,461

S.F. 1.60

2.7.1.4  Oblique Drop
An analysis of similar dimensioned packages (Ref. 10) indicates that for a package with the

diameter approximately equal to its length, there is no slapdown effect. That is, the impact is not
more severe than a side drop.
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Table 2-21(a)
10-160B Cask — Corner Drop Analysis
Secondary-Lid Bolt Loading
Location®™ | FEM Fx" Fy® Fz» Axial Shear S.1%
(Degrees) | Node No (Ibs.) (Ibs) (Ibs) (Ibs.) (Ibs) (psi)
0 114 | 92,079% 3 28,086 | 28,086 @ 13,508
30 116 | 33,0559 | -12,767 | -34,910 | 34,910 | 35435 | 37,996
60 118 -56,361 29,781 -31,004 31,004 63,745 63,103
90 120 -98,594 63,468 -20,136 20,136 117,256 113,204
120 122 -99,751 68,728 -24,959 24,959 121,135 117,137
150 124 -79,318 44,284 -33,064 33,064 | 91,107 89,067
180 126 | 67,905(2) 3 -36,539 | 36,539 | 67,905 | 67,641
Notes:
Q)] FX is force on the node in radial, FY in tangential and FZ in axial directions.
2) The ‘compressive’ loads in radial and axial directions do not go through the
bolts. See section 2.6.6.2.
3) Tangential loads at the plane of symmetry do not go through the bolts.
(€3] For 1 %” — 8UN bolts (stress area 2.0792 in2).
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Table 2-21(b)
10-160B Cask — Corner Drop Analysis
Primary-Lid Bolt Loading
Location®™ ;E(l;i Fx Fy® Fz Axial Shear S.1.4
(Degrees) No (Ibs.) (Ibs.) (Ibs.) (Ibs.) (Ibs.) (psi) .
0 433 -6,241 -3) 29,430 2 6,241 6,003
30 438 -11,909 15,505 53,840 2 19,551 18,798
60 443 32,424 | 78,213 51,263 -2 84,687 81,461
90 464 -16,427 | 63,464 6,410 @ 65,556 63,059
120 222 9,953 79,753 -50,820 50,820 80,372 81,082
150 224 18,205 43,416 -56,574 56,574 47,078 52,830
180 226 3,645 3 56,569 | 56,569 | 3,645 27,432
Notes:
M FX is force on the node in radial, FY in tangential and FZ in axial directions.
2) The ‘compressive’ loads in radial and axial directions do not go through the
bolts. See section 2.6.6.2.
3) Tangential loads at the plane of symmetry do not go through the bolts.
4 For 1%4” — 8UN bolts (stress area 2.0792 in2).
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2.7.1.5  Impact Limiter Attachment Forces

The purpose of this section is to demonstrate that during an oblique 30-foot drop, the impact
limiter will remain attached to the cask body.

For most oblique angle orientations and crush depths, the impact limiter reaction is transmitted to
the cask body in direct compression. Therefore, the forces transmitted to the impact limiter
ratchet binders are near zero. This is not true for near vertical (90°) and near horizontal (0°)
orientations of the package, at modest crush deformations and crush forces. In these very limited
situations, the center of pressure of the crush force lies beyond the outer extremities of the cask
body and loads the impact limiter ratchet binders. These ratchet binders loads exist only for
modest crush deformations and crush forces. At maximum crush depth and maximum crush
force, for all angles of orientations, there are no loads acting on the ratchet binders because the
impact limiter interface forces are all direct compression.

There are 3 cases to consider for the oblique drop. The first case covers a range of angles
between 0° (side drop) and 13° with respect to the horizontal. This range of angles is small
enough to cause the cask to fall on its side without bouncing. The ratchet binders will not be
affected in this case sine the acting load is minimal for this drop condition. The second case will
be discussed and illustrated after case 3. The third case covers a range of angles between 61°
and 90° (end drop). The 10-160B has a length to diameter (aspect) ratio equal to 1.13. This
shape will have the tendency to tip and lands the cask on its base (end). No bouncing will occur
for this case, since the cask will tip on its end. The impact limiter will remain attached to the
cask body. Case two covers the largest range of angles (from 13° to 61°). In this situation, the
center of pressure of the crush force can lie within the outer extremities of the cask body. The
corner drop (C.G. over struck corner) is in this case 2 range of angles and is to demonstrate how
the forces and moments will reactor on the cask.
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The free body diagram of the impact limiter under the corner drop loading conditions is show in
the following sketch. Since the impact limiter is more flexible than the cask body, a separation
between the cask body and the impact limiter as shown in the sketch can load the ratchet binder
on the opposite side of the impact in tension. For a conservative estimate of this tensile load, it
can be assumed that the parallax between the line of action of the impact limiter reaction force
and the impact limiter inertia force will cause a moment which will be resisted by the ratchet
binder load.
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For a 30-foot corner-over-C.G. drop, a maximum deceleration of 71.13 g’s is obtained (see
Attachment 1).

bt

-
4
b

3
X

freLn, o} ! {aum, ©

e!llpse atnor axfy

.

The foot print area of the impact limiter crush plane as shown below. The line of action of the
reaction force is close to the centeroid of this foot print area, but for conservativeness, assume
that the line of action passes through the lower corner of the cask. The C.G. of the impact limiter
is 21.2576” above its base, but again for conservativeness assume that this distance is 21”.

Impact limiter inertia force = 4,200 x 71.13
298,746 Ibs.
Moment arm = 39.25 x Sin 56.57°  (see sketch)
32.76 inch :

Moment due to I/L inertia force about the I/L reaction point,

M

298,746 x 32.76
9.77 x 10% in-Ib.

This moment will be resisted by the ratchet binder load and the cask shell-impact limiter
interface load. Since the moment arising due to cask shell impact limiter load helps reduce the

ratchet binder load, it has been neglected.

Referring to the sketch, the moment resisted by the impact limiter attachments (rétchet binders)
is: '
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Where,

M

58
i=1

Pixdi

Resisted Movement

Axial load in i-th ratchet-binder

Prax X Sin (8;/2) '

Angular location if i-th ratchet binder from pivot point
Distance of the i-th ratchet binder from pivot point

R x (1-cos6;)

Ratchet binder circle radius = 42 inches
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Thus,
M = 2 X Prax X R [5in 22.5° x (1-c0s45°) + Sin 45° x (1- c0s90°)
+ Sin 67.5° x (1- cos135°) + 0.5 x Sin 90° x (1- cos 180°)]
= 285.3Pnax
Therefore,
Puax = 9.77x 10°2853 = 34,245 Ibs.

The ratchet binders used in the 10-160B cask have 17 diameter shank (See Figure 1.1 and 1.2).
The load carrying capacity of these ratchet binders is 45,000 Ibs (per manufacturer’s catalog).
Thus, a factor of safety of 45,000/34,245 = 1.31 exists. The quick release pins attaching the
ratchet binders to the impact limiter lugs have a 7/8” diameter (0.6013 in” cross-section area)

and are made of 17.4 PH steel (S, = 160,000 ksi). The average shear stress in the pin will be
34,245/(2 x 0.6013) = 28,476 psi giving a large factor of safety against the pin shear. The
average shear in the attachment lug (made of SA 516 Gr 70 steel) will be 34,245/[2x 0.5x (2 -
15/32)] = 22,364 psi. The allowable shear stress is 0.42 S, = 0.42 x 70,000 = 29,400 psi, giving
a factor of safety of 29,400/22,364 = 1.31. It should be noted that these calculations have been
performed with the most conservative assumptions and are applicable to the most stressed ratchet
binder. The other ratchet binders experience a much smaller loading, and hence, have a larger
factor of safety. It can, therefore, be concluded that under the corner drop loading conditions, the
impact limiters will remain attached to the cask.

2.7.1.6 Thermal-Shield Attachment Evaluation

The thermal-shield is attached to the secondary lid lifting lugs by three hitch pins. These pins
have 7/8” diameter and are made of ASTM A-276 Gr. 304 stainless steel. In this section an
evaluation is performed to show that the pins will provide enough strength to support the inertia
of the thermal-shield during all the postulated hypothetical free drop tests.

The mass of the thermal-shield is calculated as follows (Reference: EnergySolutions drawing
DWG-CSK-12CV01-EG-001-01, included in Section 1.0).

Mass of Item #1 = 0.28xn/4x46°x0.25 = 116 Ib
Mass of Item #2 = 0.28xm/4%46°%0.12 = 56 Ib
Mass of Item #3 = 7x0.28x5.58x1.75 = 171b
Misc (10% of above) =191b

Total ' = 2081b =>Use 250 Ib

The ultimate tensile strength of ASTM A-276 Gr. 304 stainless steel is specified to be 75,000
psi. Taking 60% of this value as the shear strength, the shear strength of the pin material is
0.6x75,000 = 45,000 psi. The total pin shear area is:

A = 3x2x(1/4)x0.875 = 3.608 in’

Total shear load that can be resisted by the pins is:
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V = 3.608x45,000 = 162,360 Ib
Deceleration acceptable = 162,360/250 = 649 g’s

The largest deceleration experienced by the package is 160 g’s during the end drop test (see
Section 2.7.1.1). Therefore, it is concluded that the thermal-shield will remain attached to the
secondary lid during all the postulated free drop tests.

2.7.2 PUNCTURE

10 CFR 71.73 ¢ (2) requires package free fall 40 inches onto a 6” diameter mild steel bar without
significant damage. The most critical regions are the sides of the cask and the ends of the cask.

2.7.2.1 Sides

Steel-lead casks dropped onto their sides were studied by Nelms (Structurél Analysis of Shipping
Casks, Vol. 3 Effects of Jacket Physical Properties and Curvature on Puncture Resistance, June
1968).

The equation developed empirically by Nelms is:

treq = (W/S)) 0.71
Where:
t outer shell thickness required
W = weight of the cask (Ibs)
Su. = tensile strength of the outer shell

For the 10-160B cask
t = 27
W = 72,000 lbs
Su = 70,000 psi

( 72,000)
treq = 70,000 71 = 1.02 in
The outer shell thickness of this cask is 2** which is sufficient to satisfy the Nelms express.

In addition to the empirical Nelms equation the stresses resulting from the drop are estimated as
follows:

The maximum load a 6” diameter mild steel bar can exert on the package is

Fmax = Ak,

i

Ks plastic flow stress of mild steel (45000 psi assumed)

A

area of steel bar
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2
Fmax = 45000 (64) = 126x10°Ibs
6
The static G load is 126 x 107 17.67 G’s
72,000

The maximum bending moment in the cask, assuming the cask acts as a beam, is:

M = WL
8
. |
W =  uniformload = W= 14,457 Ibfin
at 17.67 G’s
2
M = 14,457 (88)° _ 13.99 x 10° Ib-in

8

The section modulus of the outer shell of the cask is:

Z = aR'-RiY4AR)
R, = outer radius (in)
R; = inner radius (in)
7 i x(38.625* —36.625") _ 8,671 in®
4x38.625
13.99 x 10° ,
Smmax —8,871._ = 1,613 <48,000 psi
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2.7.2.2 Ends

The end plate and the lids of the cask have a total thickness of 5% inches each, made-up of two
plates: one of 3 inch thickness and the other of 2 !4 inch thickness. An analysis of these plates
for a direct hit at the worst possible location is performed to show that the stresses in the plates
are within the allowable values and the lids remain closed during the puncture accident. This is
performed by idealizing the closure plates to circular plates of uniform thickness, loaded by a
concentrated pressure over a circular area of 6-inch diameter. Closed-form solution from
Reference 24 is used to estimate the displacement and the strain energy of the plates under this
loading conditions. The largest bending moment, and hence the largest bending stress, in such a
plate occurs if the loading is applied to the farthest distance from the support. Therefore, the
analysis has been performed for the puncture bar hitting the secondary lid of the cask. The strike
at the base plate and the primary lid is enveloped by the analysis presented herein. Since the two
constitutive plates should have identical deflections, the total drop energy will be allocated to
each plate in the ratio of their thicknesses. :

Reference page 24 page 415 gives the following equation for the deflection of a centrally loaded
circular plate:

3 2
Y 14 (ZJ = B PaJ
h Eh

where,

= deflection at the center of the plate

plate thickness

central load

Young’s Modulus

= plate radius

0.272 (simply supported plate, Ref. 24 page 416)
0.552 (simply supported plate, Ref. 24 page 416)

Il

i

WP mYS<
il

Solving for P,

4 )3
P = Eh_ZLA[J_]
Ba‘| h h
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The strain energy can be estimated from

u =

faP dy

[¢]

I& ER' Z_,_A(ZT dy
° Ba2 h h

4 2 4
Eh |6 A8

7|57 T 3
Ba | 2h  4p

The energy absorbed by the 3 inch thick plate, can be equated to the strain energy as follows:

3 Eh'|s
WHxy— = | ——
55 Ba2 2]1
where, W
H
H
a
E

Rearranging,

4
Ad
s
4h

= weight of the cask, 72,000 lbe
= drop height, 40 inches

= 3 inches

= bolt circle radius, 36.8125 inch

= 29x10°psi

45" 8 wH Bd

3
4h

2h 1.833 gt

5 ——m———=0
EhA

4 [2112 > 2.1818WHBa
R (< F

2h2 2h2 - 4x2.1818WHBa2
S iy | iy
A Eha

2

5

\/ 2.1818WHBAd
1 |1 4 2101 DAG
Eh
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Then, ) = 1.6957 inch
Solving for the force required to produce this deflection,
P = 1.9292 X 10° Ibs.

This will result in a pressure of 1.9292 x 10° / (nx 3%) = 68,231 psi over the area of cross
section of the puncture bar. '

Reference 24, page 415, gives the following equations for the maximum membrane and
membrane-plus-bending stresses:

Gmembrane = (XESZ/ a2
a = 0.407 (Ref. 24 page 416)
G'membrane = 25,044 pSi

Allowable membrane stress = 49,000 psi

Factor of safety = 49,000 / 25,044 =1.96
G membrane+bending™ BESh/a”

B = 0.606 (Ref. 24 page 416)

G membrane+bending™ 65,971 psi

The largest membrane-plus-bending stress in the base plate, the primary lid or the secondary lid
during the increased external pressure is 750 psi (see Table A2-34) and during the minimum
external pressure is 927 psi (see Table A2-36). Therefore, membrane-plus-bending stress in the
end-plates due to combined conditions are:

Puncture + Increased External Pressure = 65,971 + 750
= 66,721 psi

Puncture + Minimum External Pressure = 65,971 + 927
= 66,898 psi

Allowable membrane + bending stress 70,000 psi

Factor of Safety = 70,000 / 66,898 = 1.05

To obtain the bolt loads due to the puncture accident, a simple 2-dimensional model of the
primary and secondary lids was made using ANSYS finite element program. The lids were
modeled using axisymmetric isoparametric solid elements and the bolts were modeled using two
dimensional beam elements having appropriate area and the moment of inertia. The interfaces
between the bolting ring and the primary lid, between the secondary lid and the primary lid and
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between the plates themselves were modeled using the 2-dimensional interface elements. The
results of the analysis for a 68,231 psi loading at the contact area of the puncture bar showed that -
due to the puncture accident, the secondary lid transferred the load to the primary lid by the '

contact
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| | CONTACT LDOAD BETWEEN
I THE PRIMARY LID AND THE

BOLT PRYING LOAD -

=563.800 b/RAD BOLTING RING=870,800 ib/RAD

=147,602 b/BOLY \

1
— '-— 3’
68,231 PSX/I/' V\_,

Figure 2-18.1
Load Distribution During the Puncture Accident
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pressure and not through the bolting. However, the primary lid transferred the load to the bolting
ring by a prying action, resulting in a bolt load of 147,602 Ibs. per bolt. :

The bolt stress area = 2.0792 in?
Therefore,
The bolt tensile stress = 147,602 lbs /2.0792 in®
= 70,990 psi
Allowable bolt stress = smaller of (7S, or Sy)
= 105,000 psi
Factor of Safety = 105,000/ 70,990 = 1.48

In the scenario of the puncture bar piercing through the top hollow portion of the impact limiter
sheet-metal cover, it is also postulated that the puncture bar may contact the thermal shield and
possibly the secondary lid bolts. Structural evaluation of the thermal-shield has been performed
in Reference 2-26. Evaluation of the deformation and/or damage to the thermal-shield in this
scenario has been performed using a 3-dimensional ANSYS inelastic finite element model. It has
been shown that the puncture bar may cause minor damage to the shield near the central portion.
Near the edge of the assembly the puncture bar may cause the shield-plates to deform all the way
to the lid with only minor damage. The two stainless-steel plates will remain intact over most of
the area, providing thermal resistance during the fire test.

The secondary lid bolts will remain covered by the thermal-shield in this scenario. However, a
conservative evaluation of the bolts has been performed here with the assumption that the
thermal-shield does not provide any cover to the bolts. Under this assumption, the rod impact on
the bolthead is envisioned as shown in the following sketch.
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In the two extreme cases, the rod may strike the bolthead as shown in the above sketch. If the rod
strikes the bolthead as shown in (1) above, the bolt undergoes compression. The secondary lid
comes in contact with the primary lid, and the rod can cause no damage to the lid as shown in the
lid puncture evaluation provided above. If the rod strikes the bolthead as shown in (2) above, the
shear-out of the bolthead is of concern. An evaluation is performed below to show that the shear-
out of the bolthead is not possible in the scenario postulated here.

Based on the geometry of the impact limiter hollow section, the rod will have to be inclined at an
angle of 27° from the lid surface to make contact with the bolthead in an orientation that may
cause the maximum shear load on the bolthead. The bolts are specified to be 134 heavy head cap
screws with flat washers.

Maximum head thickness of 1%” heavy head cap screws = 1.134”
Maximum thickness of 1%4” washers =(0.28”
Maximum projection above the lid surface =1.134+0.28=1.414”

Assuming that the rod makes contact at approximately the mid-height of the projection, the
height of the shear-plane on the rod is located at 0.707” as shown in the sketch.
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The rod, according to the regulations (Reference 2-1) is specified to be mild steel. Typical value
of the ultimate tensile strength of mild steel is 45,000 to 55,000 psi (e.g. A-675 Gr. 45). The bolt
has been specified as ASTM-354 Gr. BD for which the ultimate tensile strength is 150,000 psi.
Taking 60% of the ultimate tensile strength as the shear stress at failure, the shear strengths of

the two materials are as follows:
Rod material shear strength = 0.6x55,000 = 33,000 psi
Bolt material shear strength = 0.6x150,000 = 90,000 psi

The bolt shear area is (1/4)x1.75> = 2.405 in®. The rod shear area is calculated as follows.

Consider the following sketch that shows half of the rod:

<‘M>
N

The shear area of the rod is a parabola which has a base 2a and height b as shown in the sketch.
The rod has a radius of 3” as specified in Reference 2-1. From the geometry above;

a=[3>-(3-0.707/cos 27°*1'"*  =2.033”
b = 0.707x(tan 27° + cot 27°) =1.748”
Area of the parabola:

A = (2/3)x2axb = (2/3)x2x2.033x1.748 = 4.74 in>

Thus,
Rod shear strength = 4.74x33,000 = 156,420 lb
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Bolt shear strength = 2.405x90,000 = 216,450 1b

Since the bolt shear strength is much greater than that of the rod, it is concluded that the puncture
bar will not cause any damage to the bolts in the scenario postulated here.

2.7.3 THERMAL
2.7.3.1 Summary of Pressures and Temperatures

The maximum temperatures resulting from the hypothetical accident conditions, presented in
Sections 3.5.3 and 3.5.4 are summarized as follows:

¢y Maximum containment vessel pressure = 3.12 psig

) Temperatures:

Structural shell 352°F
Lead 335°F
Seal Area 352°F

2.7.3.2  Differential Thermal Expansion
Differential thermal expansion between the two shells of the cask and the lead shield along with
temperature gradients in the cask has been used in analyzing the stresses in the cask body.

Results from various loading conditions, per Reg. Guide 7.8, are presented in Section 2.10.3.2 .
(Tables A2-29 through A2-32).

2.7.3.3 Stress Calculation

Table 2-25 summarizes the thermal and pressure stresses calculated in Section 2.10.1.5.
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Table 2-25 _
Summary of Largest Secondary Stress Intensity
In 10-160B Cask Under Fire Accident!"
Cask . . S.L Allowable® Safety
Component Stress Classification (ps) (psi) Factor
Membrane 1,499 66,300 4423
Baseplate -
Membrane + Bending 9,992 66,300 6.64
Membrane 28,565 66,300 2.32
Outer Shell -
Membrane + Bending 42,453 66,300 1.56
Membrane 38,309 66,300 1.73
Inner Shell -
Membrane + Bending 49,404 66,300 . 1.34
. . Membrane 25,231 66,300 2.63
Bolting Ring -
Membrane + Bending 31,353 66,300 2.11
. . Membrane 10,709 66,300 6.19
Primary Lid -
Membrane + Bending 29,285 66,300 0 2.26
. Membrane 7,588 66,300 8.74
Secondary Lid -
Membrane + Bending 20,540 66,300 3.23
Notes:

ey These values are calculated using the most conservative assumptions.
See Attachment 5 for the basis of these numbers.

2) Allowable values for secondary stresses, per ASME Section I11, is 3Sm at actual
temperature.
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2.7.4 WATER IMMERSION
10 CFR 71.73 (c) (4) is not applicable, since no fissile materials are to be carried in the cask.

10 CFR 71.73 (c) (5) requires an immersion in water with a pressure of 21. psig for eight hours.
Review of the stresses summarized in Table A2-16 for a 25 psig pressure indicates the stresses
are low, and this test will have no significant effect on the package.

2.7.5 SUMMARY OF DAMAGE

The structural integrity of the 10-160B package has been demonstrated, by analytical models, to
be maintained during the hypothetical accident conditions. The condition of the package after
the hypothetical accident is:

¢y Impact limiters are crushed during the 30 foot drop condition. Cask stresses are less than
those prescribed by NRC Regulatory Guide 7.6.

2) Small local deformations to the external shell may result from the 40 inch puncture
condition. There will be no loss of shielding and the containment vessel will not be
deformed.

Table 2-6 summarizes the maximum Primary Stresses during the hypothetical accident
conditions.

2.8 SPECIAL FORM
Not applicable since no special form is claimed.
2.9 FUEL RODS

Not applicable, since fuel rods will not be part of package contents.
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Table 2-26

Summary of Largest Primary Stress Intensity in 10-160B Cask

Under Hypothetical Conditiont

Cask Stress S.I Allowable | Safety | Reference
Component Classification (PSD (PSI) Factor Table -
Membrane 13,919 49,000 3.52 2-15
Baseplate -
Membrane Plus Bending 32,897 70,000 2.13 2-15
Membrane 33,494 49,000 1.46 2-15
Outer Shell -
Membrane Plus Bending 41,711 70,000 1.68 2-15
Membrane 43,055 49,000 1.14 2-15
Inner Shell -
Membrane Plus Bending 58,589 70,000 1.19 2-15 .
. . Membrane 47,220 49,000 N 1.04 2-15
Bolting Ring - —
Membrane Plus Bending 51,410 70,000 1.36 2-15
. . Membrane 23,505 49,000 2.08 2-20
Primary Lid -
Membrane Plus Bending 35,750 70,000 1.96 2-15
. Membrane 13,801 49,000 3.55 2-15
Secondary Lid -
Membrane Plus Bending 70,000 1.87 2-15

37,396

! See Table 2-1 for accident condition load combination
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2.10 APPENDIX TO SECTION 2.0
2.10.1 Foam Impact Limiter Analytical Methods
2.10.2 ANSYS Finite Element Analysis of Cask Boay Structure
2.10.3 Summarized Results of Cask Structural Calculations

2.104 References
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2.10.1 ANALYTICAL METHODS
2.10.1.1  General Discussion Foam Impact Limiter

A summarized discussion of the analytical methods used to evaluate the cask during the drop
conditions are provided in this section. The most significant assumption is the use of a quasi-
static model wherein the energy absorbing impact limiter is analyzed separately from the cask.
The cask is initially assumed rigid in order to determine the maximum loads imposed on it.
These maximum loads are applied statically to the cask to permit evaluation of the stresses in the
cask. This uncoupled assumption is a realistic approach since most of the impact energy is
absorbed by the impact limiter. The impact limiter’s design criteria is specifically selected to
justify this uncoupled analysis.

The rigid foam impact limiters are designed to absorb all the energy of the drop. No energy is-
absorbed by the unyielding surface or by deformation of the cask. The analytical methods used
to predict the impact limiter’s behavior in the end, side and corner drops are all similar. The -
determination of the impact limiter’s behavior is determined from the following energy equation:

E=W(h+8)=J.Fdx

where W = Package Weight
H = drop height
d = maximum impact limiter’s detormation
F = Total force developed by the impact limiter at deformation
dx = incremental displacement of the foam

This equation is solved in all three drop orientations. The only difference among the three
orientations is the calculation of the total force for the different crushed foam geometries.

Chem-Nuclear Systems has developed a computer program CASKDROP (References 13, 14 &
15) to solve this equation for all three drop orientations. This program accounts for the non-
linear stress-strain relationship of the foam. The actual stress-strain values (see Figure 2.1) for
the foam used are input to the program.

2.10.1.2  Cask Drop Computer Model

The following discussion presents the techniques used in the CASKDROP program to evaluate
the three drop orientations. The primary variations are (1) the geometrical evaluations used to
evaluate the crushed foam portions, and (2) the means of evaluating the crushing effectiveness of
the various geometrical regions. The CASKDROP program divides the crushed foam portions
into a grade of up to 100 rectanguloid solids and iterates on 2% increments of material strain up
to a predetermined limit (70 percent — see Section 2.1.2.1). The effectiveness relates to whether
the foam volume is “backed” by the cask body or is unbacked. A constant multiplier is utilized
for crushing effectiveness, wherein 1.0 equates to full backing and 0.0 is unbacked. The foam
properties (see Figure 2.1) are input into the program at 1% increments of strain.
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2.10.1.2.1 End Drop Model

The CASKDROP code calculates the total force, at a given displacement of the impact limiter,
with an equation of the following general form:

F=K|A;01 + K2A,0,

where, A, A; = Areasofregions 1 and 2, respectively, (See Fig. A2-1 for region
definition.) :
61,62 = Stresses inregions 1 and 2, respective]y'.
K1, K2 = Constants for regions | and 2, respectively. (1.0 for backed 0.0 for
unbacked)

The first term corresponds to the foam that is directly below the cask (backed), and the second
term is the foam around the sides of the cask (unbacked), as shown in Figure A2-1.
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Unbacked Region

G
]

Backed Region

- Figure A2-1

End Drop — Region Definition
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The program increments the impact limiter deformation until the impact energy is totally
absorbed. The maximum force and G load are determined from the impact limiter force at the
last displacement increment after all the energy has been absorbed. This load is applied to the
cask as an inertia load, as described in Section 2.7.1.1.

2.10.1.2.2 Side Drop Model

The procedure for calculating the force in the side drop is slightly different than the end drop.
The strain and stress vary with X as shown in Figure A2-2. The total force is the integration of
the stress times the contributing area at a point.

The geometrical parameters are shown in Figure A2-3. In addition, the user can control the
effectiveness of the regions shown in Figure A2-4. Control of these regions allows the user to
bound the behavior of the impact limiter. Control of the backed and unbacked regions (see
Section 2.10.1.2 for a description), variation of foam stiffness properties and other parameters
within the CASK DROP code allows the user to conservatively bound the behavior of the impact
limiter.

The side drop calculation results in forces, or pressures, on contributing areas as a function of X
as shown in Figure A2-3.

Once the maximum load developed by the impact limiter on the cask has been determined, the
load is applied statically to the cask, and resisted by the deceleration inertia of the cask and
contents. It should be noted that bounding assumptions are used to conservatively bound the
uncertainties of the impact limiter’s behavior.

2.10.1.2.3 Corner Drop
(a) General

The corner drop method is very similar to the side drop, except the strains, stresses and forces on
the cask are calculated on a two dimensional grid shown in Figure A2-5.
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Side Drop — Circumferential Load Distribution
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Stress Distribution

Figure A2-3
Side Drop — Variable Definition
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Figure A2-5
Corner Drop — Crush Plane and Grid
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At each iteration, or displacement of the impact limiter, the program calculates strain, stress and
force at each grid point. The displacement is incremented until all the energy of the drop is
absorbed. The forces and pressures on the grid area corresponding to the last iteration are
printed by the program.

The corner drop portion of the code also allows the user to selectively control the effectiveness
of different regions of the impact limiter. The regions for the 10-160B cask at 33.4° (impact
angle where the cask corner is over the center of gravity) are shown in Figure A2-6.

()] Loading

The vertical loading on the cask is according to the following equation, which assumes the
impact limiter and the cask are uncoupled and rigid.

Fr=M;a. + M, a, + My ayiL

F1 = Total lower impact limiter load on the cask (Ibs)
M. = Mass of the cask (Ibs)

M, = Mass of the payload (lbs)

Mui. = Mass of the upper impact limiter

a. = Acceleration of cask (G’s)

a, = Acceleration of payload (G’s)

ayy, = of upper impact limiter (G’s)

For a static analysis a; = a, = ayy_ , therefore,

FT = (Mc + Mp + MUIL) Ac
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Figure A2-6
Corner Drop — Regions Along Center Line
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() Load Application
These loads are applied to the finite element model in the following manner:

(1) The Fr component of load is applied as nodal loads on the cask with the CORNVT
program (Ref. 16). This program projects the footprint pressure calculated by the CASKDROP
code up to the nodal locations on the model. This program requires the nodal point location and
corresponding contributing area on the surface of the code to be input.

2) The inertia load of the cask, M. a., is applied as an inertia load in the finite element
model. | '

3) The payload’s inertia load, M, a,, is applied as nodal loads to the inside of the cask. The
longitudinal component of the payload inertia is uniformly distributed over the inside of the lid.
The transverse component of load is distributed along the inside of the cask as a cosine variation
of radial pressure. Both these load or pressure distributions are shown in Figure A2-7. The
PAYLOAD program (Ref. 17) performs this transformation.

) The upper impact limiter’s inertia load, My, auiL, is uniformly distributed around the
upper edge of the cask as shown in Figure A2-8.

The acceleration of the cask A, is determined with the following equation:

F
a = T

¢ Mc+Mp+M

UIL

It should be noted that the mass of the lower impact limiter is conservatively neglected. The Fr
value calculated by the CASKDROP code does include the inertia loads of the lower impact
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Figure A2-7
Corner Drop — Pavload Inertia Distribution
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Figure A2-8
Upper Impact Limiter Inertia Distribution
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Figure A2-9
Corner Drop ~ Regions Along Cask Centerline
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limiter, therefore, the acceleration in this equation is conservatively calculated.

(d) Angle of Impact

The angle of impact is selected so that effectively the center of pressure of the inertia loads is
directly over the center of pressure of the impact limiter loads at the maximum load. This results
in no net moment applied to the cask and no energy transformed into rotational energy of the
cask. The entire drop energy is absorbed by the lower impact limiter.

(e) Foam Effectiveness

The impact limiter has two classes of regions, backed and unbacked. Backed regions project
vertically up to the cask body, and unbacked regions do not project vertically up to the cask
body. Figure A2-6 illustrates backed and unbacked regions of the impact limiter.

The maximum load the impact limiter imposes on the cask during a 30 foot drop is determined
by considering all regions of the impact limiter effective and using the stiffer stress — strain curve
of the foam. The maximum deceleration of the cask corresponding to this fully backed case is 71
G’s. This is the acceleration applied to the cask for the structural evaluation of the cask body.

This 71 G’s is a conservative calculation of the maximum G load on the cask during the corner
drop. The calculational method of the CASKDROP code for strain in region 5, shown in Figure
A2-6, results in a very significant contribution from region 5, an unbacked region. The
CASKDROP code’s definition of strain in region 5 results in very large strains and loads in this
region that could not physically develop. The CASKDROP results for the stiff foam, excluding
region 5, is only 60 G’s on the cask body. Hence, the 71 G applied to the cask is a very
conservative upper limit of load on the cask body.

2.10.1.3  Impact Limiter Chamfer

The impact limiters are chamfered around the bottom and top corners, as shown in Figure A2-10.
The change in behavior of the impact limiter due to the chamfer is discussed in the following
sections:

End Drop

The chamfer is in the unbacked region. Hence, the chamfer will not alter the predicted
maximum displacement or maximum G-load obtained by bounding analysis.

Side Drop

The chamfer is in the unbacked region. Hence, the Chamfer will not alter the predicted
maximum displacement or maximum G-load obtained by bounding analysis.

Corner Drop

Some of the material removed by the chamfer is in the backed region of the impact limiter during
the corner drop, hence, the behavior of the impact limiter will be altered slightly. Removal of the

2-110



10-160B Safety Analysis Report Consolidated SAR Revision 7
November 2013

chamfer material results in more uniform strain with the maximum strain lowered. The resultant
effect is seen in the following analysis:

Since material is removed, the crush end-point is moved slightly inward (towards the cask body).
To determine the crush distance end point, it is assumed that the volume removed by the chamfer
results in an increased crushing of the foam corresponding to the volume removed by the
chamfer.

From the CASKDROP results (Ref. 18) for a backed corner drop, at 33.4°, the displacement and
crush plane area are 15.61 in. and 2224 in.%, respectively.
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Chamfer Geometry
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The radius of the centroid of the chamfer triangle is:

Rr=51-2=49"

N\ _ CRUSHED FOAM

/2 !
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15.61
H= 36 = 28.36 in.
sin 33.4°

51-28.36=22.64 in.

1 (22.64)
COS _—
49

= 1.09 rads

C=
%
P

6=2.180 rads
S = arc length of centroid of chamfer =Ryt 8
=(2.180) (49) =107 in
The area of the chamfer is:
172 (12) (6) = 36 in®
Volume of crushed chamfer
As = (36) (107) = 3876 in’

Assuming that energy absorption is proportional to the crushed volume (ie. a rigid-plastic stress-
strain curve), the increase in displacement, assuming the crush area is constant, is:

3876
2224

= 1.71in.

The maximum strain in the CASK DROP results at Section A-A in Figure A2-11 is (obtained
graphically)

original length = 24.0 in.
crush distance = 14.75 in.

1475 _ 615 or 61.5%

strain at A-A =
24

For the case with the chamfer,

original length at A-A=18.25 in.
crush distance at A-A =10.25 in.

strain = 10£= 56 =56%

As noted above, the chamfer results in lower strains at the point of maximum strain. The strain,
and pressures applied to the cask, are distributed more uniformly. Similar results were calculated
for the unbacked cases. '
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Figure A2-11
Corner Drop — Chamfer Effect
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The chamfer will not significantly alter the maximum G load applied to the cask (from the
maximum load obtained by ignoring the chamfer). The side drop load on the cask were obtained
with the CASKDROP code, which did not include the effect of the chamfer (this is
conservative).

2.10.2 ANSYS FINITE ELEMENT ANALYSIS

Stress analyses of the cask body for three drop conditions (end, side and corner) were performed
using the ANSYS (Ref. 8) finite element program. This section describes the modeling and
solution techniques used in the analyses.

2.10.2.1 Finite Element Model Discussion

A three dimensional elastic finite element model of 10-160B cask was constructed using 8-node
isoparametric solid elements (ANSYS STIF 45). Since the three drop conditions — side, corner,
and end — result in at most one plane of symmetry, only one half of the cask geometry was
modeled. The entire cask geometry was divided into seven substructures (see Figure A2-12).
Substructuring techniques were employed in the modeling because of the following advantages
they offered:

¢ Independent component modeling.
e Separation of fixed design portion of the cask from portion undergoing design changes.

e Detailed modeling of the portion of the cask where the worst case stress concentration is
expected under various loading conditions.

The mesh size in each substructure was determined from two basic considerations, namely, (1)
vicinity from the point (or line) of impact and (2) the level of stress anticipated at that location.
For instance, the portion of the cask away from the point of impact was modeled by coarser mesh
than that near the impact. Also, the portions of the cask near the shell-base plate and shell-upper
ring junctures, where higher stresses are expected (due to geometric
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X = reference substructure number

Figure A2-12
Finite Element Model — Substructure Overview
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discontinuity) were modeled using a finer mesh. The arc angle of the finite element was kept
under the ANSY'S recommended value of 15 degrees in the coarse mesh and 6 degrees in the fine
mesh. The aspect ratio of the elements (i.e. length to width ratio) is always less than eight. Care
was taken to ensure that there was a gradual transition between the fine and coarse portions of
the model. :

Following is a list of the substructures used in the model:

Substructure No. 1 — Secondary Lid (see Figure A2-13)

Substructure No. 2 — Primary Lid away from impact (see Figure A2-14)
Substructure No. 3 — Primary Lid near impact (see Figure A2-15)

Substructure No. 4 — Upper Ring, Shells and Lead near impact (see Figure A2-16)
Substructure No. 5 — Shells, Lead away from impact (see Figure A2-17)
Substructure No. 6 — Shells, Base Plate near impact (see Figure A2-18)
Substructure No. 7 — Shells, Base Plate away from impact (see Figure A2-19).

Figure A2-12 shows these substructures relative to their location in the overall model of 10-160B
cask. Figures A2-13 to A2-19 show the enlarged view of each substructure with node numbers
and Figures A2-20 to A2-26 show those with the element numbers. Table A2-1 summarizes the
size of the substructures used in the analysis. Table A2-2 lists the material properties used in the
model.
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Table A2-1
10-160B Cask Finite Element Model Substructure Detail
SUBSTRUCTURE NO. OF NO. OF NO. OF MASS
NO. NODES ELEMENTS MDOF® (Ib.)
1 275 156 169 863
2 383 216 385 1,871
3 496 209 266 678
4 576 232 275 437
5 1548 704 450 12,385
6 318 362 298 1,319
7 384 198 274 3,127

Notes:
(H See Figure A2-12 for substructure geometry plot.
2) MODF = Master Degrees of Freedom.
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Table A2-2
Material Properties Used in the Drop Analysis
. ANSYS ‘ .
Material Property Symbol Value Unit
Modulus Of Elasticity EX 28x10° psi
Steel Coefficient Of Thermal Expansion ALPX 8.67x10° in/in-°F
e Poissons’s Ratio NUXY 0.30 S
Weight Density DENS 0.283 Ib/in®
Modulus Of Elasticity EX 2 x10° psi
Lead Coefficient Of Thermal Expansion ALPX 16.5x10° in/in-°F
ca Poissons’s Ratio NUXY 0.40 -
Weight Density DENS 0.4109 Ib/in®

Notes: (1) Material properties are estimated at 150° F.
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Figure A2-13
Substructure No. 1 — Node Numbers
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Figure A2-14 _
Substructure No. 2 — Node Numbers
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Figure A2-16
Substructure No. 4 — Node Numbers
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Substructure No. 5 — Node Numbers
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Substructure No. 7 — Node Numbers
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Figure A2-20
Substructure No. 1 — Element Numbers
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Substructure No. 4 — Element Numbers
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Figure A2-24
Substructure No. 5 — Element Numbers
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Figure A2-25
Substructure No. 6 — Element Numbers
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Substructure No. 7 — Element Number
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2.10.2.2 Finite Element Model Internal Constraints

The connections between various substructures were made by node coupling. Those
substructures that consisted of a part of the cask component (Primary Lid, Shells, Base Plate)
were connected in all degrees-of-freedom at the interface nodes. The bolted connection between
the secondary and primary lid and between the primary lid and the bolting ring were made by
coupling the nodes in three translational directions at the location of each bolt.

Since lead bonding between the steel shells is not present, the elements representing the steel
shell and lead were allowed to have relative motion with respect to each other along tangential
and axial directions. They were coupled in the radial direction. On the two ends, the lead nodes
were coupled with the upper ring or base plate in all directions (if the lead had tendency to move
towards them), and were kept open (if the lead moved away from them). Figure A2-27
illustrates the internal constraints used to couple the substructures together.

2.10.2.3  Finite Element Model Boundary Conditions

As described earlier, only one-half of the cask geometry was modeled in the finite element
model. This required the symmetry boundary conditions be used on the plane that divides the
cask into two halves. Also, for a static finite element structural analysis it is required that the
structure be restrained in such a way so that there is no rigid body motion of the structure. For
the drop analyses the dynamic equilibrium problem is solved using D’ Alembert’s Principle i.e.,
the total
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Internal Constraints Used in ANSYS Drop Analyses
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Figure A2-28
Boundary Conditions — End Drop
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SYMMETRY BOUNDARY CONDITIONS
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Figure A2-29
Boundary Conditions — Side Drop
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SYMMETRY BOUNDARY CONDITIONS

b SYMMETRY BOUNDARY CONDITIONS

Figure A2-30
Boundary Conditions — Corner Drop
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Inertia is balanced with the total reaction forces. In this case there are no physical locations in
the structure that are stationary and a rigid body motion may occur. To eliminate this problem,
the cask was restrained in such a way that the rigid body motion was removed. The
displacement solution was obtained with respect to the restrained nodes. A small reaction at the
restrained node assures that the displacement and stress pattern in the cask due to these restraints
do not alter the results significantly.

Figures A2-28 to A2-30 show the boundary conditions used for end, side and corner drops,
respectively. Tables A2-3 to A2-5 tabulate the constraint reactions at the restrained nodes for the
end, side and corn drops respectively.

2.10.2.4 Finite Element Model Solution Techniques

The ANSYS finite element analysis of structural problems using substructures utilizes the
technique of matrix condensation. The ANSYS Theoretical Manual (Reference 19) describes
this technique in detail. In short, it can be described as follows:

The equilibrium of an eplastic structure in terms of discretized nodal displacement can be written
as: .

[K] <U> = <F> eqn. (1)

Where [K] = stiffness matrix
<U> = displacement vector
<F> = load vector

The displacement vector U is separated out into essential and nonessential nodal displacement
such that:

(U= {%2 >>}
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Table A2-3 .
Constraint Reactions — 30’ End Drop
esesen DEACTION FORCES ®*te* TIME s 0.00000 LOAD SYE_PS 1 ITERATION: 1 CUM. JTER.= t

NOTE - REACTION FORCES ARE [N THE NODAL COORDINATE SYSTEM

NOOE X 1] 7]
60  -0.206149
151 18215.2
492  0.603040E-0%
93 6715.17
96 13709.9
495 15883.3
495 21808.0
32769.6
:g; 21961.0
&% -38198.6
500 -67255.8
501 -66216.1
502 ~-35642.8
s03 39711.8
504 43595.0
505 7133.42
506 503.538
s07 -2727.94
508 -5128.98
509 -6502.55
510 +3532.80
TOTAL  -0.143845 0.000000 -3199.53

NOTE: THE NODE NUMBERS LISTED ABOVE ARE NODE NUMBERS FOR REDUCED
MODEL. THE FOLLOWING TABLE GIVES THE CORRESPONDING SUBSTRUCTURE
NODE NUMBERS.

TRANSFORMED SUBSTR. SUBSTR. TRANSFORMED SUBSTR. SUBSTR.

NODE NO. NODE NO. NO. NODE NO. NODE WO. NO.
60 105 1 500 8 3
151 7 2 501 9 3
151 16 3 502 10 3
492 T 1044 7 503 11 3
493 1 3 504 12 3
494 2 3 305 8 2
495 3 3 506 : 9 2
496 4 3 507 10 2
497 5 3 508 11 2
498 6 3 509 12 2
499 ? 3 510 13 2
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Table A2-4
Constraint Reactions — 30” Side Drop

eess® REACTION FORCES ®**** TIME = 0.00000 LOAD STEP= 1 [ITERATION= {1 CUM. ITER.= 1

NOTE - REACTION FORCES ARE IN THE NOOAL COORDINATE SYSTEM

NODE FX FY F2
34 6400.94
510 ~7406.35 -273.015
TOTAL -1005.41 0.000000 -273.015

NOTE: THE NODE NUMBERS LISTED ABOVE ARE NODE NUMBERS FOR REDUCED

MODEL. THE FOLLOWING TABLE GIVES THE CORRESPONDING SUBSTRUCTURE
NODE NUMBERS.

TRANSFORMED SUBSTR. SUBSTR. TRANSFORMED SUBSTR. SUBSTR.
NODE NO. NODE NO. NO. NODE NO. NODE NO. NO.
491 - 513 7 510 13 2
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Table A2-5
Constraint Reactions — 30’ Corner Drop
seass REACTION FORCES ***#*  TIME = 0,00000 LOAD STEP: 1 [ITERATION= 1 CUN, ITER.s 1

NOTE - REACTION FORCES ARE IN THE NODAL COORDINATE SYSTEM

NOOE FX FY F2
370 -4697.81
N 7439.21 $4577.6
492 -62047.8
TOTAL 2761.40 0.000000 -7470.23

NOTE: THE NODE NUMBERS LISTED ABOVE ARE NODE NUMBERS FOR REDUCED
MODEL. THE FOLLOWING TABLE GIVES THE CORRESPONDING SUBSTRUCTURE
NODE NUMBERS.

TRANSFORMED SUBSTR. SUBSTR. TRANSFORMED SUBSTR. SUBSTR.
NODE NO. NODE NO. NO. NODE NO. NODE NO. NO.
370 2013 5 491 513 7
370 13 7 492 1044 7
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Where
<Um> = displacement vector with essential or mast degrees-of-freedom.
<Us> = displacement vector with nonessential or slave degrees-of-freedom

then, eqn. (1) can then be reduced to
[K] <Um> = <F> eqn (2)
where

[K]
<F>

reduced stiffness matrix
reduced load vector

Solution of this set of simultaneous equations represented by eqn. (2) gives the displacement at
the essential nodes. A back substitution scheme provides the total solution of the set of
simultaneous equations represented by eqn. (1). The nodal forces and element stresses are
obtained using these displacements. -

The total solution of a particular drop analysis requires performing the following steps:

e Stiffness matrix and load vector formulation of each substructure
e Solution of reduced equilibrium equations.
o [oad and stress solution for each substructure.

In using ANSYS, some restrictions and limitations have to be considered in performing the
above tasks. The flow diagrams shown in Figure A2-31 to A2-35 illustrate the sequence of
computation and data saving scheme that was used in performing the drop analysis of the
10-160B cask.
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Figure A2-31
Flow Diagram — Substructure Generation Analysis
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FILE 8

Substructure
Data

Substructure
Node |

Transformation

Data

 FILE 8
Transformed

Note: This step Is repeated for each substructure.

Figure A2-32

Flow Diagram — Substructure Node No. Transformation
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Figure A2-33

Flow Diagram — Cask Drop Analysis
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Substructure
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Retransformation
Data

FILES
FILE 13 ANSYS Analysis Retransformed
Master AUX 5 Master

Displacements

Displacements

Note: This step Is repeated for each substructure.

Figure A2-34
Flow Diagram — Substructure Node No. Retransformation
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FILE 8
Retransformed

. Master
Displacements

Substructuré
Element Stress

& Nodal Loads

FILE 12

Post Data

Note: This step is repeated for each substructure.

Figure A2-35

Flow Diagram — Substructure Stress Pass
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2.10.2.5 Loading

For a particular drop condition, the cask is in equilibrium under the influence of the reaction of
the impact limiter crush plane load, described in Section 2.10.1.1. and the inertia load of the cask
body mass, payload mass and the nonstriking impact limiter mass.

The applied load in each case (end, side and corner) are different. Figures A2-36to A2-38 show
these loads graphically and Table A2-6 summarizes them for a quick reference. A detailed
description of the applied loading is given in the following paragraphs. .

(@ End Drop

The end drop crush plane forces were applied as a uniform element surface pressure over the end
of the cask in bearing contact with the impact limiter (as depicted in Figure A2-36). The cask
body inertia was applied as the body force. The payload inertia was applied as a uniform
element surface pressure over the entire inner surface of the two lids (primary and secondary).
The non-striking impact limiter inertia was applied as a uniform pressure over the annulus
formed by the impact limiter on the base plate. The magnitudes of these loadings were obtained
from Reference 20.

(b) Side Drop

The side drop crush plane load intensity (as listed in Table A2-7) varies in circumferential
direction in such a way that its maximum value occurs along a vertical plane normal to the
impact plane, decreases along the circumference and diminishes at an angle of 33 degrees. This
load intensity was converted to forces on cask nodes that lie on the crush plane. A uniform
distribution along the axial direction was assumed. This is conservative because in actuality, due
to larger stiffness of the ends, a proportionately large load will follow the path through the ends,
This results in a
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Table A2-6
Summary of Distribution of Various Loading Over the Cask Components

Under Different Drop Conditions

Drop Condition

Loading Component

Distribution

30’ End Drop
(Upper End Down)
Ref. A2-36

Cask Inertia

Over entire cask mass

Non-striking Impact
Limiter Inertia

Uniformly on the base plate over the area under
the non-striking impact limiter.

Payload Inertia

On the primary and secondary lids, uniformly
over the entire inner surface

Striking Impact
Limiter Reaction

On the primary lid, uniformly over the area
under the striking impact limiter

30’ Side Drop
Ref. Figure A2-37

Cask Inertia

Over entire cask mass.

Payload Inertia

On the lower half of the cask body, varying
sinusoidally along the circumference, uniform
along the length of the cask.

Impact Limiter

On the base plate, primary lid and portion
Reaction of cask body under impact limiters,
varying along the circumference according to the
nature obtained from the cask drop program,
uniform along the length of the cask.

30’ Corner Drop
(Upper End Drop)
Ref. Fig. A2-38

Cask Inertia

Over entire cask mass

Payload Inertia

On the primary and Secondary lids, uniformly
over the entire surface and on the lower half of
the cask body, varying sinusoidally along, the
circumference, uniform along length of the cask.

Non-Striking Impact
Limiter Inertia

On the base plate outside corner, uniformly
along the circumference.

Striking Impact

Limiter Reaction

On the primary lid and portion of cask body

Under the impact limiter, according to the
variation along circumferencial and longitudinal
directions as obtained from the cask drop
program.
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Table A2-7
Side Drops Crush Planes Forces

02-01-1985 15:23:48 .
FORCE DISTRIDUTION: S1D€ DROP, BOTTON

CASK SORONT
FORCE .

STRESS

]  {F)] F FINDY  SIBW)  SIEHD
2 1.748 204453, 159749, 3040, 1.
3 4219 98438, $5815. 2981, 240
] 5.49% 73849, S0208. 2889, 2158,
H 5.515 80338, 2108, 2016, 2151,
' 7.391 1750, 908, 4. a4,
7 8.170 44092, 3390, 2710, 2136,
g 8.879 3. 30341, W7, a7
] T XAl 38257, 26693, 2638, 2120,
10 10,145 35373, 26247, 201, 2113,
1 10.719 32930, 4888, 2585. 2108,
12 11,283 30822, B3, WX, 2098,
13 11.781 29013, 20204, 248, 2091,
" 12.276 21302, 21184, 2480, 2083,
15 12.750 25902, 02N, N5, 207,
16 13.204 20507, 19957, 2390,  2049.
n” 13,646 73395, 18730, 2384, 2063,
18 14.071 2315, 18056, 2321, 20%4.
19 14,483 232, 17438, 2288.  2048.
20 14.882 20385, 16880, 2254, 2042,
| 15.200 19490, 16352, 2239, 2038,
2 15.607 19042. 1Se1t. 7. 2021,
2 16.015 16437, 15326, 2210, 2080,
2 16.373 17885, 14881, 2195, 1994,
i 16.723 17335. M2, 2180, 1985,
2 12065 14832, 13040, 2166, 1943,
1) 17,359 186356, 13489. 2151, 194l
78 17.7121 15904, 12982, 213, 1908,
29 18,047 1547, 12200, 2122, 1842,
30 18.363 15078, 11500, 2108, 170,
n 18.4649 14685, 11000. 2094, ° 1M,
32 18.911 14328, 10520, 2080, 1872,
n 19.268 13972, "N, 2008, 160%.
3 19.540 13844, 2. 2053 1518,
35 19.844 I, §536. 2038, 1430,
3 20.128 12952, ™S, 2018, 1326,
n 20.405 12587, 6989, 1951, 1210,
38 20,678 12145, 8}, 1952 44N,
39 20,946 11390, Sus, 1859, AT,
0 21,211 10422, s, . 8.
4 21.47) 550. 3908. 1406, ne.
Q 21.723 8220, 3095, H402, SN,
a 21,981 M. sk 1SS, 458,
“ 22.23 ano. 178, 228, 3.
'3 22.4m 2620, 881, 502. 172,

Note (1) See Attachment 1 for the detail output of caskdrop.
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Load Distribution — Corner Drop
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smaller bending moment at the ends than those obtained from the assumption of uniform
distribution along the axial direction. The payload inertia was applied as nodal forces from a
load intensity distribution. They were applied sinusoidally along the circumference and
uniformly along the axial direction. They were applied at nodes on the lower half of the inside
surface of the inner shell. The cask inertia was applied as the body force. The magnitudes of
these loading were obtained from Reference 21. Figure A2-37 graphically depicts these
loadings.

©) Corner Drop

The corner drop crush plane load, as listed in Table A2-8, vary along both circumferential and
axial directions. These loads were used to obtain the corresponding values at the cask model
crush plane nodes. They were applied as the nodal loads in the analysis. The cask inertia was.
applied as a body force. The payload inertia was resolved into two mutually perpendicular
directions (one along the axis of the cask and the other perpendicular to it). The component
along the axial direction was distributed uniformly over the inside surface of the primary and
secondary lids. The other component was distributed over the lower half of the inside surface of
the inner shell. The inertia of the nonstriking impact limiter was distributed as a line load over
the outer edge of the base plate. The magnitude of these loadings were obtained from Reference
22. Figure A2-38 graphically depicts these loading.

There are certain requirements for an ANSYS model using ANSYS structure analysis using
substructures. The loadings were applied as a linear combination of load vectors corresponding
to each substructure. Various unit load vectors were generated for each substructure. The three
drop analyses were performed using a combination of these load vectors which are listed in
Table A2-9.
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Table A2-8
Corner Drops Crush Planes Forces'"

- om e v o

i

M These results, generated by CNSI CASKDROP Program, illustrate the loading profile on

the cask body. See attachment 1 for the detail output of caskdrop.
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Table A2-9 _
Unit Load Vectors Used for Various Substructures
Substructure Load Vector No.
No. 1 2 3 4 5 6 7 8 9
1 a b c f J
2 a b c f - g i _|
3 a b c d f - g i j
4 a b c d e i j
5 a b c d e i j
6 a b c d e h. J -k
7 a b c h '
Symbols Used:

a— 100 g acceleration loading in global x-direction
b — 100 g acceleration loading in global y-direction
c— 100 g acceleration loading in global z-direction
d — Side drop impact limiter reaction

e — Side drop payload inertia

f— End drop payload inertia

g — End drop impact limiter reaction

h — End drop impact limiter inertia

i— Corner drop impact limiter reaction

j — Corner drop payload inertia

k — Corner drop impact limiter inertia
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2.10.2.6 Stress Linearization

The stresses obtained from the analyses of each drop case is comprised of stress components
(normal and shear) along three global directions at the element centroid. Principal stresses and
stress intensity are also available at the centroid of each element. A special ANSYS option
permits printout of stress quantities at selected faces of an element. These print-outs were
utilized in tabulation of stress intensities where a single element through the thickness of a
component was used in the modeling. When more than one element was used, stress
linearization was performed using the techniques of the ASME Boiler & Pressure Vessel Code
Section I1I (Reference 23).

These are summarized as follows:

Mean and mane-plus-bending values of the stress components along meridianal, normal and
hoop directions were obtained using the following scheme. :

| N
Oy = E Z 8101
i=1

N
cr,,,+b=o'm+i2 Z 9; ciXi—cmxd2/2.
d i=1

where Om = Mean value of the stress component

Omib = Mean-plus-bending value of the stress component

of = Stress component at the centroid of i-th element

o = Thickness of the i-th element

X = Distance of the centroid of the i-th element from the inside face

d = Total thickness of the section

N = No. of elements across the thickness

The linearized mean, P,, and linearized mean plus bending, P + Py, values of the stress
intensities were calculated using the values of stress components obtained as described above.

Figure A2-39 shows graphically the concept of stress linearization.
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Linearized Stress Distribution

FEM Stress Distribution

Figure A2-39
Linearization of Finite Element Stress Results
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2.10.3 DATA REDUCTION OF CASK STRUCTURAL COMPUTATION RESULTS

2.10.3.1 Results of 3-Dimensional Lineaf Model

As described under solution techniques, (2.10.2.4) reduced linear static analyses of each drop
condition allows stress analysis of each substructure. The stress analysis pint-out consists of an
enormous amount of data. To facilitate interpretation of this data, contour plots of stress
intensities were obtained for each substructure and every drop orientation case. These plots are
congested for a three-dimensional model. Therefore, magnified plots of stress contours in the
high stress regions in isometric views were obtained and are shown in Figures 2-13 to 2-18. The
largest linearized mean and mean plus bending stress intensities in every component were
obtained using the methods described under stress linearization for each drop case. The
component stresses, principal stresses and the stress intensities at the critical cross sections are
presented in Tables A2-10, 11, 14, 15, 18 and 19 for various drop orientations. The
combinations of the other load conditions with the drop condition loading per Regulatory Guide
7.8 is performed on the stress intensity basis and is presented in Tables A2-13, 17, 21, 23, 25 and
27. :

2.10.3.2 Results of 2-Dimensional Nonlinear Model

For the analysis of load cases where the applied loading is axisymmetric (e.g. pressure loading,
thermal loading and the fire accident loading), a 2-dimensional finite-element model of the cask
(Figure A2-44.1) was constructed using axisymmetric isoparametric elements to represent the
cask and the lead, 2-dimensional beam elements to represent the bolted connections, and 2-
dimensional nonlinear interface elements to represent the lead-steel interfaces and the lid-body
interfaces.
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Table A2-10
Membrane Stresses in Various Components of the Cask
End Drop (30-Foot)!
3 Stress Components Principal Stresses
o
.8 Normal | Normal | Norm '
Component = -
P § Radial | Axial | Hoop In-p l.?ne Ssli Ss2i : Ss3i S'Sli'
| Psi _ Psi Psi p p P P P
Base plate A 5119 | 41.27 | -511.9 0 4127 | -511.9 | -511.9 | 553.1
Outer Shell B -2234 | -51.72 | 1834 88.62 1834 | -48.13 | -2237 | 4071
Inner Shell C -2993 =222 3758 -651 3758 | -76.72 | -3139 | 6897
Bolting Ring D -756.9 | -5802 | 3219 | -197.1 3219 | -749.2 | -5810 | 9028
Primary Lid E 241.1 | -137.9 | 77.67 | -2654 2456 | 77.67 | -2845 | 5310
Secﬁ?jary F | -654.7 | -447.4 | -654.7| 0 | -447.4|-654.7|-654.7|207.3
Notes: M See Table 2-1 for load information.

2) See Figure A2-40 for locations indicated in this table.
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Table A2-11
Membrane Plus Bending Stresses in Various Components of the Cask

End Drop (30-Foot)"

s Stress Components Principal Stresses
[t
.2 | Normal | Normal | Norm
Component S - )
P 2;3 Radial | Axial | Hoop In plz_ine Sl. S“. S3. SSI
S | psi Psi Psi psi pst | pst pst | pst
Base olatc A | 12280 | -241.3 | 12280 0 12280 | 12280 | -241.3 | 12520
ase pla B | -13300 | 323.9 |-13300 0 323.9 | -13300 | -13300 | 13630
Outer Shell C | -3534 | -9029 | -843.9 | 8862 |-352.5|-843.9 | -9030 | 8677
D | -2148 | 8769 | 4512 | 88.62 | 88.7 | 4512 | -2149 | 10920
Iner Shell E | -3535 | -10430 | 6462 | -651 | 6462 | -3474 | -10490 | 11130
nner she F | 2452 | 9871 | 6870 | -651 | 9906 | 6870 | -2486 | 12390
Bolting Ring | G | 6275 | -3739 | 4497 | -197.1 | 4497 | 6364 | -3748 | 8245
NEXINS 1y | -1846 | -7772 | 1940 | -197.1 | 1940 | -1840 | -7779 | 9709
P Lig | 1 | 6917 | -679.5 |-17290 | 2896 | 2210 | -3581 {-17290 | 19510
rimary L1 ] 209.5 | 403.7 | 17450 | -2413 | 17450 | 2722 | -2109 | 19560
Secondary K | -23400 | -116.5 | -23400 0 -116.5 | -23400 | -23400 | 23280
Lid L | 22090 | -778.3 | 22090 0 22090 | 22090 | -778.3 | 22870
Notes: 4 See Table 2-1 for load information.
2) See Figure A2-40 for locations indicated in this table.

2-163




10-160B Safety Analysis Report Consolidated SAR Revision 7
.November 2013

A b /xB

\ e/ ,

a c d
C_/l/

.

\ \

k

2
h
RN
F | |
AAEEEARARARR RN ANNNRNANANY

Figure A2-40
Location of Stresses Indicated

in Tables A2-10 and A2-11
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Table A2-12
Maximum:Stress Intensities in the Cask
Due to 30-Ft End Drop
Cask Component Stress S.1. Value Element Substr.
P Category (psi) No. No.

PL 553 151-155-159 7

Base Plate
PL+PB 13,630 151-155-159 7
PL 4,071 96-97 4

Outer Shell
PL+PB 10,920 96-97 4
PL 6,897 95 4

Inner Shell
PL+PB 12,390 95 4
. . PL 9,028 81-85 4

Bolting Ring

PL+PB 9,709 81-85 4
. . PL 5,310 106-107 3

Primary Lid
PL+PB 19,560 106-107 3
PL 207 14 1

Secondary Lid

PL+PB 23,280 14 1
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Table A2-13
Stress Intensity Combinations
Due to 30-Ft End Drop
Cask Stress S.I. Value Due to ..........
Component Category 0} ® 16} ® ® ®
PL 553.1 90.06 98.79 643.16 651.89 651.89
Basic Plate
PL+PB 13,630 570.5 927.3 | 14,200.5 | 14,557.3 | 14,557.3
PL 4,071 261.6 2,884 4,332.6 6,955 6,955
Outer Shell
PL+PB 10,920 585.2 6,051 11,505.2 | 16,971 16,971
PL 6,897 368 4,299 7,265 11,196 11,196
Inner Shell
PL-+PB 12,390 705.2 5,602 | 13,0952 17,992 17.992
. . PL 9,028 560.4 1,260 9,588.4 10,288 10,288
Bolting Ring .
PL+PB 9,709 805.9 1,378 | 10,5149 | 11,087 11,087
. . PL 5,310 288.3 364.5 5,598.3 | 5,674.5 | 5,674.5
Primary Lid
PL+PB 19,560 749.9 658.3 |20,309.9|20,218.3 | 20,309.9
PL 207.3 17.46 7.131 224.76 21443 224.76
Secondary Lid
PL+PB 23,280 565.8 485.8 | 23,845.8 | 23,765.8 | 23,845.8

® 30' end drop loading

@ increased external pressure loading
@ minimum external pressure loading
® loading @ + loading @

® loading @ + loading ®

® larger of loading ® and ®
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Table A2-14

Membrane Stresses in Various Components of the Cask

30-Ft Side Drop"

~ Stress Components Principal Stresses

=)

@]
Component | g | Normal | Normal § Norm |\ o | o $2 S3 S.I

9 | Radial Axial - | Hoop i i S i o

— psi psi psi P p p p p
BasePlate | A | -12690 | -1795 | 988 1194 994 | -1666 | -12830 | 13820
Outer Shell | B | 5945 5448 | 13230 12870 | 22960 | 9313 | -7648 | 30610
InnerShell | C | 6957 | 29813 |22258| 12871 |37724|22338| 1036 | 38756
Blgliggg D | -35510 | -9152 | 9440 -1414 | 9653 | -8567 | -36310 | 45960
Primary Lid | E | -14650 | -2223 |-9630 | -1685 | -1997 | -8987 | -14960 | 12960
Secﬁ‘i‘c‘fary F | -10249 | 2008 | 2308 | 1207 | 2308 | -2008 | -10249 | 13784
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-41 for locations indicated in this table.
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Figure A2-41
Locations of Stresses Indicated in Table A2-14
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Table A2-15
Membrane Plus Bending Stresses in Various Components of the Cask
30-Ft Side Drop(1)

- Stress Components Principal Stresses
& _
@]
Component | 5 | Normal | Normal # Norm | b0 1 o | g S3 | s4
g | Radial Axial Hoop osi S o s i
2| psi psi psi p p P P p
Base Plat a | -31120 140 | -3428 | 3352 | 495 | -3425 | -31480 | 31970
ae |y 5735 3730 | 5403 | -964 | 5988 | 5249 | -3825 | 9816
Outer Shell | € | -S140 | -11810 | 12840 | 5444 | 14360 | -893 |-17570 | 31930
uter she d | -8418 | 22230 | 13430 | 5444 |24100 | 14710 |-11560 | 35660
tnner Shell | © 4905 | -12427 | 21476 | 3466 | 22649 | 7332 |-16071 | 38720
nner she £ | -4301 | 44756 | 29324 | 3466 | 47147 | 28471 | -5838 | 52987
Bolting Ri g | -36120 | -8845 | 13250 | -1414 | 13430 | -8254 |-36890 | 50032
oiting RIng 1y | _14150 | -9458 | 5786 | -1414 | 6141 | -7015 | -16950 | 23090
Primarv Lid | | | 37820 | -4849 |-20150 | -5871 |-3833 | -20150 | -38830 | 35000
y i 8510 404 2022 | 2501 | 9381 | 1882 | -328 | 9710
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-42 for locations indicated in this table.
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Figure A2-42
30-ft Side Drop
Locations of Stresses Indicated in Table A2-15
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Table A2-16
Maximum Stress Intensities in the Cask
Due To 30-ft Side Drop
Cask Component Stress S.1. value Element Substr.
pone Category (psi) No. No.

PL 13,820 71-73 6

Base Plate
PL+PB 31,970 71-73 6
PL 30,610 11-12 4

Outer Shell
PL+PB 35,660 11-12 4
PL 38,756 15 4

Inner Shell
PL+PB 52,987 15 4
. . PL 45,960 6-10 4

Bolting Ring

PL+PB 50,032 6-10 4
. . PL 12,960 11-15 3

Primary Lid
PL+PB 35,000 11-15 3
. PL 13,784 13 1

Secondary Lid

PL+PB 36,830 13 |
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Table A2-17
Stress Intensity Combinations
Due to 30-ft Side Drop
Cask Stress SI Value Due to ..........
Component Category 0) o) 6) @ ® ®
PL 13,820 | 90.06 98.79 | 13,910.06 | 13,918.79 | 13,918.79
Basic Plate
PL+PB 31,970 | 570.5 927.3 | 32,540.5 | 32,897.3 | 32,897.3
PL 30,610 | 261.6 2,884 | 30,871.6 33,494 33,494
Outer Shell
PL+PB 35,660 | 585.2 6,051 36,245.2 41,711 41,711
PL 38,756 368 4,299 39,124 43,055 43,055
Inner Shell
PL+PB 52,987 | 705.2 5,602 | 53,692.2 58,589 58,589
. . PL 45,960 | 560.4 1,260 | 46,5204 47,220 47,220
Bolting Ring
PL+PB 50,032 | 805.9 1,378 | 50,837.9 51,410 51,410
. . PL 12,960 | 288.3 364.5 13,248.3 | 13,324.5 | 13,324.5
Primary Lid
PL+PB 35,000 | 749.9 658.3 | 35,7499 | 35,658.3 | 35,749.9
. PL 13,784 | 17.46 7.131 | 13,801.46 | 13,791.13 | 13,801.46
Secondary Lid
PL+PB 36,830 | 565.8 485.8 | 37,395.80 | 37,315.80 | 37,395.80

® 30’ side drop loading

@ increased external pressure loading
® minimum external pressure loading
® loading @ + loading @

® loading @ + loading @

® larger of loading ® and ®
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‘ Table A2-18
Membrane Stresses in Various Components of the Cask

30-Ft Corner Drop'"

Stress Components

Principal Stresses

gf:
[=] "
Component | ' | Normal | Normal | Norm |y b | g S2 s3 | S.L
S | Radial Axial Hoop i i . i o
S| psi psi psi p p p p p
BasePlate | A | -11180 | -6152 | -2912 | -2002 | -2286 | -5146 |-12810 | 10520
Outer Shell | B | -1849 |-116501 | -8301 | 583 | -1777 | -8352 |-11670 | 9895
Inner Shell | C | -1239 | -22600 | -7652 | 149 | -1206 | -5346 | -24940 | 23730
Blg'igzg D | 3075 | -18130 |-14200 | 1460 | 3641 |-13700 | -19200 | 22840
o .
PrimaryLid | E | -8698 | -1832 | -1894 | 10310 | 6187 | -1662 | -16950 | 23140
Secﬁ?gary F | 1713 945 | 10178 | 2000 |11957| 1713 | 945 |11012
Notes: (1) See Table 2-1 for load combinations.
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Figure A2-43
30-Ft Corner Drop

Locations of Stresses Indicated in Table A2-18
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Table A2-19

Membrane Plus Bending Stresses in Various Components of the Cask
30-ft Corner Drop""

Stress Components

Principal Stresses

(Sﬁ
=]
Component | 5 | Norm | Norm | Norm |\ o ol g1 | s2 | s3 | s
g | Radial | Axial | Hoop s i i i o
— psi psi psi psi ps p P P
B Plae | @ | 3363 | -2658 | 7850 | -849 [ s030 | 4308 | -3783 | 11810
a b | 25720 | -9647 | -13670 | -3156 |-8940 | -13150 | -26940 | 18000
ouerShell | € | 2254 [-13600 | 8206 | 583 |-2184] -8261 |-13610 | 11430
u d | -1461 | 9711 | 8394 | 583 |-1363 | -8439 | 9735 | 8372
e | -1137 ]-20930| -7044 | 149 |-1101] -4609 |-23400| 2230
Inner Shell
£ | -1164 |-24270 | 8255 | 149 |-1134| -6068 | -26490 | 25350
Boling Ring | & | 5703 | -24600 | -13930 | 1460 [ 6197 [-13970 [ 25060 | 31250
OMNERINE 1 p | 3201 | -11660 | -14460 | 1460 | 3781 | -10690 | -16010 | 19790
b L | 1| 21070 | 3027 | 2926 | 8095 [ 7889 | 1456 | -24460 | 32350
rmary il 7979 | -1148 | 6227 | 3492 | 9297 | -1067 | -7625 | 16920

Notes:
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Figure A2-44
30-Ft Corner Drop

Locations of Stresses Indicated in Table A2-.19
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Table A2-20
Maximum Stress Intensities in the Cask
Due to 30-ft Corner Drop
Cask Component Stress S.I. Value Element Substr.
P Category (psi) No. No.

PL 10,520 151-155-159 7

Base Plate
PL+PB 18,000 151-155-159 7
PL 9,895 11-12 4

Outer Shell
PL+PB 11,430 11-12 4
PL 23,730 95 4

Inner Shell
PL+PB 23,350 95 4
] . PL 22,840 81-85 4

Bolting Ring
PL+PB 31,250 81-85 4
. . PL 23,140 138-139 3

Primary Lid
PL+PB 32,350 138-139 3
. PL 11,012 21 [

Secondary Lid

PL+PB 19,670 21 1
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Table A2-21
Stress Intensity Combinations
Due to 30-ft Corner Drop
Cask Stress S.I. Value Due to ..........
Component Category @ @ ©) @ ® ®
. PL 10,520 | 90.06 98.79 | 10,610.06 | 10,618.79 | 10,618.79
Basic Plate
PL+PB 18,000 | 570.5 927.3 18,570.5 | 18,927.3 | 18,927.3
PL 9,895 261.6 2,884 10,156.6 12,779 12,779
Outer Shell
PL+PB 11,430 585.2 6,051 12,015.2 17,481 17,481
PL 23,730 368 4,299 24,098 28,029 28,029
Inner Shell
PL+PB 25,350 | 705.2 5,602 | 26,055.2 30,952 30,952
. PL 22,840 | 560.4 1,260 | 23,400.4 24,100 24,100
Bolting Ring
PL+PB 31,250 | 805.9 1,378 | 32,055.9 32,628 32,628
. PL 23,140 | 288.3 364.5 | 23,4283 | 23,504.5 | 23,504.5
Primary Lid
PL+PB 32,350 | 749.9 658.3 33,099.9 | 33,008.3 | 33,099.9
Secondary PL 11,012 17.46 7.131 |11,029.46 | 11,019.13 | 11,029.46
Lid PL+PB 19,670 | 565.8 | 485.8 | 20,235.8 | 20,155.8 | 20,235.8

® 30" corner drop loading

@ increased external pressure loading
® minimum external pressure loading
@ loading ® + loading @

® loading @ + loading ®

® larger of loading @ and ®
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Table A2-22
Maximum Stress Intensities in the Cask
Due To 1-ft End Drop'"
Cask Component Stress S.I. Value Element Substr.
ask L-omp Category (psi) No. No.
PL 171.03 151-155-159 7
Base Plate

PL+PB 4,214.74 151-155-159 7
PL 1,258.86 96-97 4

Outer Shell
PL+PB 3,376.74 96-97 4
PL 2,132.72 95 4

Inner Shell

PL+PB 3,831.30 95 4
i . PL 2,791.69 81-85 4

Bolting Ring
PL+PB 3,002.27 81-85 4
_ , PL 1,641.99 106-107 3

Primary Lid
PL+PB 6,048.45 106-107 3
. PL 64.102 14 1

Secondary Lid

PL+PB 7,198.77 14 1

Note(s) (1) S.L values for the 1-FT drop conditions have been calculated by ratioing the
corresponding 30-FT drop S.I. values by acceleration ratio.
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Table A2-23
Stresses Intensity Combinations
Due to 1-ft End Drop
Cask Stress S.1. Value Due to ..........
Component Category ® ® O] @ ® ®
. PL 171.03 90.06 | 98.79 261.09 269.82 269.82
Basic Plate
PL+PB 4,214.74 | 570.5 | 927.3 | 4,785.24 | 5,142.04 | 5,142.04
PL 1,258.86 | 261.6 | 2,884 | 1,520.46 | 4,142.86 | 4,142.86
QOuter Shell

PL+PB 3,376.74 | 585.2 | 6,051 | 3,961.94 | 9,427.74 | 9,427.74

PL 2,132.72 | 368 | 4,299 | 2,500.72 | 6,431.72 | 6,431.72

Inner Shell
PL+PB 3,831.30 | 705.2 | 5,602 | 4,536.5 9,4333 9,433.3
i ) PL 2,791.69 | 560.4 | 1,260 | 3,352.09 | 4,051.69 | 4,051.69
Bolting Ring
PL+PB 3,002.27 | 8059 | 1,378 | 3,808.17 | 4,380.27 | 4,380.27
i ) PL 1,641.99 | 288.3 | 364.5 | 1,930.29 | 2,006.49 | 2,006.49
Primary Lid
PL+PB 6,048.45 | 7499 | 6583 | 6,798.35 | 6,706.75 | 6,798.35
) PL 64.102 17.46 | 7.131 81.56 71.233 81.56
Secondary Lid

PL+PB 7,198.77 | 565.8 | 485.8 | 7,764.57 | 7,684.57 | 7,764.57

@ 1" end drop loading

@ increased external pressure loading
® minimum external pressure loading
@ loading @ + loading @

® loading @ + loading ®

® larger of loading ® and ®
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Table A2-24
Maximum Stress Intensities in the Cask
Due to 1-ft Side Drop'"
Cask C ent Stress S.I. Value Element Substr.
n
ompo Category (psi) No. No.

PL 3,323.21 71-73 6

Base Plate
PL+PB 7,687.64 71-73 6
PL 7,360.61 11-12 4

Outer Shell
PL+PB 8,574.95 11-12 4
PL 9,319.43 15 4

Inner Shell
PL+PB 12,741.48 15 4
) ) PL 11,051.74 6-10 4

Bolting Ring

PL+PB 12,030.91 6-10 4
) ) PL 3,116.42 11-15 3

Primary Lid
PL+PB 8,416.25 11-15 3
. PL 3,314.56 13 1

Secondary Lid

PL+PB 8,856.3 13 1

Note(s) (1) S.L values for the 1-FT drop conditions have been calculated by ratioing the
corresponding 30-FT drop S.1. values by acceleration ratio.
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Table A2-25
Stress Intensity Combinations
Due to 1-ft Side Drop
Cask Stress S.I. Value Due to ..........
Component Category 0) ® 6) @ ® ®
PL 3,323.21 | 90.06 | 98.79 | 3,413.27 3,422 3,422
Basic Plate
PL+PB 7,687.64 | 570.51927.3 | 8,258.14 | 8,614.94 | 8,614.94
PL 7,360.61 | 261.6 | 2,884 | 7,622.21 | 10,244.61 | 10,244.61
Outer Shell
PL+PB 8,574.95 | 585.2 | 6,051 | 9,160.15 | 14,625.95 | 14,625.95
PL 931943 | 368 | 4,299 | 9,687.43 | 13,618.43 | 13,618.43
Inner Shell
PL+PB 12,741.48 | 705.2 | 5,602 | 13,446.68 | 18,343.48 | 18,343.48
. ) PL 11,051.74 | 560.4 | 1,260 | 11,612.14 | 12,311.74 | 12,311.74
Bolting Ring
PL+PB 12,030.91 | 805.9 | 1,378 | 12,836.81 | 13,408.91 | 13,408.91
. . PL 3,116.42 | 288.3 | 364.5 | 3,404.72 | 3,480.92 | 3,480.92
Primary Lid
PL+PB 8,416.25 | 749.9 | 658.3 | 9,166.15 | 9,074.55 | 9,166.15
. PL 3,314.56 | 17.46 | 7.131 | 3,332.02 | 3,321.69 | 3,332.02
Secondary Lid
PL+PB 8,856.3 | 565.8 |485.8 | 9,422.1 9,342.1 9,422.1

® 1'side drop loading

@ increased external pressure loading
® minimum external pressure loading
@ loading ® + loading @

® loading @ + loading ®

® larger of loading @ and ®
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Table A2-26
Maximum Stress Intensities in the Cask
Due to 1-ft Corner Drop‘"”
Cask Component Stress S.I. Value Element Substr.
P Category (psi) No. No.

PL 1,390.24 151-155-159 7

Base Plate
PL+PB 2,378.74 151-155-159 7
PL 1,307.65 11-12 4

Outer Shell
PL+PB 1,510.5 11-12 4
PL 3,135.98 95 4

Inner Shell
PL+PB 3,350.06 95 4
. . PL 3,018.36 81-85 4

Bolting Ring
PL+PB 4,129.76 81-85 4
. . PL 3,058 138-139 3

Primary Lid
PL+PB 4,275.13 138-139 3
. PL 1,455.26 21 1

Secondary Lid

PL+PB 2,599.4 21 1

Note(s) (1) S.I values for the 1-FT drop conditions have been calculated by ratioing the
corresponding 30-FT drop S.I. values by acceleration ratio.
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Table A2-27
Stress Intensity Combinations
Due to 1-ft Corner Drop
Cask Stress S.I. Value Due to ..........
Component Category [0 ® 6) ® ® ®
PL 1,390.24 | 90.06 | 98.79 1,480.3 1,489.03 | 1,489.03
Basic Plate .
PL+PB 2,378.74 | 570.5 | 927.3 | 2,949.24 | 3,306.04 | 3,306.04
PL 1,307.65 | 261.6 | 2,884 | 1,569.25 | 4,191.65 | 4,191.65
Outer Shell

PL+PB 1,510.5 | 585.2 | 6,051 | 2,095.7 7,561.5 7,561.5

PL 3,135.98 | 368 | 4,299 | 3,503.98 | 7,434.98 | 7,434.98

Inner Shell
PL+PB 3,350.06 | 705.2 | 5,602 | 4,055.26 | 8,952.06 | 8,952.06
. . PL 3,018.36 | 560.4 | 1,260 | 3,578.76 | 4,278.36 | 4,278.36
Bolting Ring
PL+PB 4,129.76 | 805.9 | 1,378 | 4,935.66 | 5,507.76 | 5,507.76
. . PL 3,058 288.3 | 364.5 | 3,3463 3,422.5 3,422.5
Primary Lid
PL+PB 4,275.13 | 749.9 | 658.3 | 5,025.03 | 4,933.43 | 5,025.03
. PL 1,455.26 | 17.46 | 7.131 | 1,472.72 | 1,462.39 | 1,472.72
Secondary Lid

PL+PB 2,599.40 | 565.8 | 485.8 | 3,165.20 | 3,085.20 | 3,165.20

® 1' corner drop loading

®@ increased external pressure loading
® minimum external pressure loading
@ loading ® + loading @

® loading @ + loading ®

® larger of loading @ and ®
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Figure A2-28
Intentionally Left Blank

2-185



10-160B Safety Analysis Report Consolidated SAR Revision 7

November 2013
ANSYS 4,3A4
l MAY 15 1888
) 18:40: 8
ELEMENTS
r\! REAL NUM
| =4 s aey w— .
ngé v =t
At — DIST=60
! e —— XF =18.,5
}'”" YF =45.5
ins
s
$ IBR
IRE
|
11
13
! %
N 1
IR
; 1] |
|
% T T 1T
o T« N S A S N N O
-
1
2-DIMENSIONAL MODEL S THE 18-1B8B CASK

Figure A2-44.1
Two-Dimensional Finite Element Model Used in the Analysis of

10-160B Cask Under Axisymmetric Loading
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10-160B Safety Analysis Report

Temperature dependent material properties of the steel and the lead, as listed in Table 2-3, were
used in the model. The loading to the model was applied as the element pressures and element
temperatures corresponding to each loading case. The results of the analyses are presented in
tabular form and the locations of the maximum mean and mean-plus-bending stress intensities
are identified in Figures. The load cases analyzed using this model with the corresponding
loading and the result tables and figures are listed in the following paragraphs:

4y

Hot Environment:

Ambient Temperature 100°F
Internal Pressure = 8.4 psi
External Pressure = Opsi

Result Table
Corresponding Figure

A2-31 and A2-32
A2-45

) Cold Environment
Ambient Temperature -40°F
Internal Pressure = 11.2 psi
External Pressure = Opsi
Result Table = A2-29 and A2-30
Corresponding Figure = A2-45
3) Increased External Pressure
Ambient Temperature -20°F
Internal Pressure = Opsi
External Pressure = 20 psi
Result Table = A2-33 and A2-34
Corresponding Figure =  A245
4 Minimum External Pressure
Ambient Temperature = 100°F
Internal Pressure 23.1 psi
External Pressure = 3.5psi
Result Table = A2-35and A2-36
Corresponding Figure = A2-45
(5)  Fire Accident
Ambient Temperature 1475°F
Internal Pressure = 31.2psi
External Pressure 0 psi

Temperature in various components of the cask per Table 3.1 and shown in

Figure A2-47
Result Table
Corresponding Figure =

A2-4]1 and A2-42
A2-48
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Figure A2-45
Locations of Stresses Indicated

in Tables A2-29 Through A2-36
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Table A2-29 . :
Membrane Stresses in Various Components of the Cask
Cold Environment 0y
= Stress Components (psi) Principal Stresses (psi)
=
(=]
Component S | Normal | Normal | Normal
§ Radial Axial Hoop In-Plane S 52 83 S4
Base Plate A -26.86 | -7.162 | -26.86 0 -7.162 1 -26.86 | -26.86 | 19.7
Outer Shell B 211.8 -43.17 | -109.7 7.674 212 | -43.411-109.7 | 321.7
Inner Shell C -264.1 99.56 -394 |.-59.35 109 |-273.5| -394 503
Bolting Ring D -49.28 17.93 | -131.3 0.187 17.93 | -49.28 | -131.3 | 149.2
Primary Lid E 3343 -77.01 180.7 -39.19 | 180.7 | 4593 | -89.5 | 270.2
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-45 for locations indicated in this table.
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Table A2-30
Membrane Plus Bending Stresses in Various Components of the Cask

Cold Environment'"

‘3,: Stress Components (psi) Principal Stresses (psi)
Q
Component E I\II{c;rd?aall N:;?;Tl Tlc:)r(r:;)l In-Plane S, S, S, S,
Base Plate a -706.2 | -1.773 | -706.2 0 1.773 | -706.2 | -706.2 | 708
b -652.5 | -16.1 | 6525 0 652.5 | 652.5 | -16.1 | 668.6
Outer Shell c 50.9 590.8 | 127.3 | 7.674 | 590.9 | 127.3 | 50.79 | 540.1
d 184.2 | -666.1 |-346.7| 7.674 | 184.3 |-346.7 | -666.2 | 850.5
Inner Shell e -307.1 -452 -579 | -59.35 |-2859|-4732| -579 |293.1
f =221 6452 | -208.9 | -59.35 | 649.2 | -208.9 | -225.1 | 874.3
Bolting Ring g -35.87 | 25.79 |-133.6| 0.187 | 25.79 |-35.87 {-133.6 | 159.4
h -12.02 | 1042 | -129 0.187 | 1042 {-12.02| -129 [ 1394
Primary Lid 1 -229.5 | -119.2 | -83.74 | -72.18 |-83.54 |-83.74 | -262.2 | 181.7
J 296.4 | -34.79 | 4452 | -6.201 | 445.2 | 296.5 | -34.9 | 480.1
Secondary Lid k -433 0.659 | -433 0 0.659 | -433 | -433 |[433.7
] 408.7 13.33 | 408.7 0 408.7 | 408.7 | -13.33 | 422.1
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-44 for locations indicated in this table.
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Table A2-31
Membrane Stresses in Various Components of the Cask
Hot Environment)
a Stress Components (psi) Principal Stresses (psi) ®
8 SIO | s1W
Component p Normal { Normal | Norm o e
- y si) si
S | Radial | Axial | Hoop | ™Plane | S 52 sy | s | (s
Base Plate A 73.65 -4 73.65 0 73.65 73.65 -4 77.67 99
Outer Shell B 2541 180.5 995.7 766.7 2768 995.7 -46.67 2815 | 2,927
Inner Shell C -2443 1471 -684.8 -968.8 1698 -684.8 -2670 4368 | 4,500
Bolting Ring D 187.4 -20.29 1144 -47.54 1144 197.7 -30.65 1175 | 1,224
Primary Lid E 79.31 -197.9 98.58 -47.05 98.58 87.08 -205.7 304.2 341
Secﬁ?gaw F | -6.145 | -1.624 | -6.145 0 -1.624 | -6.145 | -6.145 | 4521 | 8
Notes:
) See Table 2-1 for load combinations.
(2) See Figure A2-45 for locations indicated in this table.
3) These stresses were calculated with 2.4 psi internal pressure in the cask.
(4)  Conservatively the stress intensities corresponding to 8.4 psi cask internal

pressure have been added to the stress intensities of the previous column. The
stress intensities for 8.4 psi internal pressure are obtained by multiplying the
stress intensities of Table A2-37 by a factor of 8.4/10 = 0.84.
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Table A2-32
Membrane Stresses in Various Components of the Cask
Hot Environment !
a Stress Components, (psi)™ Principal Stresses (psi)®
Cask S SI1® | s1@
Component = Normal | Normal | Normal | In-Plane X si si)
P § Radial Axial Hoop Shear S S S (pst) | {pst
a -444.2 3.197 -444.2 0 3.197 | -4442 -444.2 | 4474 732
Base Plate
b 591.5 -11.24 591.5 0 591.5 591.5 -11.24 | 602.8 930
C -3151 2564 1178 766.7 2665 1778 -3252 5917 | 6,136
Outer Shell
d 1910 -2162 213.1 766.7 2050 213.1 -2302 4351 | 4,689
E -2456 -250.5 -1185 -968.9 114.7 -1185 -2822 2936 | 3,178
Inner Shell
F -2430 3174 -185 -968.9 3337 -185 -2593 5930 | 6,227
. G -23.96 -298.3 1044 -47.54 1044 | -15.96 -306.3 1350 | 1,434
Bolting Ring
H 840.7 2454 1245 -47.54 1245 844 .4 241.6 1004 1,078
. i =511 -281.5 -241.2 95.13 -241.2 | -247.1 -545.3 304.1 665
Primary Lid -
j 669.6 -1143. 438.3 1.034 669.6 4383 | -1143.3 | 783.9 | 1,149
Secondary | Kk | 2208 | 2811 | -2208 0 2.811 | -220.8 | -220.8 | 223.6 | 521
Lid 1 208.5 -6.058 208.5 0 208.5 208.5 -6.058 214.6 504
Notes:
) See Table 2-1 for load combinations.
2) See Figure A2-45 for locations indicated in this table.
3) These stresses were calculated with 2.4 psi internal pressure in the cask.
“4) Conservatively the stress intensities corresponding to 8.4 psi cask internal

pressure have been added to the stress intensities of the previous column. The

stress intensities for 8.4 psi internal pressure are obtained by multiplying the

stress intensities of Table A2-37 by a factor of 8.4/10 = 0.84.

2-192




10-160B Safety Analysis Report

Consolidated SAR Revision 7
November 2013

_  Table A2-33
Membrane Stresses in Various Components of the Cask

" Increased External Pressure''

)

- Stress Components (psi) Principal Stresses (psi)
=
[®]
Component % | Norm | Norm | Norm
§ Radial | Axial | Hoop In-Plane Si 52 S S4
Base Plate A -97.14 | -7.081 | -97.14 0 -7.081 | -97.14 | -97.14 | 90.06
Outer Shell B -196.9 | 64.7 | -58.85| -0.0844 | 64.7 |-58.85|-196.9|261.6
Inner Shell C -376.7 1-20.06 | -112.1 | -4542 |-14361|-112.11-382.4| 368
Bolting Ring D -129.5 | -97.55 | -646.1 22.8 -85.68 | -141.3 | -646.1 | 560.4
Primary Lid E 5295 |-204.9 | -2353 | 3.245 52.99 | -205 |-235.3 2883
Secondary Lid F 8.261 |-9.199 | 8.261 0 8.261 | 8261 |-9.199|17.46
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-45 for locations indicated in this table.
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Table A2-34
Membrane Plus Bending Stresses in Various Components of Cask
Increased External Pressure

‘3= Stress Components (psi) Principal Stresses (psi) -
Q
Component | & | Normal | Normal | Norm '
;5 Radial Axial Hoop In-Plane | 8, _ 5, 85 S.1
Base Plat a 374.9 -15.44 | 3749 0 3749 | 3749 | -15.44 | 390.3
seriate oy | 5692 | 1276 |-569.2| 0 1.276 | -569.2 | -569.2 | 570.5
Outer Shell c 48.94 -298.5 -137 | -0.8444 | 48.94 | -137 | -298.5 | 347.5
d -163.5 421.6 19.34 | -0.8444 | 421.6 | 19.34 | -163.5| 585.2
Inner Shell e -482.2 -1182 | -491.5| -4542 |-479.2 | -491.5| -1184 | 705.2
f -271.2 1129 2674 | 4542 | 1130 | 2674 | -272.7 | 1403
Boltine Rin g 33.04 -4472 |-771.8| 22.8 34.12 | -448.3 | -771.8 | 805.9
ERME | p -122.1 236.5 |-520.3| 22.8 238 | -123.6]-520.3 [ 758.3
Primary Lid i -436.8 -262.9 |[-263.8| -10.93 |-262.3 |-263.8|-437.5{175.3
Y j 542.7 -146.9 |-206.7 | 17.42 | 543.2 | -147.3|-206.7 | 749.9
Secondary L 548.6 -17.2 548.6 0 548.6 | 548.6 | -17.2 | 565.8
Lid M 532.1 -1.202 | -532.1 0 -1.202 | -532.1 | -532.1 | 530.9
Notes: (1) See Table 2-1 for load combinations.
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Table A2-35 _
Membrane Stresses in Various Components of Cask
Minimum External Pressure!!

Stress Componeats, (psi)®® Principal Stresses (psi)®
Cask ks SI® | s1®
Component ® | Normal | Normal | Normal | In-Plane (psi) | (psi)
P E Radial Axial Hoop Shear S S S; pst psl
Base Plate A 89.25 -9.535 89.25 0 89.25 89.25 -9.535 | 98.79 149
Outer Shell B 2599 147 965.4 759.4 2815 965.4 -69.2 2884 | 3,145
Inner Shell C -2358 1486 -736.9 -962.8 1714 | -736.9 | -2586 4299 | 4,606
BoltingRing | D 217.6 10.68 1258 -53.43 1258 230.6 | -2.305 1260 | 1,375
Primary Lid E 62.42 -146.5 2054 -52.78 2054 | 7499 | -159.1 | 364.5 449
S“ﬁ‘;:a’y F | -13.57 | -644 | -13.57 0 -6.44 | -13.57 | -13.57 | 7.131 | 16
Notes:
¢y See Table 2-1 for load combinations.
2) See Figure A2-45 for locations indicated in this table.
3) These stresses were calculated with 11.2 psi internal pressure in the cask.
(4)  Conservatively the stress intensities corresponding to 19.6 psi cask internal

pressure have been added to the stress intensities of the previous column. The
stress intensities for 19.6 psi internal pressure are obtained by multiplying the
stress intensities of Table A2-37 by a factor of 19.6/10 = 1.96.
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Table A2-36
Membrane Plus Bending Stresses in Various Components of the Cask

Minimum External Pressure'”

Stress Components, (psi)® Principal Stresses (psi)®
Cask g SI® | 81
Conponent | | Normal | Normal | Normal | In-Plane (psi (psi)
P é Radial Axial Hoop Shear St S S pst) pet
a -727.5 2.208 -727.5 0 2208 | -727.5 | -727.5 | 729.7 | 1,393
Base Plate
b 906 -21.28 906 0 906 906 -21.28 | 927.3 | 1,691
c -3143 2714 1804 759.4 2811 1804 -3240 6051 | 6,561
Outer Shell
d 1958 -2375 126.8 759.4 2087 126.8 -2504 | 4592 | 5,380
€ -2350 61.87 -1143 -962.8 399.1 -1143 -2687 3086 | 3,651
Inner Shell .
f -2366 2895 -331 -962.8 3065 -331 -2537 5602 | 6,295
. g -42.39 -152.4 1204 -53.43 1204 -20.71 | -174.1 1378 1,574
Bolting Ring
h 8344 166.5 1311 -53.43 1311 838.6 162.2 1149 | 1,321
i -416.2 -218.3 -172.8 -102.2 -172.8 -175 -459.5 | 286.7 | 1,128
Primary Lid
j 541 -74.7 583.5 -3.362 583.5 541.1 -74.72 | 658.3 | 1,509
Secondary k -484.1 1.724 -484.1 0 1.724 | -484.1 | -484.1 | 4858 | 1,180
Lid I 457 -14.6 457 0 457 457 | -146 | 4716 | 1,148
Notes:
D See Table 2-1 for load combinations.
93] See Figure A2-45 for locations indicated in this table.
3) These stresses were calculated with 11.2 psi internal pressure in the cask.
“4) Conservatively the stress intensities corresponding to 19.6 psi cask internal

pressure have been added to the stress intensities of the previous column. The
stress intensities for 19.6 psi internal pressure are obtained by multiplying the
stress intensities of Table A2-38 by a factor of 19.6/10 = 1.96.
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Table A2-37 :
Membrane Stresses in Various Components of the Cask
Internal Pressure Of 10 psig'"
Stress Components (psi) Principal Stresses (psi)
g
Component § | NORMAL | NORMAL | NORM | IN-PLANE S S S ST
3 | RADIAL | AXIAL | HOOP : : ’ -
Base Plate A 19.27 -6.349 19.27 0 "19.27 19.27 | -6.349 | 25.62
Outer Shell B 101.2 -32.6 -25.72 -0.2057 101.2 -25.72 -32.6 133.1
Inner Shell C 71.04 -5.432 -85.15 6.848 71.64 | -6.041 | -85.15 | 156.8
Bolting Ring D -9.053 0.1235 48.52 -2.927 48.52 | 09774 | -9.907 | 58.43
Primary Lid E -12.18 -9.497 -7.057 -21.63 10.83 -7.057 | -35.51 | 43.34
Secondary Lid F -9.96 -5.588 -9.96 0 -5.588 -9.96 996 | 4.373
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-46 for locations indicated in this table.
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Figure A2-46
Locations of Stresses Indicated

in Tables A2-37 Through A2-40
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Table A2-38
Membrane Plus Bending Stresses in Various Components of the Cask
Internal Pressure Of 10 psig!"

Stress Components (psi) Principal Stresses (psi)
SS
Component g
P B | Tomer | Nl ) N iwrane | s | s | s | st
Base Plate a -339.5 -0.9632 -339.5 0 -0.9632 | -339.5 | -339.5 | 3385
b 378 -1174 378 0 378 378 -11.74 | 389.7
Outer Shell c -5.568 254.8 623 -0.2057 254.8 62.3 -5.568 | 260.4
d 87.26 -315 -113.7 | -0.2057 87.26 -113.7 | -315 | 4022
Inner Shell e 95.42 299 11.1 6.848 299.2 95.19 11.1 288.1
f 46.65 -306.6 -181.4 6.848 46.78 -181.4 | -306.7 | 353.5
Bolting Ring g -27.66 65.85 72.28 -2.927 72.28 65.94 | -27.76 100
h -22.65 -62.67 24.77 -2.927 24.77 -22.44 | -62.88 | 87.65
Primary Lid 1 -235.7 -13.86 -441.1 -21.62 -11.77 | -237.8 | -441.1 | 4293
j 2114 -5.134 427 -21.64 427 2135 | -7.275 | 4342
Secondary k -354.3 -0.08722 -354.3 0 0.08722 | -354.3 | -354.3 | 3542
Lid | 3343 -11.09 3343 0 3343 3343 | -11.09 | 345.1
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-46 for locations indicated in this table.
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Table A2-39

Membrane Stresses In Various Components Of The Cask

External Pressure Of 25 psig

)

- Stress Components (psi) Principal Stresses (psi)
=
=]
Component '® | Normal | Normal | Norm
§ Radial | Axial | Hoop In-Plane S S2 S5 S.L
Base Plate A -71.7 | -8.906 | -71.7 0 -8.906 | -71.7 | -71.7 | 62.79
Outer Shell B | -192.1 | 7542 | 57.71 | 26.85 | 78.08 | 57.71 | -194.8 | 272.8
Inner Shell C | -2683 | -100.7 | 101.2 | -45.8 | 101.2 |-89.03 | -280 | 381.1
Bolting Ring D | -76.11 | -110.7 | -476.2| 1497 |-70.53 | 116.3 | -476.2 | 405.7
Primary Lid E 19.69 | -92.16 | -23.26 | 23.25 | 24.33 |[-23.26 | -96.8 | 121.1
Secondary Lid F 12.54 | -11.45 | 12.54 0 12.54 | 12.54 | -11.4523.99
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-46 for locations indicated in this table.
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Table A2-40
Membrane Plus Bending Stresses In Various Components Of The Cask

Internal Pressure Of 25 psig

(N

Stress Components (psi) Principal Stresses (psi)
)
Component % | Normal | Normal | Norm
:?; Radial | Axial | Hoop In-Plane Si Sz S3 S.L
a 768.8 | -21.91 | 768.8 0 768.8 | 768.8 | -21.91 | 790.7 .
PLATE
BASE b | -912.2 | 4.101 [-912.2 0 4.101 |-912.2|-912.2 | 916.3
OUTER c | -34.21 | -509.6 | -120.3 | 26.85 -32.7 |-120.3 | -511.1 | -478.4
SHELL d -168 650.3 | 2358 | 26.85 | 651.1 | 235.8 | -168.8| 820
e | -3345 | -767.7 | 1134 | -458 | -113.4]-329.7|-772.5 659.1
SHELL
INNER f -202 559 3157 | -458 561.8 | 315.7 | -204.7 | 766.5
BOLTING g 49.1 -454.4 | -615.1 | 14.97 | 49.55 | -454.9 | -615.1 | 664.7
RING h | -5376 | 217.7 |-3373| 1497 | 218.7 | -6.376 | -337.3 | 555.9
i 313.6 | -7.549 | 844.8 | 2197 | 844.8 | 315.1 | -9.045 | 853.8
LID
PRIMARY J -274.2 | -176.8 | -891.3 | 24.52 -171 -280 |-891.3 | 720.3
SECONDARY | k 728.9 | -22.5 | 7289 0 7289 | 7289 | -22.5 | 7514
LID 1 -703.9 | -0.4031 | -703.9 0 0.4031 | -703.9 | -703.9 | 703.4
Notes: (1) See Table 2-1 for load combinations.

(2) See Figure A2-46 for locations indicated in this table.
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Table A2-41
Membrane Stresses in Various Components of the Cask
Fire Accident"
a Stress Components, (psi)® Principal Stresses (psi)™
Cask | 2 Normal | Normal | Normal | In-PI .17
Component bS] orma orma ormal | In-Plane .
P § Radial | Axial | Hoop Shear S S 53 (ps1)
Base Plate | A -1247 | 9.867 -1247 0 9867 | -1247 | -1247 | . 1257
Quter Shell | B 7851 641 26,850 3030 |26,850| 8955 | -462.9 | 27,310
Inner Shell | C 7979 3739 | 34,410 | -7996 |34,410| 14,130 -2414 | 36,830
Blgliggg D | 11360 | 3172 | 27,590 | -1496 |27,590 | 11,630 | 2907 | 24,680
P"g?j"y E | -640.0 | 1622 | 7537 | -3047 | 7537 | 3741 | -2760 | 10,300
Secﬁ?c‘liary F | -931.2 | -1813 | 5585 | -391.9 | 5585 |-7822 | -1962 | 7547
Notes:
1) See Table 2-1 for load combinations.
?) See Figure A2-48 for locations indicated in this table.
3) These stresses were calculated with 7.3 psi internal pressure in the cask. For a

conservative estimate of fire accident stresses with 3.12 psi internal pressure
please see Attachment 5 of this SAR.
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Fire Accident Temperature Distribution
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Figure A2-48
Fire Accident Locations of Stresses Indicated

Tables A2-41 and A2-42
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Table A2-42

Membrane Plus Bending Stresses in Various Components of the Cask

Fire Accident(”

- Stress Components, (psi)(3) Principal Stresses (psi)‘”
Cask S N N Hn U 1nopt S.L®
Component | & orma orma ormal | In-Plane si
P § Radial | Axial Hoop Shear S $2 S (psi)
a -6210 | 1069 | -6210 0 106.9 | -6210 | -6210 | 6317
Base Plate
b 3715 | -87.19 | 3715 0 3715 | 3715 | -87.19 | 3802
c -4871 | 18,440 | 32,250 | 3030 | 32,250 18,820 | -5258 | 37,510
Outer Shell
d 7230 | -16,840 | 21,440 | 3030 |21,440| 7606 |-17,220 | 38,660
. Shell e 13,450 | -18,260 | 25,900 | -7996 | 25,900 | 15.350 | -20,160 46,070
nner She
f 2511 | 25,500 | 42,930 | -7996 |42,930 28,010 | 3.147 | 42,920
Bolting g -1907 | -2839 | 26,470 | -1496 {26,470 | -806.1 | -3941 | 30,410
Ring h 5348 8916 | 28,710 | -1496 | 28,710 ] 9460 | 4803 |23,900
) ) i |-13,540( 1793 | 10,690 | -3961 | 10,690 | 2756 [-14,500 | 25,190
Primary Lid —
j 12,260 | 1451 4384 -2134 | 12,660 | 4384 1045 | 11,620
Secondary k -2609 -948 14,470 | -468.5 | 14,470 | -825 [ -2732 | 17,200
Lid | | 746.6 | -2678 | -3296 | -315.3 | 775.4 | -2707 | -3296 | 4072
Notes:
) See Table 2-1 for load combinations.
) See Figure A2-48 for locations indicated in this table.
(3) = These stresses were calculated with 7.3 psi internal pressure in the cask. For a

conservative estimate of fire accident stresses with 3.12 psi internal pressure

please see Attachment 5 of this SAR.
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3. THERMAL EVALUATION

This chapter identifies, describes, discusses, and analyzes the principal thermal engineering
design of the 10-160B cask. Compliance with the performance requirements of 10 CFR 71 is
demonstrated.

3.1  DISCUSSION

Two components contribute to the thermal protection of the cask body. These components are
the impact limiters which provide thermal protection to the top and bottom of the cask and the
fire shield which protects the side walls between the impact limiters. The impact limiters are
sheet metal enclosures filled with polyurethane foam which acts as an insulation barrier to heat
flow. The central portion of both, the top and the bottom, impact limiters contain a hollow region
that is covered by sheet-metal. In the puncture drop test, that precedes the fire test, the sheet-
metal may rupture and provide a direct path to the secondary lid and the baseplate. In order to
protect the seals a thermal-shield is externally attached to the secondary lid. The exposed portion
of the cask body is covered with a fire-shield. The fire shield is 0.104 inch thick steel plate with a
0.156 inch thick air gap between it and the outer structural shell of the cask. These components
reduce the heat load on the cask body during the hypothetical fire accident. Thus, temperatures
of the containment and shielding components of the cask are kept within their service limits.
Figure 3.1 shows the location of the components considered in the thermal analysis.

Results of the thermal analysis are summarized in Tables 3.1-1 and 3.1-2. Initial conditions and
assumptions are listed in Table 3.2.

The results summarized in Tables 3.1-1 and 3.1-2 are discussed in detail in-Sections 3.4 and 3.5.
The decay heat load assumed for all analyses is 200 watts.

An optional steel insert being installed in the cask will have very minor effects on the
calculations performed in this Chapter.
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Table 3.1-1
Summary of Thermal Results
Normal Conditions of Transport INCT)

lculated®
Quantit Calculated'"Value Ca :/l;la::d Maximum
uantity
1-d Model Allowabl
(I-dModel) | i Model) owable
Maximum temperature difference across the 0.16 0.2 3) |
cask body (°F) ) '
Maximum temperature difference across the ' 0.05 0.0 3)
outer shell (°F) ' )
Maximum temperature dlff;erence across the 0.03 0.0 3)
inner shell (°F)
Maximum average wall temperature (°F) 168 173 3)
Maximum lead temperature (°F) 168 173 - 622
Maximum cask body temperature (°F) 168 175 )
Maximum seal temperature (°F) - ' 174 250
Average bulk air temperature (°F) - 188 *
Maximum internal pressure (PSIG) 12.22 @
Notes:
) The values presented in these columns are the results obtained from the analyses
presented in this chapter.
2) The values presented in these columns are the results obtained from the supplemental
analysis, using 2-d FEM. See Section 3.5.1.3 and Reference 11.
3 Set by stress considerations.

“) See Section 3.4.2
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Table 3.1-2

Summary of Thermal Results

Hypothetical Accident Conditions (HAC)

@)
Quantity CalculatedVValue Calz]ullated Analvzed® Maximum
- alue nalyze
1-d Model Allowable
(I-dModel) | 4 Model) ow
Maximum temperature difference )
3 .
across the cask body (°F) 30 39-8 45
Maximum temperature dlftoerence 153 202 24 @)
across the outer shell (°F)
Maximum temperature difference )
. 1.7 23 2
across the inner shell (°F)
Maximum avera%e wall 243 279 334 @)
temperature (°F)

Maximum lead temperature (°F) 243 274 335 622

Maximum caskobody temperature 257 189 352 )
(°F)
Maximum seal temperature (°F) - 375 375 3754

Average bulk air temperature (°F) - 281 290 290

Maximum internal pressure 15.42 9436 )

(PSIG)

Notes:

) The values presented in these columns are the results obtained from the analyses

presented in this chapter.

2) The values presented in these columns are the results obtained from the supplemental

analysis, using 2-d FEM. See Section 3.5.1.3 and Reference 11.

?3) The values presented in these columns are obtained by conservatively increasing the

results from the analyses presented in this chapter.
@ Set by stress considerations.

(5) See Section 3.5.3. The calculated maximum temperature of 375°F has been obtained
from a conservative analysis. Setting this as the temperature limit has a built-in margin of

safety.
(6) See Section 3.5.4
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Figure 3.1
Location of Components Analyzed in Thermal Design

(Top thermal shield not shown)
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Table 3.2
Summary of Initial Conditions and Assumptions
- . Normal . .
Condition or Assumption Conditions Hypothetical Accident
Ambient temperature for radiation (°F) 100 1475 during the fire;
100 thereafter
Ambient temperature for convection (°F) 100 1475 during the fire;
100 thereafter
Insolation (gcal/sq cm) 400 0 during the fire;
400 thereafter
Outside surface emissivity 0.8 0.8
Environment emissivity 0.9 0.9
Gap surfaces emissivity 0.15 0.15
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3.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

Thermal properties of the materials included in the thermal model of the cask are shown in Table
3.3 (a) and 3.3 (b). The properties of the elastomer seals will vary depending on the type of
elastomer used. The elastomer chosen for use shall have thermal properties such that the usable
temperature range meets or exceeds the range required to meet the Normal Conditions of
Transport (minimum= -40°F, maximum= +250°F) and meets the temperature required to meet
the Hypothetical Accident Conditions (+375°F for 1 hour). The thermal properties may be
determined from manufacturer’s recommended temperature ranges or from independent testing.
An example of manufacturer’s recommendations is found in Reference 6. Elastomers that have
been evaluated and have passed the criteria listed above are butyl rubber, ethylene propylene
rubber, and silicone rubber.

Note that the outside surface of the fire shield must be conservatively.assumed to have an
emissivity, €, of at least 0.8 during the fire accident according to the Code of Federal Regulations
(10CFR71.73). This same emissivity is used in analyzing the normal conditions of transport.

Table 3.3a
Temperature-Independent Thermal Properties
Material Property Ref.:Page Value

Density 2:536 488 Ib/ft’

Steel € (Outside) 3:648 0.8

€ (Inside) 4:133 0.15
Density 2:535 710 Ib/ft3

Lead Spec. Heat 2:535 0.0311 Btu/Ib-°F

Melting Point 5:B-29 621.5 °F

3.3 TECHNICAL SPECIFICATIONS OF COMPONENTS

Not applicable.
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Table 3.3 (b)
Temperature-Dependent Thermal Properties
Temp. Stainless Steel Carbon Steel Lead Air
(°F) Sp. Heat | Cond. | Sp. Heat | Cond. Cond. Dens. | Sp.Heat | Cond.
70 0.117 8.6 0.104 35.1 20.1 0.07518 | 0.2402 | 0.01490
100 0.117 8.7 0.106 34.7 19.9 0.07105 | 0.2404 | 0.01546
150 0.120 9.0 0.109 34.1 19.7 0.06483 | 0.2408 | 0.01686
200 0.122 9.3 0.113 33.6 19.4 0.05992 | 0.2414 | 0.01804
250 0.125 9.6 0.115 329 19.1 0.05592 | 0.2421 | 0.01921
300 0.126 9.8 0.118 323 18.8 0.05237 | 0.2429 | 0.02032
350 0.128 10.1 0.122 31.6 18.5 0.04892 | 0.2438 | 0.02141
400 0.129 10.4 0.124 30.9 18.2 0.04619 | 0.2450 | 0.02248
450 0.130 10.6 0.126 30.3 17.9 0.04358 | 0.2461 | 0.02354
500 0.131 10.9 0.128 29.5 17.7 0.04141 | 0.2474 | 0.02457
550 0.132 11.1 0.131 28.8 174 0.03936 | 0.2490 | 0.02558
600 0.133 11.3 0.133 28.0 17.1 0.03747 | 0.2511 | 0.02654
650 0.134 11.6 0.135 27.3 16.8 0.03578 | 0.2527 | 0.02749
700 0.135 11.8 0.139 26.6 16.8 0.03422 | 0.2538 | 0.02843
750 0.136 12.0 0.142 25.9 16.8 0.03280 | 0.2552 | 0.02933
800 0.136 12.2 0.146 25.2 16.8 0.03141 | 0.2568 | 0.03022
900 0.138 12.7 0.154 23.8 16.8 0.02920 | 0.2596 | 0.03201
1000 0.139 13.2 0.163 22.4 16.8 0.02715 | 0.2628 | 0.03371
1100 0.141 13.6 0.172 20.9 16.8 0.02544 | 0.2659 | 0.03532
1200 0.141 14.0 0.184 19.5 16.8 0.02393 | 0.2689 | 0.03691
1300 0.143 14.5 0.205 18.0 16.8 0.02254 | 0.2717 | 0.03844
1400 0.144 14.9 0.411 16.4 16.8 0.02134 | 0.2742 | 0.04011
1500 0.145 15.3 0.199 15.7 16.8 0.02023 | 0.2766 | 0.04193
Units: References:
Specific Heat: BTU/Ibm-F Stainless Steel Propetties: Reference 1, Page 88
Conductivity: BTU/hr-ft-F Carbon Steel Properties Reference 1, Page 83
Density: Ibm/cu ft Lead Properties: Reference 2, Page 535
Air Properties: Reference 2, Page 542
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34 THERMAL EVALUATION FOR NORMAL CONDITIONS OF TRANSPORT
3.4.1 THERMAL MODEL |

3.4.1.1 Analvytical Model.

Normal conditions of transport are calculated with a steady state ANSYS (Reference 7) finite
element thermal model of the cask. The location of the nodes and elements in the ANSYS model
are shown in Figure 3.2. The model is a one-dimensional model through the cask axial
midplane.

Cask surfaces which are covered by the impact limiters are given insulated boundary conditions.
Convection and radiation are modeled on the fire shield outside surfaces. Equation I gives the
relationship used to model convection (Reference 4, page 135).
73
(Equation 1) h=C(T, - T,)
where:
C =0.19 (assumes the cask is vertical)
h = Heat transfer coefficient (BTU/hr-sq ft-F)
T = cask surface temperature (Degrees F)
T, = ambient temperature (Degrees F)

Convection is modeled from a 100°F bulk air temperature and radiation is modeled from a 100°F
environment. The 200 watt decay heat load is modeled as a constant heat flux over the exposed
side wall inner surface of the cask. The heat flow rate across the inner surface of the cask inner
shell set equal to the decay heat load. This is a conservative approximation during the fire
transient, since, in reality, some of the heat from the fire would be transferred to the waste.

Thus, the waste would act as a heat sink lowering the wall temperature.

Equation 2 (Reference 7, Page 4.31.1) gives the radiation heat transfer equation solved by the
model.

=ceFA(T -T/
(Equation 2) a=9® ( ! ! )

where:
q = heat flow rate (BTU/hr)
¢ = Stefan-Boltzmann Constant
= 1.7136 x 10 (BTU/hr-sq fi-R*)
€ = emissivity
F = geometric form factor
A = area (sq ft)
T = temperature (°R)
I = first node number
J = second node number
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Two radiation heat transfer systems are modeled: (1) radiation heat transfer between the fire
shield outside surface and the environment, and (2) radiation between the fire shield inside
surface and the structural shell outside surface. Emissivity, area, and geometric form factors are
defined in both systems. ' :

The overall emissivity for radiation heat transfer between the fire shield and the environment is
set equal to the overall emissivity, €, for heat transfer between two infinite parallel planes as
given by equation 3 (Reference 2, page 336).

= €182
(Equation 3) 8218~ 8%y
where:
€ = overall emissivity
€ = surface | emissivity
€, = surface 2 emissivity

The emissivity values of the outside of the fire shield and the environment are 0.8 and 0.9,
respectively. Thus, the overall emissivity is calculated by equation 3 to be 0.7347. The area of
this radiation heat transfer system is set equal to the area of the outside surface of the fire shield
and the geometric form factor is set to 1.0.

Radiation heat transfer between the fire shield inside surface and the structural shell outside
surface is approximated by the equation for radiation heat transfer between long concentric
cylinders as given by equation 4 (Reference 2, page 336).
) cA&nﬁsﬁ)
T A7)
(Equation 4) g Az

The parameters in equation 4 are the same as defined previously and subscripts 1 and 2 refer to
the inside cylinder and the outside cylinder, respectively. Since € = g; = &;, a form factor may be
defined by equation 5 to put equation 4 in the same form as equation 2.

1

(A))(1/e-1)

A,

Fal
g1

—+

(Equation 5) &

The area in equation 2 is set equal to the area of the inside cylinder and the emissivity is set equal
to the minimum emissivity of the radiating surfaces, 0.15.

The total insolation is required to be 400 gcal/sq cm for a 12-hour period for curved surfaces
according to the Code of Federal Regulations (I10CFR71.71). The total insolation of 400 gcal/sq
cm is divided by 12 hours of assumed sunlight to yield an average insolation rate. The average
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insolation rate is then multiplied by the surface emissivity specified in Section 3.2 above (0.8)
yielding an insolation rate of 1.897E-4 BTU/sq in/sec. This insolation heat load is applied to the
outside surface of the fire shield. Both the ambient air temperature and the environment
temperature and the environment temperature are set to 100°F in accordance with the Code of
Federal Regulations (10CFR71.71).

3.4.12  Test Model
Not applicable.
3.42 MAXIMUM TEMPERATURES

The maximum temperature of the cask occurs at the inside surface of the secondary lid, and is
calculated to be 175°F (see table 3.1-1). The maximum temperature of the gas mixture within
the cask, determined from the 2-d finite element model, is 188°F on the 100°F day. This is well
within the service temperature of all materials and components used within the cask. The
maximum temperature of the seals, calculated by the 2-d finite element model, is 174°F. The
NCT temperature criterion for the seal material is conservatively set at 250°F for continuous use.
The maximum temperature of the contents depends on its physical characteristics. Based on the
2-d finite element model analysis, the maximum temperature of the waste liner is calculated to be
236.4°F (see Reference 11). This temperature is well below the value at which deterioration of
the waste can be expected.

3.43 MINIMUM TEMPERATURE

The waste transported with the cask may not be a heat source, so the minimum temperature the
cask can reach is the minimum ambient temperature, -40°F. All components used in the cask are
serviceable at this temperature (see Section 3.2).

3.44 MAXIMUM INTERNAL PRESSURES

The maximum internal pressure of the cask is calculated assuming that the gas within the cask, a
mixture of air and water vapor, behaves as an ideal gas. The inside surface of the cask is
assumed to be dry.

The temperature of the gas mixture within the cask is determined from the 2-d FEM. The
maximum temperature of the gas mixture is 188°F on the 100°F day. Assuming that
atmospheric pressure, P,, exists inside the cask at 70°F, the pressure in the cask at 188°F, Py,
may be calculated by the ideal gas relationship given in equation 6.

T

(Equation 6) P=-LP,
. T2

_(460+188°R)

= 14.70PSIA
(460+70°R)

P,=17.97PSIA
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The vapor pressure contributed by water in the cavity at 188°F is 8.95 psia (Reference 10). The
gauge pressure in the cask under normal conditions of transport is equal to the absolute pressure
of the gas mixture within the cask minus the outside ambient pressure. Equation 7 expresses the
maximum gauge pressure for this cask during normal conditions of transport (MNOP).

(Equation 7) 17.97 PSIA + 8.95 PSIA - 14.7 PSIA = 12.22 PSIG

Section 2.6.1 discusses the impact of the internal pressure on cask performance. Pressure
calculations for TRU waste transportation are detailed in Appendices 4.11.2 through 4.11.7.

34,5 MAXIMUM THERMAL STRESSES

The temperature gradient through the side wall under normal conditions of transport is due to the
decay heat of 200 watts. The temperature difference between the outside surface of the outer
shell and the inside surface of the inner steel shell is only 0.2°F on the 100°F ambient
temperature. Stresses resulting from this temperature gradient are msngnlf'cant Section 2.6.1
discusses the effect of thermal stresses in detail. :

3.4.6 EVALUATION OF PACKAGE PERFORMANCE FOR NORMAL CONDITIONS OF
TRANSPORT

All temperatures and stresses within the package due to normal conditions of transport are within
allowable service ranges for all components and materials used in the cask. Seal temperatures
range from -40 to 174°F and are within the required elastomer seal operating region of -40 to
250°F. All structural materials are below their melting points.

The temperature difference between the inside surface of the inner shell and the outside surface
of the outer shell is only 0.2°F. Thermal stresses resulting from this thermal gradient are
discussed in section 2.6.1. The average temperature at the inside surface of the inner shell and at
the outside surface of the outer shell is 168°F. The average wall temperature is also used in the
thermal stress calculations of section 2.6.1.

3.5 HYPOTHETICAL ACCIDENT THERMAL EVALUATION
3.5. THERMAL MODEL
3.5.1.1 Analytical Model

The thermal model used to evaluate the hypothetical accident is identical to the model used to
evaluate normal conditions of transport.

Initial conditions for the hypothetical accident are steady state with a 100°F ambient and no
convection nor insolation. These initial conditions are consistent with those required by the
Code of Federal Regulations for the hypothetical accident (10CRF71.73).

The Code of Federal Regulations (10CFR71 .73) requires the use of a fire emissivity coefficient
of at least 0.9. Thus, an environment emissivity coefficient of 0.9 was assumed in both the
normal conditions of transport and in the hypothetical accident.
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The initial steady state solution is followed by a 0.5 hour fire transient in which the 100°F
ambient is replaced by a 1475°F fire temperature as required by the Code of Federal Regulations
(10CFR71.73). The effect of the fire is represented by radiative and convective heat flux, the
average temperature of which is 1475°F and an emissivity of 0.9. Based on the explanatory
material for the IAEA regulations in Safety Series No.37 ( Reference 9), the pool fire gas
velocity is taken to be 10 m/sec (32.8 ft/sec). The forced convection heat transfer coefficient for
large casks, according to Reference 9, is:

neto ¥

m-°C
1 W =9.4804x10" Btu/sec
I m =39.37 inch

1°C =1.8°F
Therefore,
—4
h=IOX9'48§)4XIO ~3.398x 10 Btfl
39.37° x1.8 sec-in” -°F

The convective heat transfer per unit area between the cask and the atmosphere, g, is governed
by the equation:

(Equation 8) a=hA(T; - To)
where:
h = Heat transfer coefficient (BTU/hr-sq ft-F)
A = Area (sq ft)
T, = cask surface temperature (Degrees F)
T, = ambient temperature (Degrees F)

Finally, the fire transient is followed by a 1.0 hour cooldown transient. The 1475°F fire
temperature is replaced by a 100°F ambient during the cooldown transient. Also, the forced
convection is replaced with the natural convection, as described in section 3.4.1 of this SAR.
The solar insolation is included during the cooldown.

The ANSYS time increment size is set at 5 seconds. The ANSYS (Reference 7) computer
program observes the second derivative of temperature with respect to time (curvature) for each
node and automatically increases the time increment when its default transient thermal
optimization criterion is met. A total of 65 time increments were required to analyze the
hypothetical accident.

3.5.1.2 Test Model

Not applicable.
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3.5.13 Supplemental Analyses

In order to obtain the temperatures of the waste content, and the primary and secondary lid seals,
during the NCT and HAC fire, supplemental analyses, using a 2-dimensional finite element
model, have been performed. The details of these analyses are provided in Reference 11. In these
analyses, the overall emissivity of 0.9 has been used to model the heat transfer between the cask
and the environment due to radiation.

The results of the analyses of the 2-dimensional finite element model are also included in the
Summary Tables 3.1-1 and 3.1-2. The more conservative of the 1-d or 2-d model results have
been used for the calculation of the design and operating pressures as well as the structural
analyses.

3.5.1.4  Thermal-Shield Analyses

The scenario in which the hollow central portion of the impact limiters is breached during the
puncture drop test that precedes the fire test has been analyzed for the HAC fire test in
Reference 12 using the finite element model of the secondary lid with the thermal shield shown
in Figure 3-6. The time-history plot of the secondary lid seal temperature in Figure 3-7 shows
that the peak temperature of the seal reaches 375°F shortly after the end of the 30 minute fire.
Figure 3-8 shows the temperature contour plot of the secondary lid with the thermal-shield at the
end of the 30 minute fire. As shown in Reference 12, the temperature at the location of the
optional vent port seal reaches a peak of 308°F during the HAC fire transient. The temperature
of the optional drain port seal is bounded the secondary lid seal since it is covered by the lower
impact limiter, which provides insulation from the fire.

3.5.2 PACKAGE CONDITIONS AND ENVIRONMENT

Damage to the package caused by free drop and puncture tests will not significantly alter the
thermal characteristics of the package. Even after crushing the impact limiters continue to act as
thermal barriers.

3.5.3 PACKAGE TEMPERATURES

The maximum temperatures in the fire shield, cask structure, and the lead all occur halfway up
the cask. Table 3.4 summarizes the location, time of occurrence measured from the start of the
fire, and value of the maximum temperature in each cask component. The cask seals are not
explicitly modeled in the 1-d finite element model. The maximum temperature of the primary lid
seals are obtained from the 2-d finite element model analysis described in Section 3.5.1.3 and
documented in Reference 11. The secondary lid seal temperatures are obtained from the thermal-
shield analysis, described in Section 3.5.1.4. The secondary lid seal temperatures are much
higher than those of the primary lid. Therefore, the maximum temperature of the secondary lid
seal is used to establish the seal temperature acceptance criterion. It is shown that the seals attain
a maximum temperature of 375°F. The HAC temperature criterion (maximum allowable) for the
seal material is set at 375°F with a duration of 1 hour.
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Load Step No.3

Load Step No.2 x Time_ at the End = 1810 sec.
x Time at the End = 1800 sec x Ambient Temp. = 1475°F
x Ambient Temp. = 1475°F x Fortledl Convection
x Forced Convection x Radiation :
« Radiation x No Solar Insalation
x No Solar Insolation Load Step No.&
x Time at the End = 1820 sec.
w x Ambient Temp. = 1000°F
o x Forced Convection
a x Radiation
S x No Solar Insolation
—
= Load Step No.5
z x Time at the End = 1830 sec.
= x Ambient Temp. = 500°F
<C x Forced Convection
. x Radiation
Load Step No.i x No Solar Insolation
x Time. at the End = 0 sec. Load Step No.b
x Ambient Temp. = 100°F .
« Natural Convection x Time at the End = 5400 sec
« Radiation x Ambient Temp. = 100°F
« No Solar Insolation x Natural Convection
x Radiation
x Solar Insclation
q

Time {sec) [Not to Scale)

Figure 3.3
Transient Fire Analysis - Load Step and Boundary Conditions Schematic
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Table 3.4
Summary of Maximum Hypothetical Accident Temperatures
Maximum Calculated Temp. Maximum
Allowable
Location Time ~ Value Temperature

Component (hrs)’ (°F) (°F)
Fire Shield Mid-Plane 0.5 13614 N.A.
Structural Shell Mid-Plane 0.5 289 800
Lead Mid-Plane 0.73 274® 622
Seals N.A. 8.5 164? 400

Notes:

) From 1-d finite element model analysis.

2) From 2-d finite element model analysis (Reference 11)

The maximum calculated temperatures are less than the maximum allowable temperatures for
each component. Figure 3.3 plots the temperature during the fire transient of selected points in
the model versus time. Figure 3.4 plots the temperature during the subsequent cooldown of the

same points.
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10-160B Cask Hypothetical Fire Accident Analysis
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10-160B Cask Hypothetical Fire Accident Analysis
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10-160B Thermal Analysis for Damaged Thermal Shield - Spring Back & E=0.30

Figure 3.6
Finite Element Model of the Secondary Lid and the Thermal-Shield

(from Reference 12)
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Figure 3.7
Seal Temperature Time-History Plot

(from Reference 12)




10-160B Safety Analysis Report Consolidated SAR Revision 7

November 2013

" NODAL SOLUTION JUN 22 2012

2%%":10  17:16:05

SB <60 PLOT NO. = 1

TEMP (BVG)

YS=
SMN =277.28
SMX =1317.08

411.20 392.814 508,347 623.88 739,413 854.947 970.48 1086.01 Lelom 1317.08
10-160B Thermal Analysis for Damaged Thermal Shield - Spring Back & F=0.90

Figure 3.8
Temperature Contour Plot at the end of 30 Minute Fire

(from Reference 12)
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- 3.54 MAXIMUM INTERNAL PRESSURES

The maximum internal pressure of the cask is calculated assuming that the gas within the cask, a
mixture of air and water vapor, behaves as an ideal gas. The inside surface of the cask is -
assumed to be dry.

The temperature of the gas mixture within the cask is determined from the 2-d FEM of Reference
11. The analysis gives the maximum temperature as 281°F but the gas temperature is
conservatively set as 290°F. Assuming that atmospheric pressure exists inside the cask at 70°F,
the partial pressure of the gas mixture in the cask at 290°F, P;, may be calculated by the ideal gas
relationship given in equation 9.

T
(Equation 9) P =—;—-P2

2

_ (460+290°R)

=1 14.70PSIA
(460+70°R)

P =22.4PSIA

The vapor pressure contributed by water in the cavity at 290°F is 57.6 psia (Reference 10). The
maximum gauge pressure in the cask during the hypothetical accident is equal to the pressure
within the cask given by Equation 9 plus the water vapor pressure minus the outside ambient
pressure. Equation 10 expresses the maximum gauge pressure for this cask during the
hypothetical accident.

(Equation 10) 22.4 PSIA +57.6 PSIA - 14.7 PSIA = 65.2 PSIG

An internal pressure of 94.3 PSIG is conservatively used in calculating the effects of combined
thermal and pressure loading as discussed in Attachment 5 to Chapter 2. The allowable pressure
due to buildup of gases in the cask (see Appendices 4.11.2 through 4.11.7) is conservatively set |
at 31.2 psig.

3.5.5 MAXIMUM THERMAL STRESSES

The maximum temperature difference between the outside surface of the outer shell and the
inside surface of the inner shell during the hypothetical accident is 39.8° F and occurs 30 minutes
after the start of the fire. The maximum temperature difference across the outer shell is 20.2°F
(occurring 30 minutes after the start of the fire) and the maximum temperature difference across
the inner shell is 2.3°F (occurrin