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S 2 STRUCTURAL EVALUATION

The structural analysis of the NAC-LWT spent-fuel transportation cask demonstrates that the

package satisfies the requirements of Part 71 of Title 10, Chapter 1 of the Code of Federal

Regulations, specifically, Subpart E, "Package Approval Standards" and Subpart F, "Package

and Special Form Tests." It is shown that containment is not breached under any of the normal

operations or hypothetical accident conditions.

Analysis techniques that utilize the current state-of-the-art methods for the calculation of stresses

in large structures subject to both steady state and transient loadings are used throughout these

analyses. The evaluation of the structural characteristics of the containment boundary is based

upon a conservative interpretation of the requirements of the American Society of Mechanical

Engineers (ASME) Boiler and Pressure Vessel Code.

This section of the Safety Analysis Report demonstrates that the NAC-LWT cask design is

capable of meeting the rigors of transport while carrying nuclear fuel; it documents the results of

the analyses that are performed to provide assurance that the design also satisfies the statutory

requirements for licensing.

S
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P 2.1 Structural Desiqin

2.1.1 Discussion

The NAC-LWT cask consists of six major components: (1) the cask body; (2) the closure lid and

bolts; (3) the neutron shield/expansion tanks; (4) the trunnions; (5) the fuel basket; and (6) the

energy absorbing impact limiters, which are located over the ends of the cask. The bottom plate,

the inner shell, the upper ring and the closure lid, including seals and bolts, form the primary

containment boundary.

The NAC-LWT cask body is constructed of Type 304 stainless steel with Type XM-19 stainless

steel inner and outer shells and with lead shielding in the side wall and bottom end (Section 1.4,

License Drawings). The cask bottom consists of a 3.5-inch thick, 20.75-inch diameter Type 304

stainless steel forging on the outside; a 3.0-inch thick, 20.75-inch diameter lead plate; and a 4.0-

inch thick, 17.80-inch diameter Type 304 stainless steel forging on the inside; these components

are enclosed by a 10.5-inch thick, 28.63-inch outside diameter, 17.80-inch inside diameter, Type

304 stainless steel forging. The cask bottom is welded directly to the Type XM-1 9 stainless steel

inner shell (0.75-inch thick with 1.26-inch thick transition regions at each end; 13.375-inch

inside diameter, 14.88-inch outside diameter) and the Type XM-19 stainless steel outer shellS (1.20-inch thick with 1.87-inch thick transition regions at each end; 26.38-inch inside diameter,
O 28.78-inch outside diameter); the shells are 175.05 inches long. The annulus between the shells

(26.38-inch outside diameter, 14.88-inch inside diameter) is filled with lead for gamma

shielding. The Type 304 stainless steel top forging is welded directly to the inner and outer

shells and has three stepped regions to accommodate the closure lid, the seals and the lid bolts.

The total height of the top forging is 14.25 inches with an outside diameter of 28.63 inches and

stepped inside diameters of 13.375 inches x< 6.25 inches long, 20.6 inches x 4.9 inches long, and

22.63 inches x 3.1 inches long.

The stainless steel closure lid is 11 .3 inches thick with stepped regions of length and diameters to

match those of the top forging so that the closure lid is recessed in the top forging and flush with

its top surface. The twelve 1-8 UJNC closure lid bolts are SA-453, Grade 660 high alloy bolting

material. The inner and outer seals on the closure lid are metallic and tetrafloroetheylene (TFE)

0-rings, respectively.

There are three penetrations into the NAC-LWT cask cavity - the closure lid, a vent port and a

drain port. There also is a penetration into the region between the two closure lid 0-rings to test

the containment seal. The vent and drain ports contain quick-disconnect valves and are located

in the cask body upper ring region. There are two port cover designs--the alternate port cover

and the Alternate B port cover.

0
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The port cover designs are physically similar, but the 0-ring designs and materials are different.

The primary containment 0-ring seal for the alternate port cover is provided by a Viton® 0-ring 0
located in a groove on the face (inner end) of the port barrel of the cover body. The secondary

(test annulus) seal is a single Viton® 0-ring located in a groove on the barrel of the port cover.

The bolts for the alternate port cover are SA-193 (Type 410 stainless steel) socket-head cap

screws.

The Alternate B port cover has the same basic geometry as the alternate port cover. With the

exception of modifications made to the sealing surface and the material of construction, the

Alternate B port cover is the same design as the alternate port cover. The Alternate B port cover

has two face seals on the inner end of the port cover. The primary containment seal is provided

by an inner metal face seal located in a groove on the inner end of the barrel of the port cover

body. The metal face seal maintains the containment boundary meeting the leaktight definition

of ANSI N14.5-1997. The secondary (test annulus) face seal is a Viton® 0-ring located in a

groove on the inner end towards the outer edge of the barrel of the port cover body. The

Alternate B port cover is fabricated from Type XM-1 9 stainless steel to provide maximum

thermal expansion compatibility with the Type 304 stainless steel cask body. The Alternate B

port cover is fastened to the cask body using three high-strength SB-637 Grade N0771 8 bolts.

The neutron shield tank shell is 0.24-inch thick stainless steel, which is 164.0 inches long with an
outside diameter of 39.28 inches and an inside diameter of 38.81 inches. The bottom plate of the

neutron shield tank is 0.50-inch thick stainless steel. The expansion tank shell is 0.32-inch thick

stainless steel, which is 46.0 inches long with an outside diameter of 44.24 inches and an inside

diameter of 43.61 inches. The top end of the shield and expansion tanks is a single 0.50-inch

thick stainless steel plate. A pressure relief valve is located in the neutron shield tank shell. The

relief valve is selected to contain any shield/expansion tank pressure due to the 10 CFR '71

prescribed normal operations conditions, but will release at higher pressures (165 psig) before

gross failure of either tank occurs.

Four stainless steel lifting trunnions, located at 90-degree intervals, are welded to the exterior of

the upper ring. Two stainless steel socket pads are welded to the outer shell for support of the

cask on a trailer or in a shipping container.

The fuel basket assembly locates and supports the fuel in the cask cavity.

The aluminum honeycomb impact limiters control the g loads acting on the cask during impact

load conditions. The g loads acting upon the cask are controlled by the honeycomb material

crush strength.

0
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P 2 2.1.2 Basic DeinCriteria

2.1.2.1 Containment Structures

Regulatory Guides 7.6 and 7.8 are used to establish the design criteria for analyses to evaluate

the package containment boundaries for both the normal transport and the hypothetical accident

conditions. Material data used in the evaluations correspond to the design stress values (Sin),

yield strengths (Sy), and ultimate strengths (Su) presented in Section 2.3. The containment cavity

is described by the solid 4.0-inch thick bottom end forging, welded to a 13.375-inch inner

diameter 0.75-inch thick stainless steel shell, which is welded at the upper end to the upper end

ring. The 11 .3-inch thick stainless steel lid and metal 0-ring seal, when bolted in place to the

upper ring, close the containment cavity at the top of the cask. The cavity shell has two

penetrations located near the top of the cask body: 1) the vent port for venting and filling; and 2)

the drain port for draining. These penetrations are closed by either alternate port covers or the

Alternate B port covers with the respective 0-ring seals. The containment boundary is further

described in Section 4.1.

A summary of allowable stress criteria used for containment structures and bolting materials is

presented in Table 2.1.2-1. This data is consistent with Regulatory Guide 7.6 and applicable

parts of Subsection NB-3000 and Appendix F of the "ASME Boiler and Pressure Vessel Code."

S 2.1.2.2 Noncontainment Structures

Noncontainment structures include all structural members other than the primary containment

boundary components, but excluding the impact limiters. Noncontainment structural members

are shown to satisfy similar structural criteria as the containment structure, although Regulatory

Guide 7.6 applies only to containment structures. Allowable stresses for the noncontainment

structures and noncontainment bolting materials are presented in Table 2.1.2-2. In addition,

noncontainment lifting and handling structures satisfy the requirements ofNUREG-0612 for the

lifting of heavy loads.

While performing their intended function during all free drop conditions, the impact limiters

crush and absorb the energy of impact. Crushing of the impact limiter prevents any cask "peak

load hard points" from occurring during the impact.

0
NAC International 21.-2.1.2-1



NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.1.2-1 Allowable Stress Limits for Containment Structures

_____________Allowable Stresses Bolt Allowable Stresses *
Stress Category Normal Conditions Accident Conditions Normal Conditions Accident Conditions

Primary Membrane Sm Lesser of: 2.4 Sm Sy Sy
and: 0.7 Su ______________________

Primary Membrane + 1,5 Sm Lesser of: 3.6 Smn Sy Sy
Primary Bending and: Su

Range of Primary + 3.0 Sm NA
Secondary________________________

Bearing Sy Sy for containment
boundary surfaces

Su elsewhere___________
Pure Shear 0.5 Sy 0.5 Su

Peak Per Section 2.6.5 ________________________

Buckling Per Section 2.10,6

* Not considering stress concentrations (Section 2.1.3-1).
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Table 2.1.2-2 Allowable Stress Limits for Noncontainment Structures

Allowable Stresses Bolt Allowable Stresses*
Stress Category Normal Conditions Accident Conditions Normal Conditions Accident Conditions

Primary Membrane Greater of: Sm 0.7 Su Greater of: 2.0 Sm Greater of: Sy
and: Sy, and: Sy and: 0.7 Su

Primary Membrane + Greater of: 1.5 Sm Su Greater of: 3.0 Sm Su
Primary Bending and: Sy and: Sy

Range of Primary + Greater of: 3.0 Sm NA
Secondary and: Sy

Bearing Sy Su,
Pure Shear Greater of: 0.6 Sm 0.5 Su

and: 0.6Sy
Peak Per Section 2.6,5 ________________________

Buckling Per Section 2.10.6

* Not considering stress concentrations (Section 2.1.3.2).
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2.1.3 Miscellaneous Structural Failure Modes

2.1.3.1 Brittle Fracture

The materials used to fabricate thle NAC-LWT cask body meet all appropriate brittle fracture

requirements. The cask structure consists of Type XM-19 stainless steel inner and outer shells

with the remainder of the cask body being Type 304 stainless steel. The neutron shield!

expansion tank system is also fabricated of Type 304 stainless steel. The Type XM-19 and Type

304 austenitic stainless steels do not undergo a ductile to brittle transition in the temperature

range of interest.

The closure lid bolts are SA-453, Grade 660 high alloy bolting material. The port covers are

SA-705, Grade 630 stainless steel. The port cover bolts are SA-193, Grade B6 alloy steel bolting

material. All of these materials meet the impact energy absorption requirements of ASTM A370

and A20-77 (Annual Book of ASTM Standards, 1986).

The impact limiters and the fuel basket are fabricated from aluminum. Since the aluminum does

not undergo a ductile to brittle transition in the cask structure temperature range, brittle fracture

is not a concern.

2.1.3.2 Fatigue - Normal Operating Cycles

2.1 .3.2.1 Cask Structure

A normal operating cycle is defined as the sequence of loading an empty cask at ambient

temperature with contents of maximum heat load, transporting the contents to a destination,

unloading the contents and letting the cask return to ambient temperature. The expected number

of operating cycles for the NAC-LWT cask is approximately 480 (24 cycles/year x 20 years).

For the purpose of performing a fatigue stress evaluation, the LWT cask is assumed to be

subjected to 2,000 cycles. From the "ASME Boiler and Pressure Vessel Code," Appendix I,

Figure 1-9.2.1, the fatigue allowable stress intensity amplitude (Sa) for austenitic stainless steels

for 2,000 cycles is 98,000 psi (one-half of the alternating stress range). This value, when

multiplied by the ratio of elastic moduli at 70°F to that at 300°F ( 27.0 x 106 /28.3 x 106 ), and

multiplied by two, gives a fatigue allowable alternating stress intensity range of 1 87,000 psi.

However, the allowable primary plus secondary (Sn) stress intensity range, from "ASME Boiler

and Pressure Vessel Code," Subsection NB-3222.2, is 60,000 psi (3.0 Sm ) for Type 304 stainless

steel. No stress concentration factor is greater than 3.0 for the Type 304 stainless steel cask body

components. The fatigue allowable alternating stress intensity range, 1 87,000 psi, is greater than

three times the maximum allowable Sn stress intensity range for Type 304 stainless steel.
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Similarly, for Type XM-19 stainless steel, the allowable Sn stress intensity range is 100,000 psi

(3.0 Sm ). No stress concentration factor for the inner and outer shells is greater than 1.5; the

fatigue allowable alternating stress intensity range, 1 87,000 psi, is greater than 1 .5 times the

maximum allowable Sn, stress intensity range for Type XM-19 stainless steel. Therefore, the Sn

allowable stress intensity governs.

2.1.3.2.2 Bolts - Closure Lid (Fatigue)

Lid closure bolts indirectly complete containment by holding the lid in place on the upper

forging. The maximum cyclic stress in the lid bolts results from preloading the bolts to the 260

foot-pounds torque (3120 inch-pounds) specified for installation. The actual required bolt

preload torque (T), is given by:

T [--d-0 r.1 --tany gsecca 0.6252a (F)(d)

= 2862 in-lb (238.5 ft-lb)

where:

F = preload force, lb

d =1.0 in (bolt diameter)

xlj= 2.4940 (helix angle)

cL 300 (one-half the thread angle)

S= 0.060 (coefficient of friction)

dm= 0.9134 in (mean diameter of threads)

The required bolt preload force is calculated for the top corner drop as follows:

1. Inertial Weight of Lid

F-W (a)= 4 (60 x32.2)
g 32.2

= 56,460 lbs

where:

Wt = 941 lbs (Table 2.2.0-1)

a = 60 g (Table 2.6.7-34)
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p 2. Inertial Weight of Cask Contents

F2 -- Wc (a)-= 4000 (60 x 32.2)

g 32.2

=240,000 lbs

where:

Wc 4000 lbs (Table 2.2.0-1)

a =60 g (Table 2.6.7-34)

3. Force Resulting From Internal Pressure

Fp= Pi (A) = 30(171.36)

- 5141 lbs

where:

Pip = 30 psig

A = •(14.7712)
4

= 171.36 in2

4. Force Resulting From Compression of TFE 0-RingS The TFE material used in the NAC-LWT cask lid 0-ring (outer) (Shamban, Part No. SI 11214-

460) has a nominal diameter of 0.275 inch and is compressed to a height of 0.242 inch, yielding

a compression of 12 percent. The rated load on the 0-ring using a shore hardness of 90 and 12

percent compression is 50 pounds per linear inch. The total compressive force on the 0-ring is

calculated as:

Ftr =50 (it x 15.75)

= 2,474 lbs

5. Force Resulting From Compression of Metallic 0-Ring

The rated load on the 14.75-inch diameter metal 0-ring, Inconel X-750 material, with an 0.188-

inch outside diameter and 0.032-inch wall thickness is 1.4(1225) pounds per linear inch. The

compressive force on the 0-ring is calculated as:

Fmr =(1.4 x 1225) (7tx 14.75)

- 79,470 lbs

0
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The total required bolt preload force (12 bolts) is:

FT =Fi + F2 + Fip + Ftr + Fmr

- 383,545 lbs

•For each of the twelve 1 - 8 UNC bolts in the lid, the required maximum bolt preload force is:

F = 383,545 / 12

= 31,962 lbs

Conservatively, an installed bolt preload of 34,843 pounds is specified.

From Table 6-2, page 230, of Shigley, the tensile stress area (At) of each lid bolt is 0.606 square

inches. Bolt stress resulting from the specified preload is:

S = F/At = 34,843 lb/0.606 in2

- 57,497 psi

According to Juvinall, page 251, it is assumed that the stress concentration factor is

approximately 3.8 for unified and American standard threads. The modulus of elasticity of the

bolting material at 300°F is 26.7 x 106 psi. The extreme temperature, normal transport condition,

which the bolting material may experience, is actually calculated to be 230°F, adding a level of

conservatism to this analysis. Figure 2.1.3-1 ("ASME Boiler and Pressure Vessel Code," Figure

1-9.4, page 199) is based on a modulus of elasticity of 30.0 x 106 psi; therefore, by ratioing the

modulIi, the equivalent stress range is given by:

Srange = (57,497 psi) (3.8) [(30.0/26.7)1

= 245,492 psi

The equivalent stress range defines the endpoints of the stress cycle; thus, the alternating

component would be half the range or 122,746 psi. From Figure 2.1.3-1, using the 3.0 Sm curve,

the allowable number of operating cycles is greater than 550. Conservatively assuming that the

bolts are torqued twice each month, the bolts would be cycled 24 times in one year. Then, 550

cycles represent a minimum service life of 22.9 years. The lid bolts will be replaced after 20

years of operational service to ensure that the fatigue limit is satisfied.

2.1.3.2.3 Containment Vessel

Fatigue concerns associated with normal over-the-road vibration are addressed in Section 2.6.5.
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2.1.3.3 Extreme Total Stress Intensity Range

Regulatory Guide 7.6, paragraph C.7 requires that the extreme total stress intensity range

(including stress concentrations) between the initial state, the fabrication state, the normal

operations condition, and the accident condition be less than twice the adjusted value (adjusted to

account for the modulus of elasticity at the highest temperature) of Sa at 1 0 cycles given by the

appropriate design fatigue curves. Table 2.1.3-1 (constructed from the finite element analysis

results of the normal operations and accident conditions) shows a maximum total stress intensity

range of 1311 ksi in component 7. This stress intensity range is based on an unrealistic finite

element analysis calculated stress intensity value, which results from the applied boundary

condition in the ANSYS program (refer to Section 2.7.1.3 for the explanation of this singularity

condition). From the Type 304 stainless steel material property summary Table 2.3.1-1, the

allowable stress for 10 cycles at 230°F is 686.0 ksi. The allowable stress range is then 1372 ksi

(2 x 686.0 ksi). For Type 304 stainless steel, this allowable stress at 10 cycles (1372 ksi) is

greater than the unrealistically high limiting stress range for low cycle fatigue (1311 ksi). Based

on the significantly higher strength of Type XM-19 stainless steel, when compared to Type 304

stainless steel, no further evaluation of the extreme total stress intensity range is necessary. The

low cycle fatigue limits for the containment material are not exceeded for the highly conservative

value of stress intensity range considered in this analysis.

2.1.3.4 Buckling

Regulatory Guide 7.6, paragraph C.5, states that buckling of a shipping cask containment vessel

must not occur under any circumstances. Precluding large deformations assures that the

assumptions of elastic analyses and quasi-linear stress allowances remain valid as stated in

paragraph C.6 of the above reference.

Two concentric stainless steel shells, both welded to a large ring at each end, define the primary

cask structure. The annulus between the shells is filled with lead. The inner shell is considered

to be the only load bearing member, taking no credit for the outer shell or the elastic support of

the lead in the analyses. The analyses demonstrate that the inner shell will not buckle for normal

transport or hypothetical accident conditions. For reference, the nominal dimensions of the cask

shells follow.
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Shell Mean Diameter Thickness Length Dmn IT** L/Dm*** m
(Dm)(inl) (T)(in) (L)(in)

Outer Shell 27.58 1.20 181.25* 23.0 6.6
Inner Shell 14.12 0.75 181.25 18.8 12.8

* Assumed shell length, no credit taken for the end forgings.

** Mean diameter divided by thickness.

** Length divided by mean diameter.

The NAC-LWT cask inner shell is analyzed for structural stability (buckling) using Code Case

N-284 (Metal Containment Shell Buckling Design Methods) of the "ASME Boiler and Pressure

Vessel Code." The details of these analyses are presented in Section 2.10.6; however, the basic

methodology used is as follows:

1. Calculate the theoretical elastic hoop, axial compression, and inplane shear loading using
classical methodology.

2. Calculate shell geometry-dependent capacity reduction factors and shell ovality
coefficients. These factors and coefficients account for differences between classical and
predicted instability stresses for fabricated shells and for geometric variances from
perfect cylinders.

3. Calculate plasticity reduction factors, which are used if the calculated buckling stress
exceeds a material's proportional limit.

4. Identify the factors of safety (FS) to be used in the buckling evaluation. Article-1400,
Code Case N-284, "ASME Boiler and Pressure Vessel Code," defines the factors of
safety to be applied to compressive buckling stresses: (1) FS = 2.0 for Design Conditions
and Level A and B Service Limits, which correspond to the normal transport conditions
of Regulatory Guide 7.6; and (2) FS = 1.34 for Level D Service Limits, which correspond
to the hypothetical accident conditions of Regulatory Guide 7.6. These factors of safety
are used in the buckling evaluations of the NAC-LWT cask inner shell.

5. Using the appropriate interaction equations and the factors identified in 2, 3 and 4,
calculate the worst case applied compressive stresses and in-plane shear stresses.

6. Compare worst case stresses to the classically determined buckling allowables and
determine the margins of safety for the critical locations on the inner shell.
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Figure 2.1.3-1 Design Fatigue Curve for High Strength Steel Bolting
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Table 2.1.3-1 Extreme Total Stress Intensities

Algebraic Maximum and
Minimum Stress Intensities Total Stress Intensity Range

Component (ksi) (ksi)
Closure Lid (1) -1310.411, 0.0 131 0.411

Top Ring (3) -62.23, 0.0 62.23
Inner Shell (4) -39.98, 0.0 39.98
Outer Shell (6) -77.651, 0.0 77.651

Bottom (7) -1311.201, 0.0 1311.20

Bottom Cover Plate (8) -81.861, 0.0 81 .861

SRefer to Section 2.7.1.3 for discussion of these values, which are unrealistic due to finite
element model boundary conditions.
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S 2.2 Weights and Centers of Gravity

2.2.1 Major Component Statistics

The weights of the major components of the NAC-LWT cask and their respective centers of

gravity are presented in Table 2.2.1-1. The axial location of the center of gravity is measured
from the bottom surface of the cask body. The center of gravity is always on the longitudinal

centerline of the cask because the cask is essentially axisymmetric about that axis. The center of

gravity location of the fuel is representative of typical fuel configurations.

The weights and centers of gravity of the cask package in eight different shipping configurations

are presented in

Table 2.2.1-2. In each case, the center of gravity is measured from the bottom surface of the

cask body. The term "loaded" refers to the presence of fuel or other radioactive materials in the

cask cavity; the term "empty" implies the absence of any fuel or other radioactive materials in

the cask cavity. However, the fuel basket does remain in the cask cavity for the "empty"

configuration. The weight of a lifting yoke is not included in the tabulated package weights.

All of the values tabulated in Table 2.2.1-1 and Table 2.2.1-2 are calculated to the nearest pound

to obtain an accurate cask weight and center of gravity. The cask package weight and center ofO gravity used in the analyses of this report are the design values - 52,000 pounds and 98.93

inches. A design value of 4,000 pounds is conservatively used for the total weight of the cask

contents (including the appropriate basket).
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Table 2.2.1-1 Weights of the NAC-LWT Cask Major Components

Component Weight (pounds) Axial Center of Gravity
Location (inches)

Cask Body 39,906 96.46
Closure Lid and Bolts 941 195.11

Impact Limiters
Top 1,535 202.98

Bottom 1,320 -3.18
Shield Tank Fluid 3,506 96.26

PWR Fuel Basket and Spacer 874 100.98
PWR High Burnup Rod Payload 1,620 95.33
PWR Fuel Payload (Maximum) 3,126 96.63

BWR Fuel Basket 1,124 97.88
BWR Fuel Payload 1,500 97.88
Metallic Fuel Basket 128 96.40

Metallic Fuel Payload 2,080 96.40
MTR Four Unit Basket 982 96.20

MTR Four Unit Fuel Payload 8401 96.20
MTR Four Unit PULSTAR Fuel Payload 2,2402 96.20

MTR Five Unit Basket 1,015 96.20
MTR Five Unit Fuel Payload 1,0501 96.20

MTR Six Unit Basket 1,002 96.20
MTR Six Unit Fuel Payload 1,2601 96.20
GA 1FM Basket and Spacer 818 98.06

GA IFM Fuel Payload 148 167.34
TPBAR Basket and Spacer 675 110.40

TPBAR Payload 9783 96.00
ANSTO Basket 911 100.95
ANSTO Payload 756 100.95
TPBAR Basket 575 97.43

TPBAR with Rod Transport Canister Payload 1,3264 102.26
SLOWPOKE Four Unit Basket 982 96.20

SLOWPOKE Fuel Payload 8405 96.20
NRU/NRX Basket & Spacer 845 113.03

NRU/NRX Basket + Spacer + Fuel 12056 116.34

For conservatism, a design basis MTR fuel weight of 30 lbs/assy is used in the structural analysis. The
maximum MTR element weight is 13.2 lbs for an intact element and 9.7 lbs for the cut elements in the
42-element configuration. The maximum weight for the SLOWPOKE canister is 25 pounds.

2 For conservatism, a bounding weight of 80 pounds is considered for each of the 28 fuel cells for
PULSTAR fuel.

3 TPBAR payload represents the combined weight of the TPBAR and consolidation canister. A
conservative 1,000 lb weight is applied in the structural analysis.

4 TPBAR with Rod Transport Canister payload represents the combined weight of the 25 TPBARs, the
PWR /BWR Rod Transport Canister and the PWR insert.

SA fuel weight of 30 lbs/assembly is used to compute the weight for this table as compared to the
maximum weight for the SLOWPOKE canister of 25 pounds.

6 Each fuel tube in the NRUINRX basket is limited to 20 pounds of fuel and aluminum caddy.
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Table 2.2.1-1 Weights of the NAC-LWT Cask Major Components (cont.)

Component Weight (pounds) Axial Center of Gravity
Location (inches)

H EU NL Container & Spacer7  1,446 104

HEUNL Payload 704 98

SLOWPOKE Fuel Core Basket & Five MTR1,610
Baskets1,610

SLOWPOKE Fuel Core Payload 15 164

7Includes 4 HEUNL Containers, Container Guide and Container Spacer.
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Table 2.2.1-2 Weights and Center of Gravity Locations for the NAC-LWT Cask Shipping
Configurations

Component Weight (pounds) Axial Center of Gravity
Location (inches)

Package -Loaded for Shipment (PWR) 51,208 98.96 t

Maximum Payload _____________

Package - Loaded for Shipment PWR High 49,702 99.0
Burnup Rods

Package - Empty for Shipment (PWR) 48,082 99.12
Package - Loaded for Shipment (BWR) 49,832 99.00
Package - Empty for Shipment (BWR) 48,332 99.07

Package - Loaded for Shipment* 45,910 98.88
(Metallic Fuel)

Package - Empty for Shipment* 43,830 99.09
(Metallic Fuel) _ _ _ _ _

Package - Loaded for Shipment (PULSTAR 50,430 99.1
Fuel, MTR Four Unit Basket)

Package - Loaded for Shipment 49,030 99.1
(MTR Fuel, Four Unit Basket)
Package - Empty for Shipment 48,190 98.9
(MTR Fuel, Four Unit Basket)

Package - Loaded for Shipment 49,273 99.1
(MTR Fuel, Five Unit Basket)

Package - Empty for Shipment 48,223 98.9
(MTR Fuel, Five Unit Basket)

Package - Loaded for Shipment 49,470 99.1
(MTR Fuel, Six Unit Basket)

Package - Empty for Shipment 48,210 98.9
(MTR Fuel, Six Unit Basket)

Package - Loaded for Shipment 48,147 99.3
(GA IFM Fuel and Basket)

Package - Empty for Shipment 48,026 99.3
(GA IFM Basket)

Package - Loaded for Shipment 48,861 99.2
(TPBARs and Basket)

Package - Empty for Shipment 47, 883 99.2
(TPBAR Basket)

Package - Loaded for Shipment 48,875 99.2
(ANSTOFuel andBasket) ____________ ____________

Package - Empty for Shipment
(ANSTO Basket)

* Neutron Shield Tank is empty.

48,119 99.1

0
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Table 2.2.1-2 Weights and Center of Gravity Locations for the NAC-LWT Cask Shipping
Configurations (cont'd)

Component Weight (pounds) Axial Center of Gravity
Location (inches)

Package - Loaded for Shipment 49,109 99.2
TPBARs in the PWR/BWR Rod

Transport Canister
Package - Empty for Shipment 47,783 99.1

(TPBAR Basket for PWR/BWR Rod
Transport Canister)

Package - Loaded for Shipment 49,030 99.1
(SLOWPOKE Fuel, Four Unit

Basket) 1 _______________
Package - Empty for Shipment 48,190 98.9

(SLO WOKE Fuel, Four Unit Basket)
Package - Loaded for Shipment 41,111 97.0

(NRU/NRX Basket with Fuel
Assemblies)

Package - Empty for Shipment 40,751 96.8
(NRU/NRX Basket)

Package - Empty for Shipment 48,656 99.2
(H EU NL)

Package - Loaded for Shipment 49,360 99.2
(HEUNL)

Package - Loaded for Shipment 48,400 99.3
(SLOWPOKE Fuel Core, Basket,

Five MTR Baskets) 2

Package - Empty for Shipment 48,400 99.3
(SLOWPOKE Fuel Core Basket,

FiveMTRBaskets) 2 ______________________________

0

Package - Design for Shipment 52,000 98.93

1 A fuel weight of 30 lbs/assembly is used to compute the weight for this table as compared to the maximum
weight for the SLOWPOKE canister of 25 pounds.

2 Weight rounded up to nearest 100 pounds.

0
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DP 2.3 Properties of Materials

The NAC-LWT cask body consists of six materials: (1) the inner and outer shells are Type XM-

19 stainless steel; (2) the remainder of the cask body, the closure lid and the lifting trunnions are

Type 304 stainless steel; (3) the annulus between the cask shells and the cavity in the bottom is

filled with chemical copper lead for gamma radiation shielding; (4) the port covers are fabricated

from SA-705, Grade 630 (Type 1 7-4PH) precipitation-hardened stainless steel; (5) the port cover

bolts are made from SA-193, Grade B6 (Type 410) stainless steel; and (6) the closure lid bolts

are fabricated from SA-453, Grade 660 high alloy steel bolting material.

The PWR and BWR fuel baskets are fabricated from Type 304 stainless steel and 6061-T6

aluminum alloy. The metallic fuel basket is fabricated from 606 1-T6 aluminum alloy. The

MTR, TRIGA, DIDO and GA IFM fuel baskets are fabricated from Type 304 stainless steel.

S

0
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P 2 2.3.1 Mechanical Properties of Materials

The structural analyses of the NAC-LWT cask for normal operations and accident load

conditions utilize the mechanical properties of the component materials. These properties are

also used in calculating the allowable stresses for each component under each load condition.

The American Society of Mechanical Engineers is the source for the mechanical properties of

Type 304 stainless steel, Type XM-19 stainless steel, SA-705, Grade 630 precipitation-hardened

stainless steel, SA-193, Grade B6 (Type 410) stainless steel, and SA-453, Grade 660 high alloy

steel bolting material ("ASME Boiler and Pressure Vessel Code," Appendix I). The effects of

temperature on the mater-ial properties are included. The coefficient of thermal expansion

presented in the tables represents the mean value for a temperature range from 70°F to the

indicated temperature.

MIL-HDBK-5C is the source for the material properties of the aluminum alloys and for the

equations used to evaluate the relationships of their material properties at elevated temperatures.

2.3.1.1 Cask Body Materials

The material of the inner and outer shells is Type XM-19 stainless steel. The remainder of the

cask body and the closure lid are Type 304 stainless steel. These materials are selected because
O they are strong, ductile and highly resistant to corrosion and brittle fracture. The mechanical

properties of Type 304 and Type XM-I19 stainless steel are listed in Table 2.3.1-1 and Table

2.3.1-2, respectively.

2.3.1.2 Port Cover Materials

The alternate port covers are manufactured from SA-705, 17-4 PH Grade 630 precipitation-

hardened stainless steel. The mechanical properties for this material are given in Table 2.3.1-3.

The Alternate B port covers are manufactured from SA-479 XM-19 stainless steel. The

mechanical properties for this material are given in Table 2.3.1-2.

2.3.1.3 Fuel Basket Materials

The materials used for the fuel basket are 6061 -T6 aluminum and Type 304 stainless steel sheet,

plate and bar. The mechanical properties of Type 304 stainless steel and 6061-T6 aluminum

alloys are listed in Table 2.3.1-1 and Table 2.3.1-4, respectively.

0
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2.3.1.4 Bolting Material

The port cover bolts for the alternate port cover are SA-1 93, Grade B6 (Type 410) stainless steel

as described in Table 2.3.1-5. The bolts for Alternate B port covers are SB-637, Grade N07718,

and nickel alloy steel as described in Table 2.3.1-9.

2.3.1.5 Shieldingq Material (Gamma Radiation)

Chemical copper lead fills the cylindrical region of the cask between the inner and outer cask

shells and bottom plates. This lead core provides the required gamma radiation shielding. The

presence of copper slightly increases the strength of lead at elevated temperatures. There is no

concern that the lead will fail during normal transport conditions because it is completely

enclosed inside the cask walls and bottom plates. Its shielding function requires no strength.

The finite element structural analysis program (AINSYS), used in the structural analysis of the

cask, requires that the stress versus strain curve for this material be bilinear in the elastic to

plastic transition region.

2.3.1.5.1 Static Mechanical Properties of Lead

The static mechanical properties of chemical copper lead are used in the NAC-LWT cask

thermal stress analyses. The coefficient of thermal expansion for lead is of particular

significance, because it is approximately twice that of stainless steel. The mechanical properties 0
are obtained from testing reports (Tietz, Gallagher, Baumeister, NUREG/CR-048 1). The

properties are tabulated in Table 2.3.1-7 for the range of temperatures considered in the structural

analysis. The bilinearized static stress-strain curve used in the finite element (ANSYS) analysis

is shown in Figure 2.3.1-1; it is based on NUREG/CR-0481, Figure 24, and Table 2.3.1-7 of this

report.

2.3.1.5.2 Dynamic Mechanical Properties of Lead

The dynamic mechanical properties of chemical copper lead are important for use in the

7NAC-LWT cask impact analyses. These properties are obtained from the "Cask Designer's

Guide" (Shappert), which provides conservative values for dynamic yield strength. This

property is used for calculating the shield deformation and for calculation of the maximum

deceleration loading. These dynamic mechanical properties are listed in Table 2.3.1-8 for the

range of temperatures considered in the structural analysis. The bilinearized dynamic

deformation stress-strain curve used in the finite element (A7NSYS) structural analysis is shown

in Figure 2.3.1-2; it is based on NUREG/CR-0481, Figure 24, and Table 2.3.1-8 of this report.

NAC International231- 2.3.1-2
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Figure 2.3.1-1 Static Stress-Strain Curve for Chemical Copper Lead
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Figure 2.3.1-2

12 -

10-

(I)

0--

Dynamic Deformation Stress-Strain Curve for Chemical Copper Lead

(-20 F)

• 01 .02 .03 .04 .05 .06

0

STRAIN (in/in)

NAG International2.14 2.3.1-4



0
NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.3.1-1 Mechanical Properties of Type 304 Stainless Steel

Property (units)/Temperature (0F) -40 -20 +70 +150 +200 +300 +600 +750
Ultimate Strength (ksi) 79.4 78.8 76,0 73.0 71.0 66.0 63.5 63.1

Yield Strength (ksi) 36.0 35.4 31.4 27.5 25.0 22,5 18.2 17.3
Design Stress Intensity > 20.0 > 20.0 20.0 20.0 20.0 20.0 16.4 15,6

Modulus of Elasticity (ksi) 28.8E+3 28,7E+3 28.3E+3 27.9E+3 27,6E+3 27.0E+3 25.3E+3 24.4E+3
Alternating Stress @10 Cycles 720.5 718.0 708.0 698.0 690.5 675.5 632.9 610,4
Alternating Stress @106 Cycles 28.8 28,7 28.3 27.9 27.6 27.0 25.3 24.4

Strain at Yield (in/in) 0.00125 0.00123 0.00111 0.00099 0.00091 0.00083 0.00072 0.00071
Coefficient of Thermal Expansion 8.16E-6 8.23E-6 8.46E-6 8,67E-6 8.79E-6 9,00E-6 9.53E-6 9.76E-6

(in/in/° F) _______ _______ ______________________ ______ ______________
Poisson's Ratio 0.275

Density 497 Ibm/ft3 (0.288 Ibm/in3)

Reference:
ASME Boiler and Pressure Vessel Code, Section III, Division I, Appendix I.

NAG International23.- 2.3.1-5
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Table 2.3.1-2 Mechanical Properties of Type XM-19 Stainless Steel

Property (units)/Temperature (°F) -40 -20 +70 +150 +200 +300 +600 +750
Ultimate Strength (ksi) 104.5 103.7 100.0 99.8 99.5 94.3 87.8 85.7

Yield Strength (ksi) 63.0 62.0 55.0 51.0 47.0 43.4 37.3 35.8
Design Stress Intensity (ksi) > 33.3 > 33.3 33.3 33.2 33.2 31.4 29.2 28.5

Modulus of Elasticity (ksi) 28.8E+3 28.7E:+3 28.3E+3 27.9E+3 27.6E+3 27.0E:+3 25.3E+3 24.4E:+3
Alternating Stress @10 Cycles 720.5 718.0 708.0 698.0 690.5 675.5 632.9 610.4
Alternating Stress @106 Cycles 28.8 28.7 28.3 27.9 27,6 27.0 25.3 24.4

Coefficient of Thermal Expansion 8.16E-6 8.19E-6 8,27E-6 8.40E-6 8.48E-6 8.65E-6 9.03E:-6 9.20E-6
(in/in/° F) ______________________ ______ ______ ______ ______________

Poisson's Ratio 0.275

Density 497 Ibm/ft3 (0.288 Ibm/in 3)

Reference:
ASME Boiler and Pressure Vessel Code, Section IlI, Division I, Appendix I.

NAC International0 2.3.1-6
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Table 2.3.1-3 Mechanical Properties of SA-705, Grade 630, Precipitation-Hardened Stainless Steel

Property (units)/Temperature (0F) -40 -20 +70 +150 +200 +300 +600 +750
Ultimate Strength (ksi) > 135.0 > 135.0 135.0 135.0 135.0 135.0 126.7 125.2

Yield Strength (ksi) > 105.0 > 105,0 105.0 101.1 97.1 93.0 84.7 81.3
Design Stress Intensity > 45.0 > 45.0 45.0 45.0 45.0 45.0 42.1 41.3

Modulus of Elasticity (ksi) 28.8E+3 28.7E+3 28.3E+3 27.9E+3 27.6E+3 27.0E+3 25.3E+3 24.4E+3
Alternating Stress @10 Cycles 720.5 718.0 708.0 698.0 690.5 675.5 632.9 610.4
Alternating Stress @106 Cycles 28.8 28.7 28.3 27.9 27.6 27.0 25,3 24.4

Strain at Yield (in/in) 0.00365 0.00366 0.00371 0.00362 0.00352 0.00344 0,00335 0.00333
Coefficient of Thermal Expansion 5.88E-6 5.88E-6 5.89E-6 5.89E-6 5.90E-6 5.90E-6 5.93E-6 5,95E-6

(in/in/° F)_______________ _______________________________ __ _____

Poisson's Ratio 0.287

Density 487 Ibm/ft3 (0.282 Ibm/in 3)

References:
1. ASME Boiler and Pressure Vessel Code, Section III, Division I, Appendix I.

2. MIL-HDBK-5C, Section 2.7.4.

3. Baumeister, pages 5 - 6.

NAC International2.17 2.3.1-7
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Table 2.3.1-4 Mechanical Properties (6061-T6 and T651 per ASTM B-209)

Property (units)/Temperature (°F) +70 +3601 +5001
Ultimate Strength (ksi) 42.0 30.2 17.2

Yield Strength (ksi) 35.0 26.6 15.8
Comp. Yield Strength (ksi) 35.0 26.6 15.8

Ultimate Shear Strength (ksi) 27.0 19.4 11.1
Yield Shear Strength (ksi) 20.0 15.2 9.0

Modulus of Elasticity (E), (ksi) 9,900 9,100 8,000
Coefficient of Thermal Expansion (in/in/°F) 12.6x10-6  13.5x10.6  13.9x10.6

1. Strength at elevated temperatures calculated using the following relationships from MIL-HDBK-5A, pages
325, 326, and 328.

@~360°F: (Su) 36o =0.72(Su)7o; (8y)36o0 0.76(S7o); (E)36o = 0.92(E)7o
@~500°F: (Su)sOO = 0.4l(Su)7O; (Sy)5OO = 0.45(S7o); (E)soo =0.81(E)7o

Reference:

MIL-HDBK-5C, pages 3-208 and 3-2 14.

Property (units)/Temperature (°F) 70 100 200 300 400

Design Stress Intensity2 (ksi) 10.5 10.5 10.5 8.4 4.4

2. ASME Code, Section IJ-D, Table 1-B

NAG International2.18 2.3.1-8
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Table 2.3.1-5 Mechanical Properties of SA-193, Grade B6 High Alloy, Steel Bolting Material

Property (units)/Temperature (°F) -40 -20 +70 +150 +200 +300 +600 +750
Ultimate Strength (ksi) > 110.0 > 110.0 110.0 108.2 106.6 104.3 96.8 90.0

Yield Strength (ksi) > 85.0 > 85.0 85.0 83.5 82.3 80.5 - 74.8 69.5
Modulus of Elasticity (ksi) 30.3E+3 30.1E+3 29.2E+3 28.8E+3 28.5E+3 27.9E+3 -26,1E+3 25.1E+3

Alternating Stress @106 Cycles 20.2 20.1 19.8 19.5 19.3 19.0 - 17.9 17.3

Poisson's Ratio 0.32
Density 489 Ibm/ft3 (0.283 Ibm/in 3)

References:
I. ASME Boiler and Pressure Vessel Code, Section III, Division I, Appendix I.

2. MIL-HDBK-5C, Section 2.3.1.

NAC International2.1- 2.3.1-9
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Table 2.3.1-6 Mechanical Properties of SA-453, Grade 660 High Alloy, Steel Bolting Material

Property (units)/Temperature (°F) -40 -20 +70 +150 +200 +300 +600 +750
Ultimate Strength (ksi) > 130,0 > 130.0 130.0 130.0 130.0 130.0 122.0 120.6

Yield Strength (ksi) > 85.0 > 85.0 85.0 83,9 82.8 81.9 81.0 80.1
Modulus of Elasticity (ksi) 28.3E+3 28.2E+3 27.8E+3 27,3E+3 27.1E+3 26.7E+3 25.2E+3 23.8E+3

Coefficient of Thermal Expansion 7.93E-6 8.00E-6 8.22E-6 8.31E-6 8.39E-6 8.54E-6 8.94E-6 9.11E-6
(in/in/° F) _______ _______ _______ _______ _______ _______ _______ _______

Poisson's Ratio 0:32

Density 489 Ibmlft3 (0.283 Ibm/in 3)

References:
1. ASME Boiler and Pressure Vessel Code, Section III, Division I, Appendix 1.

2. MIL-HDBK-5C, Section 2.3.1.

NAC International 2.3.1 -10
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Table 2.3.1-7 Static Mechanical Properties of Chemical Copper Lead

Property (units)/Temperature (0F) -40 -20 +70 +150 +200 +300 +600
Ultimate Strength (psi) 700 680 640 550 490 380 20

Modulus of Elasticity (ksi) 2.45E+3 2.42E+3 2.28E+3 2.16E+3 2.06E+3 1.94E+3 1.5E+3
Strain at Yield (in/in) 0,000286 0.000281 0.000291 0.000255 0.000238 0.000196 0.000133

Coefficent of Thermal Expansion 15,6E-6 15.7E-6 16.1E-6 !6.4E-6 16.6E-6 17.2E-6 20.2E-6
(in/in/° F) _______________________________________________________________

Poisson's Ratio 0.40

Density 708 Ibm/ft3 (0.41 Ibm/in 3)

References:
I. Tietz.

2. Gallagher.

3. NUREG/CR-0481I.

4. Baumeister, pages 6-1 0.

NAG International 23112.3.1-11
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Table 2.3.1-8 Dynamic Mechanical Properties of Chemical Copper Lead

Property (units)/Temperature (°F) -40 -20 +70 +150 +200 +300 +600
Deformation Yield Strength (psi) 5620 5510 5000 4440 3960 3100 150

Deceleration Loading Yield Strength (ksi) 11,200 11,000 10,320 8870 7800 6100 300
Modulus of Elasticity (ksi) 2.45E+3 2.42E+3 2.28E+3 2.16E+3 2.06E+3 1.94E+3 0.15E+3

Strain at Yield (Deformation) (in/in)

References:

1. Shappert.

2. NUREG/CR-0481l.

0,00229 0.00228 0.00219 0.00206 0.00192 0.001 60 0.00100

NAG International 23112.3.1-12
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Table 2.3.1-9 Mechanical Properties of SB-637, Grade N07718, Nickel Alloy Steel Bolting Material

Property -40 -20 +70 +200 +300 +400 +500 +750

Ultimate Strength (ksi) > 185.0 > 185.0 185.0 177.6 173.5 170.6 168.7 165.0
Yield Strength (ksi) > 150.0 > 150.0 150.0 144.0 140.7 138.3 136.8 133.8

Modulus of Elasticity (ksi) 29.6E+3 29.5E+3 29.0E+3 28.3E+3 27.8E+3 27.6E+3 27.1E+3 26.1E+3
Coefficient of Thermal 7.05E-6 7.22E-6 7.33E-6 7.45E-6 7.57E-6 7,82E-6
Expansion (in/in!/°F) _______ _ _ _ _ _ _ _ _ _ _ _ _ ______ __ _ _ _ _ _______ _ _ _ _ __ ______

Poisson's Ratio 0.31

Density 503 Ibm/ft3 (0.29 1 Ibm/in 3)

Reference:
1. ASME Boiler and Pressure Vessel Code, Section III, Division I.

NAG International 23112.3.1-13
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S 2.4 General Standards for All Packages

This section demonstrates that general requirements found in 10 CFR 71 .43 are addressed in the

design and analysis of the NAC-LWT cask, a spent-fuel shipping package. A package is defined

as the assembly of components necessary to ensure compliance with 10 CFR 71 for the

transportation of radioactive contents. The package includes the radioactive contents.

0
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2.4.1 Minimum Packaqe Size

The minimum transverse dimension of the NAC-LWT package is 44.24 inches (112 cm), and the
minimum longitudinal dimension is 199.8 inches (507 cm). Both dimensions are greater than 10

centimeters; therefore, the requirements of 10 CFR 71.43(a) are satisfied.

0
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2.4.2 Tam perproof Feature

One railroad car type seal is looped through a hlole near the end of one ball-lock pin, which

attaches the impact limiter attachment lugs to the mating cask lugs.

To tamper with the closure lid or port cover bolts, it is necessary to remove the upper impact

limiter; thus, a severed seal will indicate purposeful tampering. This satisfies the tamperproof

requirement of 1 0 CFR 71.43(b). This vent port and the drain port are protected by port covers.

Both port covers are covered by the upper impact limiter; therefore, they cannot be operated by

unauthorized personnel. This satisfies the requirements of 10 CFR 71.43(e).

NAG International242- 2.4.2-1
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P 2.4.3 Positive Closure

Inadvertent opening of the cask closure lid or the port covers from the combined effects of

shock, vibration, thermal expansion, internal loads and/or external loads, cannot occur because of

the large preload applied to the lid bolts. Loosening of these bolts is resisted by friction from the

large clamping forces produced by the applied bolt preload torque. A cask operations procedure

is followed, ensuring that each bolt is torqued. It is necessary to deliberately loosen the bolts

with a wrench to facilitate inadvertent opening. The cover bolts cannot be loosened/removed

while the upper impact limiter is attached with tamper-indicating seals in place. Therefore, the

NAC-LWT cask containment system cannot be opened unintentionally and is protected against

unauthorized operation; the requirements of 10 CFR 71.43(c) and (e) are satisfied.

0
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2.4.4 Chemical and Galvanic Reactions

The structural materials of this package, which are in direct contact with each other, will not

produce significant chemical or galvanic reaction in an electrically conductive environment. An

inert stainless steel material is used to separate anodic from cathodic materials. The lead

shielding material is completely encapsulated by the stainless steel shells; thereby, being

separated from the aluminum basket. The aluminum honeycomb used for impact limiters is

sealed inside an aluminum shell. The material of the miscellaneous cask components is stainless

steel, which is compatible with all adjacent materials. Therefore, the materials do not have

chemical or galvanic reactions in accordance with 10 CFR 71.43(d).

NAC International244- 2.4.4-1
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P 2.4.5 Cask Desiqn

The cask is designed to meet the applicable sections of 10 CFR 71. Criticality, shielding,

thermal, radiological and structural requirements of 10 CFR 71 are analytically shown to be

satisfied. Conclusions drawn from the structural analyses are supported by quarter scale model

drop tests. The NAC-LWT cask is an exclusive use package designed for transport in a 1 30°F

environment such that personnel barrier temperatures do not exceed 1 80°F; thus, meeting the

requirements of 10 CFR 71.43(g).

0
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2.4.6 Continuous Venting

The neutron shield/expansion tank is the only vented system of the NAC-LWT cask. The

shield/expansion tank contains a solution of ethylene glycol and water. No venting of the

shield/expansion tank occurs during normal operations conditions; thus, meeting the

requirements of 10 CFR 71 .43(h).

NAC International2461 2.4.6-1
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2.5 Lifting and Tiedown Standards

2.5.1 Lifting Devices

The NAC-LWT cask has three types of lifting devices: (1) four lifting trunnions; (2) four lid

lifting bolts; and (3) two rotation trunnions. These lifting devices are designed to meet the

requirements of NUREG-06 12, "Control of Heavy Loads at Nuclear Power Plants."

Lifting of the cask is accomplished by utilizing the lifting trunnions near the top of the cask.

Two lifting yokes are used to provide redundancy. Each lifting yoke is attached to two

diametrically opposite lifting trunnions. An overhead crane lifts the cask by these yokes. No

impact limiter is attached to the cask during lifting and handling. The bottom impact limiter

could be attached for protection during handing, but the top impact limiter cannot be used while

the lifting yoke is in place.

The lid lifting bolts are used to attach cables for lifting the lid during installation or removal.

The rotation trunnions are used to rotate the cask from the horizontal to the vertical position.

The rotation trunnions also support the cask in the transportation cradle.

2.5.1.1 Lifting Trunnion

The NAC-LWT cask is equipped with four lifting trunnions located on the upper ring near the

top of the cask and spaced at 90-degree intervals; thus, either a nonredundant, two-arm yoke or a

redundant, four-arm yoke system may be used to lift and handle the cask.

2.5.1.1.1 Loads

The lifting trunn ions were analyzed for the most severe load, a single, nonredundant load path

lift. Using the requirements of 10 CFR 71.45(a), the applied load factor is 3.0 on the yield

strength. The yield strength of the material at 200°F is used. Any dynamic load effects are

negligible when considered in combination with the large applied load factor.

NAG International25.- 2.5.1-1
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-Cask Lid

Trunnion --

NAC LNT Cask

Yoka

p

Lifting Trunnion Loads and Reactions

P =LFx W

Fully Loaded Cask Weight (W) = 52,000 lbs

Load Factor on Yield (LF)y = 3.0

Py=3.0 (52,000) = 156,000 lbs

(Ptr)y = 0.5 (Py) =78,000 lbs

2.5.1.1.2 Material Properties at 200°F

Trunnion and Cask Upper Ring (Base Metal)

ASME SA-240, Type 304

Sy= 25,000 psi

The shear strength is half the tensile strength if the compressive and tensile strengths are equal

(Timoshenko, 1976, p. 449), which is conservative for stainless steel.

0
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Sy _12,500 psiF -2

Weld Metal

The weld metal properties exceed those of the base metal, which is a standard welding code

practice; therefore, the base metal properties are used for the weld analysis.

2.5.1.1.3 Stress Analysis

-~Tnru•nnon Hody

C2l. 0o~i~ 0.50

0.25 , Yoke Rec~mner

0
Typica! Lifting Trunnion

Base Me t ar- ~4.00 Dia.

Section A-A

NAG International251- 2.5.1-3
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Shear Stress in Base Metal at Section A-A

_(Ptr)y 78,000
sy Aaa It (2.00)2 = 6,207 psi

MarQin of Safety at Section A-A

(MS.y Fy 12,500-MS) ~ -1= -1 = +1.01
(Ss~y 6207

Critical Weld Section

*Dii~

Effective Weld Throat

The most critical section of the weld shown in the above sketch is Section B-B. Its length is:

Lbb =0.707 (1.25) = 0.884 in

The mean diameter of the center of gravity of Section B-B is:

1.25
dbb =5.50 -2 (0.50) + 2 ( _•2) =5.125 inches

Vertical Shear Force/Inch in Welds at Section B-B

(fvty - -- 7800 - 4,845 pounds/inch
-(d)bb 21(5.125)

S
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Horizontal Shear Force/Inch in Welds at Section B-B

(Mbb)y 78,000 (1.125 + 1.75/2) = 7,562 pounds/inch
(hy-(Zw)bb - t (5.125)2/4

Combined Shear Force/Inch in Welds at Section B-B

(fr)y = /(fv)yJ2 + [(fh)y]2 = •(4845)2 + (7562)2

= 8,981 pounds/inch

Shear Stress in Weld at Section B-B

(fr)y _8981_

(wy Lbb 0.884 1,5 s

Margin of Safety (MS) in Weld at Section B-B

Fy 12,500
(MS)= Sf)y 1 - 1 = +0.23

10,159

2.5.1.1.4 Sequence of Liftinq Component Failure

In addition to the load factor requirements in 10 CFR 71.45(a), lifting components must be

designed such that, if the component fails under excessive load, the package will continue to

meet other 10 CFR 71 requirements. To establish that the package continues to meet other

10 CFR 71 requirements, it is shown below that the trunnions will fail before the containment

boundary fails. Trunnion failure enables other cask features (for example, impact limiters, cask

body, etc.) to perform their function and bring the cask and contents to rest without breaching

containment.

The maximum load carrying capacity of the trunnions, the trunnion welds, and the upper forging

are calculated in this section.

Trunnions

Thle trunnions are manufactured from Type 304 stainless steel. To conservatively evaluate the

maximum load carrying capacity of the trunnions, bending is neglected and the trunnion is

considered in pure shear failure. The maximum load carrying capacity is calculated by

multiplying the ultimate shear strength of Type 304 stainless steel by the cross-sectional area of

the trunnion. The ultimate shear strength is calculated by multiplying the ultimate tensile

strength (UTS) by 0.50 (Section 2.1.2.2).

NAC International2515 2.5.1-5
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= 446,235 lbs

where:

Pu = maximum load capacity (lb)

Ssu = (UTS) (0.50), Type 304 stainless steel @ 2000 F (psi)

- 35,500 psi

Dt= 4.00 in.

At = shear area of trunnion (in2) = (ir/4) (Dr)2

= 12.57 in2

Trunnion Weld Interface

The width of the interface between the trunnion and the weld is (0.502 + 0.752)0.5 0.901 inch

with an effective diameter of 5.0 inches. The ultimate shear capacity of the trunnion at the weld

interface is:

Pu = (5-0)Qut(0-901)(35,500)

= 502,427 lbs

Trunnion Weld

Figure 2.5.1-1 shows the lifting component (trunnion and trunnion weld) attached to the upper

forging. The applied load, W, acts 2.125 inches from the weld and outer shell. The effects of

bending are conservatively ignored because the line of action of the load is less than one

diameter from the trunnion weld.

The effective weld area for the fillet/groove weld is the circular ring described by the minimum

throat area as described in Section 2.5.1.1.3. The weld area is calculated as:

- 14.23 in 2

where:

Aw=effective weld area (in2)

Lw= minimum throat length =0.884 in

Dm =mean diameter = 5.125 inches

NAC International2.1- 2.5.1-6
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O ~The ultimate shear stress, Ssu,, for AWS E308 electrodes, which are used to weld Type 304S stainless steel, is (0.5)(80,000) =40,000 psi. The maximum load that the trunnion weld can

withstand is:

= 569,200 lbs

Cask Upper Forging

The lifting components are attached to the upper forging of the NAC-LWT cask. Since the

upper end casting is a solid piece of Type 304 stainless steel, this calculation considers the

1.25-inch wide ring of parent material beneath the trunnions (shown as a cross-hatched area in

Figure 2.5.1-1). The maximum load that the outer shell can withstand is:

- 801,590 lbs

where:

Ap= (it/4)(D~o - D•)

- (ir/4) (7.00 - 4.5 02)

O = 22.58 in2

S = 35,500 psi

Conclusion

The maximum load carrying capacity of the trunnion, the trunnion/weld interface, the trunnion

weld, and the upper forging are summarized in Table 2.5.1-1. The trunnion has a minimum load

carrying capacity; its failure under excessive load will not impair the ability of the package to

mneet the other requirements of 10 CFR 71, Subpart B.

2.5.1.2 Lid Lifting Bolts

The top of the NAC-LWT cask lid is equipped with four I - 8 UNC threaded holes on a 9.0-inch
square pattern to accommodate bolts to be used to lift the lid. These holes are threaded 1 .5

inches deep.

A load factor of 3.0 for yield strength analysis is applied to the load for handling safety. The

weight of the lid without attachment bolts is 919 pounds; thus, the tensile force on each bolt is

(3.0)(919)/4 = 689 pounds. For conservatism, it is assumed that the bolt and the lid are of the
same material, Type 304 stainless steel, which has a yield strength (Sy) equal to 27,500 psi at
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150°F. Any dynamic load effects are negligible when considered in combination with the large
applied load factors.

The tensile stress area (At) for a 1 - 8 IJNC bolt, according to Table 111.3 of "Screw-Thread
Standards for Federal Services," is 0.606 square inches. Therefore, the stress in the bolt is
689/0.606 -- 1044 psi and the margin of safety is (27,500/1044) - 1 =+LARGE.

The minimum length of thread engagement (La) required to fully develop the tensile strength of
the bolt is calculated from "Screw-Thread Standards for Federal Services," Section II, Article 23,
which gives the equation:

~rink + [.5n + 0.57735 (Es., - Km

where ("Screw-Thread Standards for Federal Services," Table 111.10):

n =number of threads per inch =8

Km = maximum minor diameter of threaded hole =0.890 in

Em.= minimum pitch diameter of bolt threads = 0.910 in

Le 2(=66)= 0.7318 in
rt (8) (0.890) [1/ 2(8) + 0.57735(0.910 - 0.890)]

This length is less than the 1.25-inch actual depth of threads, assuming the first and last threads

are inactive; therefore, the internal threads of the tapped hole possess enough strength to cause

the bolt to fail before the threads shear.

2.5.1.3 Can Assembly (315-40-98)

The LWT can assembly lifting is accomplish by lifting the assembly at the handle on the can lid.
A factor of safety on yield strength of 3 is required for handling safety. The weight lifted by the
handle (considering a 10% dynamic load factor) is:

W = (350 + 310 + 240 + 75) x 1.1 =1,072 lbs

During lifting, the tensile stress at the minimum cross section of the handle is:

W 1,072 lb
% -- _-1,374 psi
A 0.78 in2

where:
A = (4.25 -3.0) x 5/8 = 0.78 in2
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S Because the factor of safety, FS- 1730 -13.0 > 3, the design condition lifting stresses have a

1,326

factor of safety of 3 on the basis of yield strength is met.

The maximum shear occurs at the center of the handle and is computed as:

W 1,072 lbs-2,6ps
A (3.23-1.5 -0.23- 0.88)(0.625) in.-

The factor of safety (FS) is conservatively calculated using a shear allowable of 0.6Sin at 750°F.

FS=0.6(17,300 psi) = 3.8

2,766psi

Therefore, the design condition that lifting stresses have a factor of safety of 3 on the basis of

yield strength is met.

0

0
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Figure 2.5.1-1
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Trunnion Cross-Section and Forging Shear Area
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0
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Table 2.5.1-1 Maximum Capacity of the Lifting Components

Liftinci Trunnion I 446,235 lbs
Trunnion/Weld Interface 502,427 lbs

Trunnion Weld 569,200 lbs

Cask - Upper Forging I 801,590 lbs

0
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2.5.2 Tiedown Devices

The NAC-LWT cask is tied down to the shipping skid using the following: (a) rotation trunnions

near the bottom at point i (Figure 2.5.2-1); and (b) a 90-degree saddle support, hold-down straps

and a shear ring near the top end at point j (Figure 2.5.2-1). Longitudinal force towards the

bottom of the cask is resisted by the supports at the rotation trunnions; a shear ring welded to the

outer shell resists the longitudinal force towards the top end of the cask. A 0.50-inch gap is

provided between the shear ring and the saddle support to accommodate the thermal expansion

of the cask.

In accordance with 10 CFR 71.45(b), the tiedown components of the cask are designed for static

forces having a vertical component of two times the weight of the package, a longitudinal

component of ten times the weight of the package, and a lateral component of five times the

weight of the package. The design weight of the NAC-LWT cask with its contents and impact

limiters is 52,000 pounds.

2.5.2.1 Discussion and Loads

The resultant force on the shear ring is assumed to act at the centroid of the contact area between

the shear ring and the saddle support. Referring to Figure 2.5.2-1, the distance of the centroid

from the center of the cask is determined:

y =(AoYo -A~y,)/(Ao -A,)

= 13.90 inches

where:

A =09R2

y =(2R sin / 30

0 = 45° =r/4 radians

Ro=15.81 inches

Ri= 15.06 inches

There are three loading cases for the tiedown components - vertical, longitudinal, and lateral
loads. The reaction forces for each loading case are determined by the equations of equilibrium.

NAC International252- 2.5.2-1
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2.5.2.1.1 Vertical Load

Downward Direction Case

Fy= -2W =-2(52,000) = -104,000 lbs

Summing moments Mz about point j:

XMz -104,000(82.22) + 2Riy (165.63) = 0

Riy =+25,813 lbs

Summing vertical forces:

2Riy + Ry- 104,000 = 0

R~y= 52,374 lbs

Note: Ri = R = 0 because of the gap provided at the shear ring.

August 2015

Upward Direction Case
Fy= +2W = ±2(52,000) = + 104,000 lbs

similarly (Section 2.5.2.1.1),

Riy=- 25,813 lbs

Ry= -52,374 lbs

Note that the support saddle cannot carry any upward load. Hence, the negative Rhy is resisted by
tiedown straps.

2.5.2.1.2 Longitudinal Load

Load Toward the Top End of the Cask

±10 +lW =+10(52,000) =+520,000 lbs

Summing horizontal forces:

520,000 + Rx= 0

R x= - 520,000 lbs

Summing moments about j:

520,000(13.90) + 2R~y (165.63) = 0

Ry- -21,820 lbs
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~Summing vertical forces:

RY- 2(2 1,820) = 0

Ry- 43,640 lbs

Load Toward the Bottom of the Cask

x=-lo0W = -10(52,000) =-520,000 lbs

Summing horizontal forces:

-520,000 + 2Rix = 0

Rx= ±260,000 lbs

Summing moments about j:

-520,000(13.90) + 2(260,000)(13.90 + 3) + 2R~y (165.63) = 0

Ry=-4,709 lbs

Summing vertical forces:

Ry- 2(4709) =0

Rj 9,418 l bs

S2.5.2.1.3 Lateral Load

F S= W = 5(52,000) = 260,000 lbs

To find the reactions resisting the above load, it is necessary to find the location of the bearing

pressure between the support saddle and the cask surface. The contact surface is one-half of the

saddle, as shown in Figure 2.5.2-2. Assume that the horizontal bearing pressure at any point is

proportional to the sine function of the angular distance of the point from the lowest point in the

saddle.

Referring to Figure 2.5.2-2, take a unit radius:

dA =sin0[cos0 - cos(0 + dO)]

= sin0[icosO - (cos~cosdO - sin~sindO)]

For small angle dO, cosdO 1, sindO dO

hence,

dA = sin20d0

0
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A =JI o4 Sin20dO S
1 1

= -0 -- sin2O
2 4

= (7r- 2)/8 = 0.1427

The first moment of area about the horizontal line through the center is:

dM = ydA

= cos0sin2 0d0

M = jO/4 cOosOs2 0d0

= (sin30)/3

= 0.17785

- M
y =-=-0.8259

A

where:
R =14.31 inches

y = 11.82 inches

Call the location of this centroid: point k.

The horizontal distance from the center of the cask to the support point i is 16.87 inches.

Summing moments about the vertical line through k (Figure 2.5.2-3):

260,000(82.22) + Ri (165.63) = 0

Ri =-129,066 lbs

Summing forces along the Z-axis:

260,000 - 129,066 + Rjz 0

R3 = -130,934 lbs

Summing forces along the Y-axis:

Ri = -Riy
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p Summing moments about the longitudinal axis of the cask:

130,934(11l.82)-129,066(3)- Rig (16.87+16.87) = 0

I~y= 34,394 lbs

Ry= -34,394 lbs

(Opposite Lateral Load)

F =-5W = -5(52,000) = -260,000 lbs

The reactions for this case are opposite to the previous case.

2.5.2.1.4 Loads Summary

The results of all the loading cases are summarized in Table 2.5.2-1.

2.5.2.2 Rear Support

The NAC-LWT cask rear tiedown attachment is at the rotation trunnions. There are two rotation

trunnions, which are slots located 16 inches above the bottom of the cask and spaced at

approximately 180-degree positions in line with two of the lifting trunnions. Each slot is aS machined part, which is welded all around to the cask outer shell. The neutron shield tank shell

is cut out to provide access to the slots. The geometry details of the shield tank cut-outs and the

rotation trunnion slots are shown in Figure 2.5.2-4.

2.5.2.2.1 Loads

The rotation trunn ions are analyzed for the cask tiedown load condition defined in

10 CFR 71.45(b). The condition used for this analysis assumes that the cask is supported

horizontally on a trailer and is subjected to a 10 g longitudinal shock load simultaneously with a

2 g vertical shock load and a 5 g lateral shock load. The direct lateral load is transferred to the

cask through bearing on the large trunnion slot base. Any dynamic load effects are negligible

when considered in combination with the large applied load factors. The critical loads on the

rotation trunnions are derived in Section 2.5.2.1.

0
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-ROTATION TRUNNION

Fx

Fy

Fr

Resultant Load Determination

Fr = $(Fx) 2 + (F,)2

= 272,632 lbs

where:

Fx= 260,000 lbs

Fy= 82,027 lbs (Table 2.5.2-1; Section 2.5.2.1)

then

0 = arctan (82,027/260,000) 0
= 17.5 degrees

2.5.2.2.2 Material Properties at 200°F

The yield strength of each material at 200°F is the allowable stress:

Type 304 stainless steel

Sy= 25,000 psi

Cask and Trunnion Slot (Base Metal)

The bearing stress ratio is taken from MIL-HDBK-5A where the bearing yield stress for the
austenitic stainless steels at ambient temperature is specified as 50,000 psi and the yield strength

as 30,000 psi. It is assumed that the ratio of bearing stress to yield stress remains constant up to

200°F:

Sbry = 1.67(25,000) = 41,750 psi
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The shear strength is (0.6) (yield strength):

Sy= 0.dSy = 15,000 psi

Weld Metal

The weld metal properties exceed those of the base metal, based on standard welding code

practice; therefore, the base metal properties will be used for the weld analysis:

(Syw= 15,000 psi

2.5.2.2.3 Stress Analysis

Bearing Stress in Trunnion Slot (Figure 2.5.2-4)

Fy- 272,632 lbs

Length of engagement for 4.00-in diameter pin -- 3.25 inches

Abr =4.00(3.25) =13.00 in2

Sbr-F

Abr

- 20,972 psi

Sbw
MS- 1 =±+0.99

Sbr

Stress in Weld Connecting Trunnion to Cask (Figure 2.5.2-4)

Assume the entire load transferred to the cask outer shell through the weld at the base of the

trunnion.

0

Section Through Weld at Base of Pocket

NAG International252- 2.5.2-7



NAC-LWT Cask SAR
Revision 44

August 2015

Section A-A

Effective thickness of weld (te) = (J§f2) (tw)
for:

tw =0.875 in; te =1.237 in

tw =0.438 in; te =0.619 in

Section Properties of Weld Group

Area (Aw) = 42.74 1 in2

y = 4.5 00 inches

x =6.412 inches

lxx = 501.924 in4

Iy = 718.398 in4

Jxy = lxx + lyy = 1220.322 in4

Loads on Weld Group

F×= 260,000 lbs

Fy= 82,027 lbs

ex = 6.412-4.000 =2.412 inches

ez = 19.08- 14.00- 3.25/2 = 3.455 inches

NAG International2.2- 2.5.2-8
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Mx=Fy (ez) =82,027 (3.455) =283,403 in-lbs

My=F× (ez) =260,000 (3.45 5) = 898,300 in-lbs

Mz= Fy (ex)= 82,027 (2.412) =197,849 in-lbs

Maximum Stresses on Effective Thickness of Weld Group

x Mz - 260,000 ±(197,849)(4.50)

Aw Jxy 42.741 1220.322

= 6813 psi

Fy MzC• 82,027 (197,849)(6.412)
Sy- + - +
~'Aw Jy 42.741 1220.322

- 2959 psi

MxCy~ MyCx, (283,403)(4.5) +(898,300)(6.412)

I Iy (501.924) (718.398)

= 10,559 psi

Ssma_ - (S_2 + Sy 2 +Sz).

= 12,910 psi

M.S. - (SY' -1 = + 0.16
Ss flax

The positive margins of safety show that the rotation trunnion meets the requirements of

10 CFR 71.45(b).

2.5.2.2.4 Overload - Tiedowns

According to 10 CFR 71.45(b)(3), each tiedown device that is a structural part of a package must

be designed so that failure of the device under excessive load would not impair the ability of the

package to meet the other requirements of 10 CFR 71. For this reason, the shear capacity of the

rotation trunnions, weld and outer shell are compared.

The weld attaching the rotation trunnion to the outer shell and the lower forging is shown in

Section 2.5.2.2.3. The shear capacities of the rotation trunnions, weld and outer shell are

calculated below (see sketch of Section A-A on page 2.5.2-8 for geometry details).
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Rotation Trunnion

The width of the interface between the rotation trunnion base metal and the weld is:

= 1.374 in

The ultimate shear capacity of the rotation trunnion base metal per inch of length along the weld

is:

Frt = 1.374(0.50 Stu)

= 1.374(0.50 x 71,000)

= 48,777 lbs/in

Weld

The effective throat of the weld is:

t• = 1.414(0.875)

= 1.237 in

The welding electrode used to weld Type 304 stainless steel is AWS E308 with a tensile strength

of 80,000 psi. The ultimate shear capacity per inch of length of weld is:

Fw= 1.237(0.50 x 80,000)

= 49,480 lbs/in

Outer Shell

The width of the interface between the weld and the outer shell base metal is:

bs= 2(0.875)

- 1.75 in

The ultimate shear capacity of the outer shell base metal per inch of length along the weld is:

Fo5 = 1.75(0.50 x 71,000)

- 62,125 lbs/in

The maximum shear capacities per inch of length along the weld interface are summarized as

follows:

Rotation trunnion = 48,777 lbs/in

Weld = 49,480 lbs/in

Outer shell= 62,125 lbs/in

NAG International 25212.5.2-10
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Thus, the rotation trunnions and the weld will fail in shear before the outer shell, assuring that
failure caused by excessive overload on the rotation trunnions will not impair the ability of the

package to meet the other requirements of 10 CFR 71.

2.5.2.3 Front Support

2.5.2.3.1 Discussion
The longitudinal force toward the top end of the cask is resisted by a shear ring welded to the

cask outer shell. The shear ring is located at the juncture of the neutron shield shell top plate

with the outer shell.

2.5.2.3.2 Shear Rinq

25--

.75-

SHIPPING

CASK OUTER SHELL

/'8
167

SHEAR P•ING

Shear Ring Geometry

The shear ring geometry bears on the shipping frame along a 90-degree arc (Figure 2.5.2-1). The
load on the shear ring is:

R~×= 520,000 lbs (Section 2.5.2)

Assuming that 0.75 inch of the ring thickness is in direct bearing against the side of the support

frame, the bearing pressure is:

Sbrg = 520,000/(0.5)(7t)(1 5.06)(0.75)

= 29,309 psi

The allowable bearing on the surface of Type 304 stainless steel is:

(Sbrg)ALL = 41,750 psi at 200°F

The margin of safety for bearing is:

MS = (41,750/29,309) - 1= +0.42

NAC International 25212.5.2-11
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The shear stress across the weld is:

Ss = (29,309)(0.75)/(1 .12)(2) =9,813 psi/in

In addition, the bar is subject to flexure:

M = (29,309)(0.75)(0.75 + 0.375)

= 24,729 in-lb/in

The moment of inertia of the welded area is:

I = (1)(3.5)3/12 - (1)(1.25)3/12

= 3.410 in4

The flexural stress is:

Sb --- (24,729)(1.75)/3.410

= 12,690 psi

The equivalent stress is:

Seq =(Sb2 + 3SS2)°

- 21,211 psi

The margin of safety at 200°F is:

MS =(25,000/21,211 )- 1 = +0.18

where:

Sy =25,000 psi at 200°F.

August 2015
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Figure 2.5.2-1 Front Support and Tiedown Geometry

Free Body Diagram

0.75

Shear Ring Geometry
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Figure 2.5.2-2 Pressure Distribution of Horizontal Bearing Between Cask and Support

Saddle

o.e259R
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Figure 2.5.2-3 Free Body Diagram of Cask Subjected to Lateral Load

K Riz
Z

R jy

11.B2•

~-K.
NRk •z Fz

!2 - - - 83.41

0

NAC International 25212.5.2-15



NAC-LWT Cask SAR
Revision 44 August 2015

Figure 2.5.2-4 Rotation Trunnion Pocket
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Table 2.5.2-1 Reactions Caused By Tiedown Devices

Reactions lb)
Load Case Load lb) Rj Rj Rj Ri Ri i

Al F = -104,000 0 52,374 0 0 25,813 0
A2 Fy= 104,000 0 -52,374 0 0 -25,813 0
B1iF = 520,000 -520,000 43,640 0 0 -21,820 0
82 Fx= -520,000 0 9418 0 260,000 -4709 0
C1lF = 260,000 0 0 -130,934 0 -34,394 -129,066
02 Fz=-260,000 0 0 130,934 0 34,394 -129,066

Maximum combined reactions 0 96,014 130,934 260,000 60,207 129,066

(A + B + C) -520,000 -52,374 -130,934 0 -82,027 0
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2.6 Normal Conditions of Transport

2.6.1 Hot Case

2.6.1 .1 Discussion

The NAC-LWT cask body and lid are analyzed for structural adequacy in accordance with the

requirements of 10 CFR 71.71(1) Heat (normal transport conditions). The cask is assumed to be

loaded and ready for shipment in the horizontal position with an ambient temperature of 130°F.

The stress analysis of the cask is performed by the finite element method using the ANSYS

computer program (See Sections 2.10.1 and 2.10.2 for model and computer program

descriptions).

2.6.1.2 Analysis Description

2.6.1.2.1 Geometry

The finite element model is described in Section 2.10.2. The temperature-dependent material

properties presented in Section 2.3 are used in the analysis.

2.6.1.2.2 Loadinqs

An internal pressure of 50 psig is applied on the cask cavity and lid interior surfaces in the

outward normal direction. The pressure loading region includes the lid and upper body forging

mating surfaces outward to the inner cask lid seal centerline.

The total cask lid bolt torque, as calculated in Section 2.1.3.2.2, is applied to the bolt, which is

modeled as a beam element with a preload force of 39,788.74 pounds/radian (This is equivalent

to an initial strain of 0.0021361 in/in-radian).

Cask temperatures as determined in Section 3.4.2 (based on 130°F ambient temperature) are

imposed on the model. See Section 2.10.3.1 for the resulting isothermal temperature plot.

Mechanical loads resulting from the total weight of the cask structure and contents are imposed

on the model. The total weight of the finite element model is 37,519 pounds, which is less than

the design weight of 52,000 pounds (The design weight includes the total weight of the cask and

its contents). Therefore, an acceleration of 1.387 g (535.94 in/see2) is uniformly applied to the

finite element model in the positive global x-direction (The model is defined in the positive x-y

plane).

Fabrication stresses are considered negligible as demonstrated in Section 2.6.11.
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2.6.1.2.3 Displacement Boundary Conditions

The finite element model is restrained radially at all centerline nodes and longitudinally at the

node located on the centerline at the cask model global origin; i.e., at the bottom of the cask

model.

2.6.1.3 Detailed Analysis

Stresses throughout the finite element model of the cask body and closure lid are calculated for

the combined pressure, bolt preload, thermal and mechanical load conditions as previously

described. In accordance with the design criteria presented in Section 2.1.2, the calculated

stresses are evaluated as primary membrane (Pro), primary membrane plus primary bending

(Pmo + Pb), Sn and total stress categories. The secondary stresses (thermal) are conservatively

included in the primary stress categories and margin of safety calculations; therefore, the 3 Sm

limit on the Sn stress intensity range is satisfied because it is enveloped by the 1.0 Sm limit on

primary stress intensity.

To satisfy this criteria, procedures have been implemented (as demonstrated in Section 2.10.3) to

determine the following:

1. The critical Pm and Pm + Pb section stresses for each cask component.

2. The critical total stress for each cask component.

The most critical sections for each cask component are shown in Figure 2.6.1-1. The maximumS

Pmn and Pm + Pb stresses for each component are reported in Table 2.6.1-1 and Table 2.6.1-2,

respectively. Both tables consider the allowable stress for a component with a temperature of

300°F. Additionally, the stresses at representative sections throughout the cask are presented in

the tables in Section 2.10.7. These tables document the maximum stress locations tabulated for

each component. The critical total stress for each cask component is reported in Table 2.6.1-3..

For the fatigue evaluation, refer to Section 2.1.3.2.

The minimum margin of safety is shown to be +0.30, which occurs in component 7 (the Type

304 stainless steel cask bottom) for the condition of Pro + Pb stress. This section is located 5.50

inches axially from the bottom of the cask body at the region where the bottom lead shielding is

located.
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S 2.6.1.4 Conclusion

Using conservatively applied loadings and stress categorization, it is demonstrated that the

minimum margin of safety for the NAC-LWT cask for the heat condition is +0.30. Therefore, the

NAC-LWT cask satisfies the requirements of 10 CFR 71 for consideration of the heat load

condition.

0

0
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Figure 2.6.1-1 NAC-LWT Cask Critical Sections (Hot Case)

t
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Table 2.6.1-1 Critical Stress Summary (Hot Case) - Pm

Pm Stresses (ksi) Principal Stresses _____

Allow. Margin
Comp. Cut Node to Stress 1.0 of Safety

No. 1  Node Sx Sy Sz Sxy Si S2 S3 S.1. Sm_____
1-1 _______ ______ ______ ______ ______ ______

1 2302 to 2562 0.67 0.16 -0,44 0.51 0.99 -0.15 -0.44 1.43 20.0 Large
2-2

3 1595 to 1598 0.00 10.20 0.27 -0.06 10.20 0.27 0.00 10.20 20,0 +1.0
________ 3-3_____ _____

4 1121 to 1124 -0.03 3.38 0.45 0.00 3.38 0.45 -0.03 3.41 31.4 +8.2
4-4

6 1115 to 1118 -0.01 11.18 0.05 0.00 11.18 0.05 -0.01 11.19 31.4 +1.8
________ 5-5_____ _____ _____ _____

7 375 to 300 1.80 6.23 3,47 -4.98 9.46 3.47 -1.43 10.90 20.0 +0.8
6-6__________ ____ _

8 192 to 342 -5,6 1 1.21 -0.75 3.56 2.73 -0.75 -7.13 9.85 20.0 +1.0

SRefer to Figure 2.1l 0.2-9 for component identification.
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Table 2.6.1-2 Critical Stress Summary (Hot Case) -Pm + Pb

Pm + Pb Stresses (ksi) Principal Stresses ______

Allow.
Comp. Section Cut Stress 1.5 Margin

No.' Node to Node Sx Sy, Sz Sxy Si S2  S3 S.I. Sm of Safety
7-7_______

1 2371 to 2571 -3.06 -0.26 0.10 0.18 0.10 -0.25 -3.08 3,17 30.0 +8,5
8-8

3 1852 to 1856 -0.30 13.09 3,90 -0.56 13.11 3.90 -0.32 13.43 30.0 +1.2
9-9_______

4 1101 to 1104 0.00 3.68 0.68 0.00 3.68 0.68 0.00 3.68 47.1 Large
2-2___________ _

6 1595 to 1598 -0.01 11.59 0.48 -0.06 11.59 0.48 -0.01 11.60 47.1 +3.0
________ 10-10__ _ _ _ _ _ _ _ __ _ _ _ _ _ _____

7 168 to 175 -13.48 9.78 1.46 -1.09 9.83 1.46 -13.53 23.36 30.0 +0.3
________ 6-6 _______ _____

8 192 to 342 -16.04 1.21 -0.75 3.56 1.91 -0.75 -16.74 18.66 30.0 +0.6

SRefer to Figure 2.10.2-9 for comnponent identification.
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Table 2.6.1-3 Critical Stress Summary (Hot Case) - Total Range

Total Stress Range (ksi) Principal Stresses Stress Differences
Comp.

No. 1  Node Sx Sy Sz Sxy Si S2  S3 Si-S2 S2-S3 S3-Sl
1 2561 1.05 0.01 1.05 -18.80 19.34 1.05 -18,28 18.29 19.33 -37.62
3 1856 -0.30 12.04 3.33 0.18 12.04 3.33 -0.30 8.71 3.63 -12.34
4 1584 0.23 4.07 1.37 0.25 4.09 1,37 0.21 2.72 1.16 -3.88
6 1118 0.00 11.50 0.30 0.00 11.50 0,30 0.00 11.20 0.30 -11.50
7 1 4.81 0,03 4,81 23.99 26.53 4.81 -21.69 21.72 26,50 -48.22

8 192 1.59 -18.05 -7.95 2,20 1.83 -7.95 -18.29 9.78 10.34 -20.12

SRefer to Figure 2.10.2-9 for component identification.
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2.6.2 Cold Case

2.6.2.1 Discussion

The NAC-LWT cask body and lid are analyzed for structural adequacy in accordance with the

requirements of 10 CFR 71 .71 (c)(2) Cold (normal transport conditions). The cask is assumed to

be loaded and ready for shipment in a horizontal position in an ambient steady-state

environmental air temperature of -40°F.

The stress analysis of the cask is performed by the finite element method using the ANSYS

computer program. See Sections 2.10.1 and 2.10.2 for model and computer program

descriptions.

2.6.2.2 Analysis Description

2.6.2.2.1 Geomnetry

The finite element model is described in Section 2.1 0.2. The temperature-dependent material

properties presented in Section 2.3 are used in this analysis.

2.6.2.2.2 Loadings

An internal pressure of 50 psig is applied on the cask cavity and lid interior surfaces in the

outward normal direction. The pressure loading region includes the lid and upper body forging

mating surfaces outward to the inner cask lid seal centerline.

The total cask lid bolt torque, as calculated in Section 2.1.3.2.2, is applied to the bolt that is

modeled as a beam element with a preload force of 39,788.74 pounds/radian, which is equivalent

to an initial strain of 0.0021361 in/in-radian. Cask temperatures as determined in Section 3.4.3

(based on -40°F ambient temperature) are imposed on the model. See Section 2.10.3.2 for the

resulting isothermal temperature plot.

Mechanical loads due to the total weight of the cask structure and contents are imposed on the

model. Since the total weight of the finite element model is 37,519 pounds, it is less than the

design weight (52,000 pounds), which includes the total weight of the cask and its contents.

Therefore, an acceleration of 1 .387 g (535.94 in/sec 2) is uniformly applied to the finite element

model in thle positive global x-direction (The model is defined in the positive x-y plane).

Fabrication stresses are considered negligible as demonstrated in Section 2,6.11.
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2.6.2.2.3 Displacement Boundary Conditions

The finite element model is restrained radially at all centerline nodes and longitudinally at the

node located on the center line at the cask model global origin, i.e., at the bottom of the cask

model.

2.6.2.3 Detailed Analysis

Stresses throughout the finite element model of the cask body and closure lid are calculated for

the combined pressure, bolt preload, thermal and mechanical load conditions as previously

described.

In accordance with the design criteria presented in Section 2.1.2, the calculated stresses are

evaluated as Pm, Pm + Pb, Sn and total stress categories. The secondary stresses (thermal) are

conservatively included in the primary stress categories and margin of safety calculations;

therefore, the 3 Sm limit on Sn stress intensity range is satisfied because it is enveloped by the 1 .0

Sm limit on primary stress intensity.

To satisfy this criteria, procedures have been implemented (as demonstrated in Section 2.1 0.3) to

determine the following:

1. The critical Pm and Pm + Pb section stresses for each cask component

2. The critical total stress for each cask component.

The most critical sections for each cask component are shown in Figure 2.6.2-1. The maximumS

Pm and P1m+ Pb stresses for each component are reported in Table 2.6.2-1 and Table 2.6.2-2,

respectively. Both tables consider the allowable stress for a component with a temperature of

300°F. Additionally, the stresses at representative sections throughout the cask are presented in

the tables in Section 2.10.7. These tables document the maximum stress locations tabulated for

each component. The critical total stress for each cask component is reported in Table 2.6.2-3.

For the fatigue evaluation, refer to Section 2.1.3.2.

The minimum margin of safety is shown to be ±1 .50, which occurs in component 7 (the Type

304 stainless steel cask bottom) for the condition of Pm + Pb stress. This section is located 10.50

inches axially from the bottom of the cask body at the intersection of the outer shell with the

bottom.
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2.6.2.4 Conclusion

Using conservatively applied loadings and stress categorization, it is demonstrated th~at the

minimum margin of safety for the NAC-LWT cask for the cold condition is +1.50. Therefore,

the NAC-LWT cask satisfies the requirements of 10 CFR 71 for consideration of the cold load

condition.
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Figure 2.6.2-1 NAC-LWT Cask Critical Sections (Cold Case)

(ctTI 7
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Table 2.6.2-1 Critical Stress Summary (Cold Case) - Pm

_____Pm Stresses (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.0 Margin
No.1 Node to Node Sx Sy Sz Sxy Si S2 S3  S.I. Sm of Safety

1-1 _______ _______ _______ __________

1 2302 to 2562 0.75 0.07 -0.53 0.51 1.02 -0.20 -0.53 1.55 20.0 Large
2-2 ____ _____ _

3 1835 to 1856 -0.28 6.08 2.12 1.66 6.49 2.12 -0.69 7.18 20.0 +1.8
3-3__________ ______ _

4 701 to 704 -0.01 -2.59 0,13 -0.01 0.13 -0.01 -2.59 2.72 31.4 Large
4-4_____ _____ ____ _

6 1115 to 1118 -0.01 7.82 0.06 0.00 7.82 0.06 -0.01 7.83 31.4 +3.0
5-5_____

7 375 to 325 0.24 5.24 3.42 -3.08 6.71 3.42 -1.23 7.93 20.0 +1.5
6-6 ____

8 192 to 342 -2.72 -0.74 -0.38 0.82 -0.38 -0.45 -3.01 2.64 20.0 +6,6

SRefer to Figure 2.10.2-9 for component identification.
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Table 2.6.2-2 Critical Stress Summary (Cold Case) -Pm + Pb

Pm -+ Pb Stresses (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No.1  Node to Node Sx Sy Sz Sx Si S2 S3 S.I. Sm of Safety

7-7
1___ 2371 to 2571 -3,81 -0,39 0.06 0.19 0.06 -0.38 -3.82 3.88 30.0 +6.7

8-8 ____ ____ _

3 1852 to 1856 -0.26 10.30 3.87 -0.19 10.30 3.87 -0.26 10.57 30.0 +1.8
9-9__________ _

4 1521 to 1524 0.00 -3.08 -0.25 -0.01 0.00 -0.25 -3,08 3.08 47.1 Large
4-4_____

6 1115 to 1118 0.00 8.30 0.48 0.00 8.30 0.48 0.00 8.30 47.1 +4.7
10-10 ______ ___ __

7 346 to 350 -0.23 11.86 5.77 -0.29 11.87 5.77 -0.24 12.10 30.0 +1.5
6-6

8 192 to 342 -6.67 -0.74 -0,38 0.82 -0,38 -0.63 -6.78 6.41 30.0 +3.7

Refer to Figure 2.10.2-9 for component identification.

NAC International 2.6.2-6



NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.6.2-3 Critical Stress Summary (Cold Case) - Total Range

________ Total Stress Range (ksi) Principal Stresses Stress Differences
Comp.

No.1 Node Sx Sy Sz Sxy Si S2 S3 Sl-$2 S2-S3 S3-$1
1 2561 0.28 0.01 0.27 -18.80 18.95 0.27 -18.66 18.68 18.93 -37.61
3 1856 -0.26 10,18 3.50 -0.01 10.18 3.50 -0.26 6.68 3,76 -10.44
4 1261 0.00 -2.66 -0.39 0.00 0.00 -0.39 -2.66 0.39 2.27 -2.66
6 1278 -0.03 8.16 0.20 0.00 8.16 0.20 -0.03 7.96 0.23 -8.19
7 1 4.64 0.02 4.64 23.99 26.43 4.64 -21.77 21.79 26.41 -48.20
8 192 -0.97 -7.36 -2,70 1.45 -0.66 -2.70 -7.67 2.04 4.97 -7,0 1

SRefer to Figure 2.1l 0.2-9 for component identification.
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2.6.3 Reduced External Pressure

The drop in atmospheric pressure to 3.5 psia, as specified in 10 CFR 71.71 (c)(3), effectively

results in an additional internal pressure in the cask of 11.2 psig. This additional pressure has a

negligible effect on the NAC-LWT cask because the cask is conservatively analyzed for a

normal operations conditions internal pressure of 50.0 psig in Section 2.6.1.2.
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02.6.4 Increased External Pressure

An increased external pressure of 20 psia (5.3 psig external pressure), as specified in
10 CFR 71.71 (c)(4), has a negligible effect on the NAC-LWT cask because of the thick outer
shell and end closures of the cask. Conservatively, applying a 2 0-psi external pressure to the

expansion tank shell and to the neutron shield tank shell produces hoop stresses of only 1373 psi
and 1627 psi, respectively. These stresses are negligible. Additionally, Section 2.6.7 addresses

many different loading cases, which exceed these prescribed external pressure requirements.
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2.6.5 Vibration

The effect of vibrations normally incident to transportation is considered to be negligible for the

NAC-LWT cask. This conclusion is based on the fact that the calculated stresses for vibrations

normally incident to transportation are much smaller than the calculated stresses for the normal

transport 1-foot side drop event. The following analysis documents this fact.

The normal transport 1-foot side drop, discussed in Section 2.6.7.3, results in an impact

deceleration equal to 24.3 g. This impact force produces a 17,420 psi stress intensity in the inner

shell and a 23,590 psi stress intensity in the outer shell of the NAC-LWT cask.

As a conservative worst case, it is assumed that the normal transport vibration acceleration is

equal to the equivalent acceleration which will produce the normal vertical loading imposed on

the tiedown devices by 10 CFR 71 .45(b)(1). This regulation specifies a load factor of 2.0 to be

applied to the package weight; therefore, it is assumed that the tiedown devices and the cask

must resist an imposed 2.0 g vibration acceleration.

The maximum stress intensity range for normal transport vibration is obtained by multiplying the

stress from the 1-foot side drop impact by the ratio of acceleration values from vibration to those

for the drop impact. Thus the stress intensities in the outer shell (the critical component) are

Smax = (2/24.3)(23,590) = 1942 psi and Stai = -(2/24.3)(23,590) = -1942 psi, and the maximum
stress intensity range is Sn = 3884 psi. The allowable alternating stress intensity for austenitic
stainless steel is determined as the 10"I cycle value from the "ASME Boiler and Pressure Vessel

Code," Table 1-9.2.2 ratioed for the effect of the 300°F temperature. This value is Se = 12,975
psi; therefore, the margin of safety for the critical component of the NAC-LWT cask for normal

transport vibration is:

MS = (Se /Salt ) - 1 = (12,295/1942) - 1 = +Large

where:

Salt = 0.5 Sn

The rotation trunnions serve as the rear tiedown for the NAC-LWT cask during normal transport.

The rotation trunnion is the critical tiedown component for all three load axes; the front of the

cask is supported in a cradle and restrained vertically by a band attached to the trailer. From

Section 2.5.2.2, the critical component on the rotation trunnion is the attachment weld between

the trunnion and the cask outer shell, which has an applied shear stress of 11,500 psi. This

applied shear stress is produced by the 10.2 g resultant from the combined longitudinal and

vertical shock (10.0 g longitudinal and 2 g vertical) tiedown load components.
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The same method is used to determine the maximum stress intensity range as is used for the

cask, except that the ratio of the normal transport vibration acceleration to the resultant

acceleration for the combined longitudinal and vertical shock was used. The allowable

alternating stress for the weld is the same as that for the cask. The alternating shear stresses are

Smax = (2/10.2)(1 1,500) = 2255 psi and Stmi = -(2/10.2)(11,500) =-2255 psi, and the maximum

stress intensity range is Sn = 4510 psi. The margin of safety for the rotation trunnion as a rear

tiedown device for normal transport vibration is:

MS =(Se /Sait ) = 1 (12,975/2255) - 1 = +Large.

where:

Salt = 0.5 Sn

The NAC-LWT cask satisfies the requirements for normal vibration incident to transportation as

required by 10 CFR 71.71(c)(5).
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S 2.6.6 Water Spray

Water causes negligible corrosion of the stainless steel materials used to fabricate the NAC-LWT

cask; the cask contents are protected in the sealed cavity. A water spray as specified in

10 CFR 71 .71 (c)(6) has no adverse effect on this package.

S

0
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22.6.7 Free Drop (1 Foot)

The free drop scenario outlined by Subpart F of 10 CFR 71 requires the NAC-LWT cask to be

structurally adequate for a 1-foot drop (normal transport conditions) onto a flat, essentially

unyielding, horizontal surface in the orientation that inflicts the maximum damage to the cask.

The following subsections evaluate the cask body; the impact limiters; the closure lid and bolts;

the neutron shield shell; the expansion tank shell; and the upper ring components; for the end,

side, and corner drop orientations.

2.6.7.1 End Drop (1 Foot)

2.6.7.1.1 Discussion

The NAC-LWT cask is analyzed for the effects of a normal operations end drop impact

condition. The event scenario is that the NAC-LWT cask, equipped with an impact limiter,

drops 1 foot onto a flat, unyielding, horizontal surface. The cask strikes the surface in a vertical

position on either its bottom or its top end.

The 1-foot end drop analysis can be carried out in an identical fashion as was used in the 30-foot

accident end drop analysis, Section 2.7.1.1. The general comments, analysis descriptions and the

analysis method described in Section 2.7.1.1 also apply to this section.S The only difference between the 30-foot end drop analysis (Section 2.7.1.1) and this 1-foot end

drop analysis is the magnitude of the impact force, i.e., impact load, which is expressed in terms

of a g factor. The magnitude of the impact force varies with the different drop heights. As

calculated in Section 2.6.7-4, the g loads for the 1-foot end drop condition and for the 30-foot

end drop condition are 15.8 g and 60 g, respectively. These g loads are conservatively based on

a maximum crush strength of 3850 psi for the aluminum honeycomb impact limiters, although

the design maximum crush strength is 3675 psi. Also, these analyses conservatively use a 1.12-

inch thick outer shell, although the actual outer shell thickness is 1 .20 inches. Using the analysis

results obtained in Section 2.7.1.1 to represent the structural response of the NAC-LWT cask for

the 1-foot end drop condition is conservative and acceptable. Therefore, Tables 2.7-1 through

2.7-15 were used to compose Table 2.6.7-1 through Table 2.6.7-16, for the 1-foot drop analyses.

The most critical sections for each component during a particular loading condition are shown in

Figure 2.6.7-1 through Figure 2.6.7-5. The critical Pmo, Pm + Pb, and total stresses for each

component are documented in Table 2.6.7-1 through Table 2.6.7-16. The allowable stresses are

those defined in Section 2.1.2 for the normal operations conditions based on 300°F. Note that

the maximum cask component temperatures are below 300°F for all of the conditions that are

considered. Additionally, the stresses at representative sections throughout the cask are

0
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presented in the tables in Section 2.10.7. These tables document the maximum stress locations

tabulated for each component.

The secondary stresses (thermal) are conservatively included in the primary stress categories and
margin of safety calculations; therefore, the 3 Sm• limit on the Sn stress intensity range is satisfied.

This is because it is enveloped by the 1.5 Sm limit on Pm + Pb stress intensity.

2.6.7.1.2 Results and Conclusions

Since the margins of safety are positive for all of the cask components, the NAC-LWT cask

maintains its containment capability and satisfies the 10 CFR 71 requirements for the 1-foot

normal operations end drop condition.

2.6.7.2 Side Drop (1 Foot)

2.6.7.2.1 Discussion

This section presents the evaluation of the structural adequacy of the NAC-LWT cask for the

1-foot side drop impact condition. In this event, the NAC-LWT cask with impact limiters

attached over each end experiences a free drop through a distance of 1 foot onto a flat,

unyielding surface, and strikes the surface in a horizontal position.

The 1-foot side drop analysis is performed in the same manner as was done for the 30-foot side
drop analysis in Section 2.7.1.2. The general comments, analysis descriptions, and the analysis

methods described in Section 2.7.1.2 also apply to this section.

The difference between the 30-foot side drop analysis and the 1-foot side drop analysis is the

magnitude of the impact force, which varies because of the different drop heights. As

determined in Section 2.6.7.4, the g loads for the 1-foot side drop condition and for the 30-foot

side drop accident condition are 24.3 g and 49.7 g, respectively.

Analysis of the NAC-LWT cask for the normal operations conditions side drop follows the same

methodology as used for the accident side drop analysis. Because all calculations for the

accident side drop analysis are performed on a basis of linear elastic behavior, the stress

components for the 1-foot side drop condition are calculated by multiplying the 30-foot side drop

stress components (resulting from the effects of inertial and impact loads) by the ratio of the

1-foot side drop g load to the 30-foot side drop g load. These stress components are then

combined with those induced by the thermal effects, internal pressure, and bolt preload.

2.6.7.2.2 Results and Conclusions

Since the material properties of the cask structure are temperature-dependent, varying

environmental temperatures will produce changes in the calculated stresses in the cask for the
thermal load cases. Environmental temperatures will not change the calculated stresses in the
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cask produced by other types of loads. This is verified by comparing the finite element results

for the NAC-LWT cask subjected to a gravity load for different temperature conditions. Also,

the stress levels produced by the following thermal loading conditions were evaluated: (1) 100°F

ambient temperature with maximum decay heat load, (2) -40°F ambient temperature with

maximum decay heat load, and (3) -40°F ambient temperature with no decay heat load. The

combination effect of the thermal loads with other load types (e.g., inertial body load) has also

been studied. It is determined that the side drop event with 1000F ambient temperature

represents the worst case for the normal operations 1-foot side drop condition. Therefore, only

the stress results produced by a 1-foot side drop with 1l0°F ambient temperature are reported.

Stress components and stress intensities are calculated throughout the finite element model for

the combined loads due to internal pressure, bolt preload, thermal, inertia, and impact. Table

2.6.7-16 through Table 2.6.7-19 report the Pm stress intensities, the Pm + Pb stress intensities, the

Sn stress intensities, and the total stress intensities for each cask component, which are obtained

from the finite element side drop analysis. Additionally, the stresses at representative sections

throughout the cask are presented in the tables in Section 2.10.7. These tables document the

maximum stress locations tabulated for each component.

As mentioned previously, the finite element cask model conservatively ignores the effect of the

neutron shield shell on the overall bending of the cask structure.

The margins of safety reported in Table 2.6.7-16 through Table 2.6.7-18 are positive for all cask

components. It has been demonstrated that all margins of safety are positive for the normal

operations 1-foot side drop condition.

The NAC-LWT cask maintains its containment capability and satisfies the 10 CFR 7]

requirements for the normal operations 1-foot side drop condition.

2.6.7.3 Corner Drop (1 Foot)

2.6.7.3.1 Discussion

The analysis of the NAC-LWT cask for a 1-foot corner drop condition uses the same methods as

those used for the hypothetical accident oblique drop analyses. The general comments, analysis

descriptions, and analysis methods discussed in Section 2.7.1.3 also apply to this section. The

difference between the hypothetical accident analysis and the normal operations conditions

analysis in this section is the drop height. Refer to Section 2.6.7.4 for the calculation of the g

loads induced by a normal operations conditions 1-foot corner drop and by an accident condition

30-foot corner drop. These g loads are conservatively based on a maximum crush strength of

3850 psi for the aluminum honeycomb impact limiters, although the design maximum crush

strength is 3675 psi. The stress components for the 1-foot corner drop are calculated by

multiplying the accident condition stress components (resulting from the effects of inertial and
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impact loads) by the ratio of the 1-foot corner drop g load to the 30-foot corner drop g load.

These stress components, then, are combined with those resulting from internal pressure, bolt

preload, and thermal effects. These analyses conservatively use a 1.12-inch thick outer shell,

although the actual outer shell thickness is 1.20 inches.

2.6.7.3.2 Results and Conclusions

The most critical sections for each component during a particular loading condition are shown in

Figure 2.6.7-7 through Figure 2.6.7-9. Table 2.6.7-20 through Table 2.6.7-23 report the

maximum Pm stress intensities, the maximum Pm + Pb stress intensities, the maximum Sn stress

intensities, and the maximum total stress intensities for each component resulting from the 1-foot

top corner drop condition with a 1300F ambient temperature and maximum decay heat load.

Similarly, Table 2.6.7-24 through Table 2.6.7-27 report those stress intensities resulting from the

1-foot bottom corner drop condition with a 1 30°F ambient temperature and maximum decay heat

load. Also, Table 2.6.7-2 8 through Table 2.6.7-31 report the stress intensities for each

component resulting from the 1-foot top corner drop condition with a -40°F ambient

temperature. Additionally, the stresses at representative sections throughout the cask are

presented in the tables in Section 2.10.7. These tables document the maximum stress locations

for each component.

It has been demonstrated that all margins of safety are positive for the normal operations 1-foot

corner drop condition. The NAC-LWT cask maintains its containment capability and satisfies

the 10 CFR 71 requirements for the normal operations 1-foot corner drop condition.

2.6.7.4 Impact Limiters

2.6.7.4.1 Introduction

Removable impact limiters are supplied with the NAC-LWT cask to ensure that the design

impact loads on the cask are not exceeded for any of the defined impact conditions. These

defined conditions are:

1. The cask falls 1 foot and lands on: (a) its side, impacting both limiters simultaneously; (b)
flat on one limiter at either end; or (c) oblique on either corner (the center of gravity is
directly above the corner of the impact limiter).

2. The cask, having experienced a normal operating conditions 1-foot drop, is dropped
through a distance of 30 feet and lands on its end, its side, or at any oblique angle. The
impact limiter analysis considers a 31-foot drop (1 foot + 30 feet). This provides
conservative impact loads, which are used in the cask analyses.

2.6.7.4.2 Assumptions

The following assumptions form the basis for the impact limiter analysis:
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1. The cask impacts on an unyielding surface.

2. The impact limiter remains in position on the cask during all impact events. (The

qualification of the impact limiter attachment is presented in Section 2.6.7.4.7.)

2.6.7.4.3 Load Conditions

The impact limiters described and analyzed in the following paragraphs decelerate the cask by

applying a force in the direction opposite the motion of the cask. The deceleration force is

generated by crushing the aluminum honeycomb material of the limiter between the cask and the

unyielding surface. The energy absorbed during crushing is the net force, the vector sum of the

cask weight (downward) and the deceleration force (upward), multiplied by the distance crushed.

The amount of energy an impact limiter can absorb is calculated for various cask impact

orientations, from vertical (00) to horizontal (90°).

The specific loading conditions for the impact limiters are defined by 10 CFR 71.71 (c)(7),

10 CFR 71.73(c)(1) and Regulatory Guide 7.8, as follows:

1. A 1-foot fall of the cask on one limiter, impacted at any angle from vertical (flat end) to
corner (cask center of gravity is directly above the point of impact).

2. A 1-foot fall of the cask horizontally, so that the side surfaces of both limiters impact the
unyielding surface simultaneously.

3. Any of the 1-foot falls can be followed by a 30-foot fall at an end, a side, or an oblique
orientation.

Based on these loading conditions, the NAC-LWT cask impact limiters are designed for a

31-foot fall. Either of the first two conditions plus the third condition is equivalent to a single

drop at the combined heights, as explained in Section 2.6.7.4.5. The maximum impact force and

the maximum crush depth for the 1-foot falls are obtained from the computer output for the

31-foot fall analyses at the value of the energy dissipated in a 1-foot fall. This method is

explained in Section 2.6.7.4.5.

2.6.7.4.4 Descriptions - Impact Limiters

Figure 2.6.7-10 shows the location on the cask and the primary dimensions of the impact

limiters. A different impact limiter is used on the bottom of the cask to reduce weight. The top

impact limiter diameter is larger because it is required to clear the cask lifting trunnions and to be

of sufficient depth over the trunnions to prevent the limiter from behaving as a solid in the event

of a side impact. The larger diameter provides greater distance from the point of impact to the

cask body; however, the effective depth of the limiter is maintained at the trunnions and the same

corner imnpact absorption capability is retained. Figure 2.6.7-11 shows a cross-section of the top

impact limiter.
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The bottom impact limiter does not have the cut-outs for the trunn ions. It has a smaller outside

diameter and larger bottom depth than the top impact limiter.

Each impact limiter consists of two different layers of aluminum honeycomb, which are enclosed

in a thin outer aluminum shell. The layers of aluminum honeycomb are separated by a thin

aluminum sheet. The honeycomb material absorbs the impact energy as it is crushed. A typical

load versus deflection curve for aluminum honeycomb is presented in Figure 2.6.7-12. The force

deflection curves and test data for the NAC-LWT cask impact limiters at the various drop angles

are provided in Appendix 2.10.12. The nominal crush strength of the bottom layer of aluminum

honeycomb is 250 psi axially, and is negligible radially. The nominal crush strength of the

second layer is 3500 psi in both the axial and the radial directions. The tolerance on the crush

strength is +5, -10 percent. The bottom, 250-psi crush strength, single-directional layer of

honeycomb material absorbs the majority of the energy in a 1-foot flat impact on the end, and

limits the impact force to a value acceptable for normal operations. The lower crush strength is

necessary because the impact area is considerably greater in a flat bottom impact than in any

other orientation. The second, 3500-psi crush strength, multi-directional layer of honeycomb

material absorbs the majority of the energy in an impact on the corner of the impact limiter, and

all of the energy in an impact on the side of the impact limiter. Both crushable aluminum

honeycomb materials behave as a solid when compressed to 30 percent of their original depth.

The outside diameters of the impact limiters are 65.25 inches and 60.25 inches for the top and

bottom impact limiters, respectively. The depth of the bottom aluminum honeycomb layer is 1.5

inches on each limiter. The second aluminum honeycomb layer is 14.0 inches deep for the top

impact limiter and 14.5 inches for the bottom impact limiter. The top impact limiter has four

recesses to provide clearance around the trunnions. This clearance is closed during the impact

for a 30-foot side drop. Therefore, the trunnion provides a rigid foundation for the impact limiter

in the region near the trunnion.

The impact limiter shells are positioned against the cask lid and bottom surfaces; the impact

limiters overlap the cask cylinder by a length of 12 inches. The shells are mechanically attached

to the cask as described in Section 2.6.7.4.7.

For each of the impact load conditions considered in this analysis, the impact limiters remain in

position on the cask and absorb the energy of the impact; thus, they limit the impact load to the

values calculated in this section.

2.6.7.4.5 Method of Analysis

The primary areas of analytical evaluation that are required in an impact limiter analysis are:

(1) crush depth; (2) maximum crush force; and (3) attachment to the cask. The crush depth and
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maximum crush force are dependent on the crush strength of the crushable material, the area

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

Deceleration forces for constant crush strength aluminum honeycomb impact limiters are directly

related to the area crushing. The area engaged in crushing can be best explained by examining

the experimental results of a top end drop impact test. Figure 2.6.7-13 shows a quarter-scale

model impact limiter just before crushing begins. The cask and the unyielding surface are rigid

and undeformable compared to the honeycomb material. The 3.9 inches of honeycomb material

are trapped in place between the cask and the impacted surface.

The 250-psi crush strength honeycomb is designed to absorb the potential energy of the cask in a

1-foot drop. The area of the 250-psi honeycomb covering the entire bottom of the impact limiter

is 208.7 square inches. The higher crush strength honeycomb structurally supports or "backs"

the lower crush strength honeycomb, even if just the cask backs the higher crush strength

honeycomb. The force necessary to begin crushing the 250 psi crush strength material is 52,168

pounds. The quarter-scale model weighs approximately 800 pounds; therefore, the 52,168

pounds of force is equivalent to 65 g for the model (The normal operation g-load for the full-size

cask is calculated to be 16.3 g).

The 3500-psi crush strength honeycomb absorbs the kinetic energy of the cask in a 30-foot drop.

The area of the bottom of the scale model cask is 40.7 square inches. The force necessary to

crush the 3500-psi crush strength honeycomb trapped between the model cask and the impacted

surface is 142,500 pounds, or 178 g, based on the model weight of 800 pounds.

A force imbalance is immediately established between the lower and higher strength

honeycombs at the onset of crushing. It requires 52,168 pounds to crush the lower strength

honeycomb, which is 2.7 times smaller than the force required to crush the higher strength

honeycomb. The lower strength honeycomb of constant crush strength will crush until lock-up

occurs. When lock-up occurs, the crush strength of the lower strength honeycomb increases and

exceeds that of the higher strength honeycomb. Crushing now begins beneath the cask because

the force to crush the 16.3-inch diameter of the locked-up, lower strength honeycomb exceeds

the 142,500 pounds necessary to crush the backed-up higher strength honeycomb.

The cask has kinetic energy gained while falling prior to the impact limiter contacting the

unyielding surface. (Section 2.10.12 gives a more complete description of the kinetic energy

gain.) Some kinetic energy was dissipated in crushing the lower strength honeycomb. The

remaining energy will be absorbed by crushing the higher strength honeycomb between the cask

and the impacted surface. The cask "backs" the higher crush strength honeycomb; therefore, the

maximum force is easily compared with the average maximum force from the quasi-static test as

adjusted to reflect the dynamic crush strength of the honeycomb (For an explanation of the term

"dynamic" as applied to quasi-static tests, refer to Appendix 2.10.12).
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Figure 2.6.7-14 is a photograph of a section of an end impact tested quarter-scale limiter. The t

average maximum force from the end drop quasi-static crush test is 158,400 pounds. If the

backed and unbacked area were to crush, the required force would be 3500 psi x 7t/4 (16.3)2 =

730,400 pounds of force. This is a factor of 4.6 times more than the actual measured force and

shows that the unbacked area did not contribute to the limiter force. The calculated maximum

force using the backed-up area of the limiter is approximately 11 percent lower than the test

results. The scale model limiter crush test, therefore, demonstrates that the unbacked area did

not crush and generate a force. One reason for the difference is the shearing of the high crush

strength honeycomb, which is clearly visible in Figure 2.6.7-14. Shearing acts in a plane,

surrounding the shear area. In an end impact crush, the plane is a thin ring with a diameter equal

to the diameter of the cask. Since the crush force is proportional to the backed area, which

depends on the square of the cask diameter, for the full-scale impact limiters, shearing becomes a

much less significant part of the maximum force.

Figure 2.6.7-14 shows the sequence of crushing and the backed area as described above. The

lower crush strength honeycomb is crushed to stack height completely to the outer edge of the

cask. Higher crush strength honeycomb beneath the cask is crushed, while material on the "other

side" of the shear plane is uncrushed.

The combination of the accurate prediction of measured impact limiter crush forces and the
visual evidence in the sectioned limiter after the test shows that only the backed-up area crushes

for aluminum honeycomb with a 3500-psi, multi-directional, dynamic crush strength.

The cask orientation for a corner impact is defined by the angle from vertical of the cask's

longitudinal axis when the cask center of gravity is vertically aligned with the impact point on

the limiter. This angle is 15.74 degrees for the top limiter and 14.52 degrees for the bottom

limiter.

A proprietary computer program, RBCUBED, is used to analyze an impact limiter for an impact

event, to determine the dynamics of the event, to determine the forces generated during that

event, and to determine the depth of crush (Section 2.10.1 .2).

The computer program, RBCUBED, is run for many combinations of crushable material strength

until satisfactory results are obtained. Two runs are made for each impact orientation. One run

is made using the maximum value of the aluminum honeycomb crush strength, 105 percent of

the nominal crush strength, to determine the maximum force on the cask. A second run, using

the minimum value for the aluminum honeycomb crush strength, 90 percent of the nominal crush

strength, is also made to find the maximum crush depth of the crushable material.

A single RBCUBED run is necessary to determine the reaction force for a 1 -foot fall and a

subsequent 30-foot fall. The 1-foot fall crushes the limiter a distance (6i), and absorbs 0
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12 inches x 52,000 lbs =0.624 x 106 inch-pounds of energy. Then, the impact limiter must

absorb the additional energy of 360 inches x 52,000 lbs = 1 8.72 x 106 inch-pounds by crushing

an additional distance (652) from a 30-foot drop. The total displacement is 6i + 62 and the total

energy is (18.72 + 0.624) x 106 =19.344 x 106 inch-pounds. Dividing this energy by the cask

weight gives 372 inches (31 feet), which demonstrates that a 1-foot fall followed by a 30-foot

fall can be evaluated from data for a 31 -foot fall. The maximum impact force and the maximum

crush depth for the 1-foot fall can be obtained from the RB CUBED output for the 31-foot fall

analysis at the value of the energy dissipated in a 1-foot fall.

2.6.7.4.6 Results

The data in Table 2.6.7-32 and Table 2.6.7-33 give the results of the impact limiter design

analyses for a 1-foot fall and a subsequent 30-foot fall, respectively. The calculated g loads for

the 30-foot fall side impact are based on the 3675-psi design maximum crush strength of the

multidirectional aluminum honeycomb. The calculated g loads for all of the other 1-foot and 30-

foot fall impacts are conservatively based on an aluminum honeycomb maximum crush strength

of 3850 psi. A design cask weight of 52,000 lbs is used.

The calculated (RBCUBED) and measured (quasi-static, adjusted for dynamic crush strength)

force-deflection curves for the NAC-LWT cask impact limiters for all drop orientations are

presented in Appendix 2.10.12. To verify the results, the area under the curves is calculated by

the trapezoidal method. This area represents the energy dissipated for each of the cases, i.e., Emax

= 19.344 x 106 inch-pounds for the top limiter at maximum strength, and Emin =19.206 X 106

inch-pounds for the bottom limiter at minimum strength. The potential energy to be dissipated

consists of the cask weight (52,000 lbs) multiplied by the distance the cask falls (372 inches),

i.e., Ep 372 x 52,000 = 19.344 x 106 inch-pounds. The calculated and actual values compare

within 0.71 percent, which indicates that the proper amount of potential energy is dissipated in

the RBCUBED analysis. Another check is to multiply the total crush area (the maximum area

backed by the cask) by the crush strength of the impact limiters to determine the reacting force.

This hand-calculated value of the reaction force for mnaximum impact limiter crush strength

compares within 0.38 percent of the RBCUBED calculated value for the bottom impact limiter

and within 1.88 percent for the top impact limiter. The hand-calculated value of the reaction

force for minimum impact limiter crush strength compares within 0.46 percent of the RBCUBED

calculated value for the bottom impact limiter and within 1 .83 percent for the top impact limiter.

These results verify both the energy absorption and the reaction force calculations of RBCUBED

for the impact limiters.

A study of a side drop shows that the cask will come to rest at an angle of 0.76 degrees with the

horizontal because the radius of the top limiter is 2.5 inches larger than that of the bottom l imiter.
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The RBCUBED analysis, analyzing the side drop as horizontal, is not affected by this small

angle because the horizontal component of the forces is negligible.0

With both impact limiters at their minimum allowable crush strength (maximum crush depth
case), clearance is maintained between the neutron shield/expansion tank and the unyielding

surface for the 1-foot side impact.

An evaluation of the displacements obtained from the RBCUBED runs is as follows:

1. The RBCUBED run for the 31-foot side drop assumes the cask is a rigid element and
does not include the trunnions; therefore, the displacement from the 31-foot drop must be
analyzed, by referring to Figure 2.6.7-11, as follows:

The free distance of crushable material between the impact limiter and the trunnion
equals 14.995 inches. The aluminum honeycomb compresses to 70 percent of its free
height before exhibiting behavior as a solid (10.497 inches). The RB3CUBED run for the
31-foot side drop with the crushable material at minimum strength calculates a crush
depth of 10.00 inches; thus, 0.497 inch of crushable material remains before solid height
occurs. Therefore, an impact directly on a trunnion does not change the energy_ absorbing
characteristics of the impact limiter for this condition.

The impact from a 31-foot side drop on the bottom impact limiter with the crushable
material at minimum strength exhibits solid behavior at a displacement of 10.73 inches,
which leaves 0.43 inch displacement before solid height occurs (crush depth = 10.30
inches).

2. The impact from a 31-foot flat end drop onto the top impact limiter with the crushable
material at minimum strength exhibits solid behavior at a displacement of 10.85 inches,
which leaves 0.61 inch displacement before solid height occurs. Similarly, for the bottom
impact limiter, solid behavior occurs at 11 .20 inches, which leaves 0.90 inch
displacement before solid height occurs.

3. For a 31-foot corner drop on the top impact limiter with the crushable material at
minimum crush strength, the crush distance of 12.72 inches is much less than the solid
height displacement of 16.86 inches. Similarly, for the bottom impact limiter, the 12.70-
inch crush distance is much less than the 15.83-inch solid height displacement.

The cask analysis for these impact conditions is based on the maximum deceleration (g) derived

from the RBCUBED results. The critical condition for maximum lateral deceleration from both

a 1-foot and a 31-foot drop is the side drop with the crushable material at its maximum strength.

The critical condition for maximum longitudinal deceleration from a 1 -foot drop is the flat

bottom drop with the crushable material at its maximum strength, and from a 31-foot drop is the

corner drop. The longitudinal component of the deceleration from the 31-foot corner drop was

used as the longitudinal criteria; that is, 60.4 cos 15.74 degrees equals 58.1 g. Nevertheless, a

60.0 g (deceleration) is conservatively used as the maximum longitudinal deceleration. The
design g load factors (deceleration values) for the NAC-LWT cask analyses are summarized in

Table 2.6.7-34. The design g load for the 31-foot side drop is based on the 3675-psi design

0
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O ~maximnum crush strength of the aluminum honeycomb impact limiters. The design g loads for all

of the other 1-foot and 31-foot drops are conservatively based on an aluminum honeycomb

maximum crush strength of 3850 psi.

2.6.7.4.7 Impact Limiter Attachment Analysis

A three-part design criteria applies to the method of attachment of the impact limiters to the cask

body. These three criteria are as follows:

1. The impact limiters must remain attached to the cask body during normal handling and
transport. Satisfaction of this criterion ensures that the limiters will be in a proper
position to perform their impact limiting function in the event of a free drop (normal or
accident).

2. In a free drop (normal or accident), the limiter(s) making initial contact with the
unyielding surface must remain in position on the end(s) of the cask for the full duration
of the initial impact. Satisfaction of this criterion ensures that the limiter(s) will be able
to properly perform their impact limiting function.

3. In a free drop (normal or accident) involving an initial impact on a single impact limiter,
the limiter on the opposite end of the cask must remain attached to the cask during the
initial impact. Satisfaction of this criterion ensures that the limiter will be in a proper
position to perform its impact limiting function in a subsequent secondary impact
following the initial impact.

O Section 2.6.7.4.7 demonstrates that each of the above criterion are satisfied.

Impact Limiter Attachment During Normal Handling and Transport

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

ensured by demonstrating that the attachment hardware (pins, lugs and associated welds) does

not yield under normal handling and transport conditions. The worst case loading associated

with normal handling and transport is taken to be a 1 0-g axial loading associated with rail

transport [10 CFR 71.45 (b)]. This bounds the 2.0-g load corresponding to the peak shock

loading expected as the result of truck transport (per ANSI N 14.23 for air ride suspensions). For

this normal condition evaluation, it will be assumed that only two of the four attachment points

for each limiter are effective. The load, P, per attachment point therefore becomes:

P-= 10.0(1535)/2

= 7,675 lbs

where 1,535 lbs is the weight of the heaviest (top) impact limiter.

Analysis of Impact Limiter Lug

The geometry of the impact limiter lug is as shown in Figure 2.6.7-15. As shown, the lug has an

outer width of 2.0 inches, a hole diameter of 0.53 inch and an edge distance of 1.7 inches. The
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lug is made of 6061-T651 aluminum and is 0.5 inch thick. According to Table 2.3.1-4, the yield

strength of the aluminum at 150°F is 32,700 psi. Potential failure modes of tension across the

net section and 40-degree shearout are considered as follows:

Tension Across the Net Section

P = 7,675 lbs

A = 0.5(2.0 - 0.53)

= 0.735 in2

St = 7,675/0.735 =10,442 psi (Sy -- 32,700 psi)

MS = 32,700/10,442 -1

= +2.13

40-Degree Shearout

P = 7,675 lbs

e = 1.7 - (0.53/2) cos 400

- 1 .497 inches

As- 2(0.5)(e)

- 1.497 in2

Ss = 7,675/1.497

- 5,127 psi (0.6 Sy =19,620 psi)

MS = 19,620/5,127 - 1

- +2.83

An optional impact limiter lug configuration permits the gusset plate impact limiter attachment

tab to be an assembly of the tab and gusset plate using a full-penetration weld. The structural

strength of the weld using a mock-up test confirms that the minimum weld yield strength is equal

to or greater than 10 ksi. The only stress applicable to the weld is the tension across the entire

section of the weld. Using the bounding load of 7,675 pounds, the margin of safety for the weld

region is:

MS = 10,000/7,675-1

- +0.30

Both the 6061-T651 continuous tab gusset configuration and the optional full-penetration weld

assembly configuration are confirmed to maintain the attachment of the impact limiters to the

cask body for truck or rail transport.
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Analysis of Cask Lucg

The geometry of the cask lug is a shown in Figure 2.6.7-16. As shown, the lug actually consists

of two, 0.5-inch thick lugs, which are integral to a common base plate (the lugs and base plate

are machined from one piece). Each of these two lugs is 2.0 inches wide, has a hole diameter of

0.53 inch and has a minimum edge distance of 0.72 inch. The base plate is 1 .6 inches wide and

2.0 inches long. The material used is Type 304 stainless steel, which exhibits a yield strength at

150°F of 27,500 psi. Potential failure modes of 40-degree shearout and failure of the weld (3/8-

inch bevel plus 3/8-inch fillet), which attaches the base plate to the cask body, are considered as

follows:

40-Degree Shearout

F = P/2= 1535/2

- 768 lbs

e = 0.72 - (0.53/2) cos 400

= 0.517 in

As = 2(0.5)(e)

= 0.517 in2

S5 = 768/0.517

= 1485 psi (0.6 Sy= 16,500 psi)

MS = 16,500/1485 -1 =+Large

Weld Stresses

The analysis of the weld will conservatively ignore the 3/8-inch bevel weld and only consider the

3/8-inch fillet weld around the perimneter of the base plate. Stresses in this weld resulting from

the imposed bending moment and the imposed direct shear load will both be treated as shear

stresses, combined using a square root sum of squares approach and compared against a shear

allowable limit. The stress in the weld due to the applied moment is as follows:

sl=4.24M/(h jb2 + 3L(b + h)])

= 2006 psi

where:

M = 1.78(P) = 2732 in-lb

P =1,5351lbs

h = 3/8 = 0.375 in

b =2.0 inches

L = 1.6 inches

NAG International 26712.6.7-13



NAC-LWT Cask SAR August 2015
Revision 44

The stress in the weld due to the applied shear load is:

s2 = P/As

= 804 psi

where:

P = 1,5351lbs

As= 2(1.6 + 2.0)(0.707)(0.375)

= 1.909 in2

The combined stress is therefore:

S = (S1 2 + $22 ) 0 "5

= 2161 psi (0.6 Sy = 16,500 psi)

MS = 16,500/2161 -1

- +Large_

Analysis of Ball-Lock Pin

The 1/2-inch, AVIBANK 57459-1 ball-lock pins have a 36,800-pound capacity in double shear.

With an applied load of 1,535 lbs, the margin of safety is very large.

Response of Impact Limiter(s) During Initial Impact of Package with Ground 0
The second criterion applicable to the impact limiters requires that the limiter(s) making initial

contact with the unyielding surface must remain in position on the end(s) of the cask for the full

duration of the initial impact. To satisfy this criterion, attachment hardware (pins, lugs and/or

associated welds) may fail during an impact event as long as the limiter(s) being crushed remains

in position on the end of the cask and does not separate from the cask. The ability of the limiter

to remain in position during an impact is demonstrated with reference to a series of dynamic, free

drop tests (end, center of gravity over comer, side and oblique), during which some attachment

hardware failure occurred, and to several static crush tests, during which the only attachment

mechanism was a strip of duct tape. All of the tests were performed using quarter-scale models

of the limiters. Analytic evaluations are also presented to further justify that the l imiters will

remain in position during the impact.

Dynamic Free Drop Test Results

As presented in Appendix 2.10.8, a series of 30-foot free drop tests were performed on a quarter-

scale model of the NAC-LWT cask. Drop orientations included an end drop, a center of gravity

over struck corner drop, a side drop and an oblique drop with a subsequent secondary impact. A

study of the drop test photographs presented in Appendix 2.10.8 indicates that although

attachment hardware failed in some of the dynamic free drop tests, the limiters did not physically
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separate from the cask body and did completely perform their intended impact limiting function.

In fact, the limiters wedged themselves even more securely onto the cask body.

At all times during the testing, the limiters remained in position on the ends of the cask.

Notably, rebound from the drop pad due to the whipping action of the restraint cables, did not

result in the limiters separating from the cask even though some attachment hardware failure had

occurred. This observation demonstrates a tendency for the limiters to become wedged onto the

cask body as the result of an impact.

Based on the above test observations, the conclusion reached is that the limiters will remain in

position on the cask body during the full duration of the free drop impact event.

Static Crush Test Results

A series of quasi-static crush tests have been performed on quarter-scale models of the bottom

impact limiter for the NAC-LWT cask. The limiter orientations tested were end (axial), side and

center of gravity over corner (15.7 degrees from axial). The purpose of the quasi-static crush

tests was to document the force-deflection and energy absorption characteristics of the

honeycomb material used in the impact limiter. Additionally, the tests demonstrated that the

limiters need not be mechanically attached to the cask body in order to remain in position to

absorb the energy of crushing. No attachment between the model limiter and the test fixture

was used for the end (axial) test. A strip of duct tape was adequate to retain the model limiters in

position on the side (90-degree) and center of gravity over corner (15.7-degree) fixtures. Once

crushing of the limiter is initiated, its cup-shaped geometry causes it to maintain its position on

the fixture, which is identical to a quarter-scale model cask body. Thus, attachment of the

impact limiter to the cask body is not necessary for maintaining proper position and energy

absorption capability.

Analytic Evaluations

Although the results from the above discussed test programs are considered to be the primary

proof that the limiters will remain in position during the impact event and properly perform their

impact limiting function, analytic studies can also be used to confirm the test observations.

Analytic assessments presented in this evaluation indicate that failure of the attachment hardware

can be expected to occur for some drop orientations, but subsequent to such failure, the cask

tends to wedge into the limiter and separation of the limiter from the cask does not occur. As

shown, a significant resistance to the applied separation moment exists due to a combination of

crushing of the limiter at the cask interface and due to frictional resistance that exists there. This

total resistance is shown to be greater than the applied separation moment and is approximately

7.9 times greater than that provided by the attachment hardware alone.
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Additionally, it is noted that the maximum applied separation moment occurs early in the impact

when crush depths are small. As crush depths increase, the moment arm and the separation

moment decrease to zero. The maximum separation moments occur early in the impact event

when the package still possesses a significant downward velocity (87 percent of the initial impact

velocity). Additionally, the duration of the impact is very short (approximately 0.04 to 0.06

seconds) and minimal rotation (approximately I degree) of the package occurs during the impact.

Thus, the cask "drives" into the limiter and physically "traps" the limiter between the cask body

and the ground.

The remainder of this section presents a detailed analytic study of the center of gravity over top

corner impact event. This near vertical orientation, coupled with the fact that little energy will be

converted into rotational energy of the entire package (that is, the center of gravity is over the

impacted corner), makes this particular orientation a representative worst case regarding the

development of significant separation moments. The available impact limiter analysis program

results associated with the corner drop are summarized in Figure 2.6.7-17. The crush depths,

crush forces and package velocities presented in the summary figure are directly available from

the impact limiter analysis program, RBCUBED, and the separation moment is calculated based

on the geometry (that is, the crush footprint) existing at the particular position of interest. Of

note, the velocity of the package is still 466.2 inches/second (87 percent of the initial impact
velocity) when the maximum separation moment of 7.67 x 106 inch-pounds has developed.

Capability of Attachment Hardware

Figure 2.6.7-18 presents a free body diagram for the top impact limiter during a top down center

of gravity over corner impact. With point "A" being the pivot point of the impact limiter on the

cask, taking moments about point "A" yields the following:

Fixi = 14.45 F2 + (14.45 + 16.1) Fi

= 14.45 Fi + 30.55 Fi

- 45.0 Fi = separation moment

where:

Fi = maximum force on a lug

F2 = 2(Fi/2) =Fil

F3 =0.0 (approximately)

Fi = impact force at limiter to ground interface

xi = moment arm for force Fi

According to the section titled "Response of Secondary Impact Limiter During initial Impact of

Package," the failure mode for the attachment hardware is tension on the net section of the
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impact limiter lug. Failure will occur at a load of 28,445 pounds, which corresponds to a stress

equal to the ultimate strength of the aluminum lug. Substitution into the above separation

moment equation indicates that a moment of 1.28 x 106 inch-pounds can be expected to fail the

attachment hardware. As seen from Figure 2.6.7-17, this moment is exceeded prior to 2 inches

of crush occurring for thle limiter. Attachments may, therefore, fail in the center of gravity over

top corner drop.

Resistance to Separation Following Attachment Hardware Failure

If attachments do fail, the cask tends to wedge itself into the limiter as shown in the free body

diagram presented as Figure 2.6.7-19. From that figure:

frnax = force required to crush limniter honeycomb

= 28.9 Sc (projected area x crush strength) = 28.9(3 850)

- 111,265 lb/in

where:

Sc = crush strength of honeycomb used in limiter

= 3850 psi (conservative upper bound crush strength, which was the case selected for

Figure 2.6.7-17; the design upper bound crush strength is 3675 psi)

From moment equilibrium:

Fixi = (6 fmax) = 36 fmax

= 4.006 x 106 in-lb

A significant frictional resistance to separation of the limiter also exists. Selecting a coefficient

of friction of approximately 0.5 for aluminum on steel (Baumeister, pages 3-26), the frictional

resistance to the separation moment is:

Mf Fe" d

= 6.145 × 106 in-lb

where:

Ff = friction force

0.5(6 frnax) =3 frnax = 333,795 lbs

and with the centroid of a 1 80-degree arc (that is, the arc over which frax acts) being located at

63.7 percent of its radius:

d = 0.637(28.9)

=18.41 inches

The total resistance to separation, therefore, becomes:
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Mt =4.006 x 106±-F6.145 x 106

= 10.151 x 106 in-lb

This total resistance to separation exceeds the maximum applied separation moment of

7.67 x 106 inch-pounds (Figure 2.6.7-17). Separation of the limiter from the cask body will not

occur. As discussed in the section titled "Dynamic Free Drop Test Results," this particular

center of gravity over corner case was tested. Test results are consistent with the preceding

analysis in that attachment hardware did fail, that the cask did tend to wedge itself into the

impact limiter, and that physical separation did not occur (Appendix 2.10.8, Figures 2.10.8-15

and 2.10.8-16).

Response of Secondary Impact Limiter During Initial Impact of Package

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

impact on a single impact limiter, that the limiter on the opposite end of the cask (secondary

limiter) must remain attached to the cask during the initial impact. This ensures that the

secondary limiter will be in position to absorb the secondary impact and, as discussed in the

section titled "Response of Impact Limiter(s) During Initial Impact of Package with Ground," it

remains in position for the full duration of the secondary impact and performs its impact limiting

function. Attachment is ensured by demonstrating that the attachment hardware (pins, lugs and

associated welds) does not fail during the initial impact while the far end of the transport cask is

rotating about the end that is in contact with the ground. For this evaluation, the worst case

loading on the secondary impact limiter to separate it from the cask is bounded by the condition

that all of the kinetic energy at the time of impact is converted to angular rotation. The angular

rotation speed (in) results in a radial angular acceleration (Ar) of the far end of the cask (a radius
of r) that is computed by ru)2 . The angular speed is determined by using conservation of energy,

where:

The moment of inertia of the cask (1) about the point of rotation is computed for a 199.8-in long,

39.23-in diameter, right circular cylinder about the edge in conjunction with the impact limiter

(ML) (see page 34 of "Formulas for Natural Frequency and Mode Shape," Robert D. Blevins,

Ph.D, Krieger Publishing Co., Inc., 1984):

I =:(M)xF±(3 x(R)2 +())(R ± LxL
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S = (i18"21b'sec2/in)x[ 3x<39.23 in. +(199.8 in)2j+~ 392 ]i.+3.97x 199.82

= 6.09 x105 lb-sec2 in

where,

M = mass of the empty cask, less the weight of one impact limiter =

45,673 lbs
386.in/ec 2 = 118.2 lb-sec 2/in

ME = mass of the impact limiter = 1,55 ls =3.9_lbsec/i

386.4in/sec2 
=39 be 2 i

The bounding angular velocity is therefore:

2xWxH _ 2x47,208 lbsx360 inrd
- = ~~~7.47rasc_

I !•6..0-9•x1- lb-sec2 "inse

O The radial acceleration (Ar) (g) using a radius of 200 inches from the bottom to the top end of the

cask is:

Ar()=200 inx(7.47 rad/ sec)2 -89g

386.4

The calculations for the stress conservatively use the maximum acceleration of 30 g's. With four

attachment points, the load, P, per attachment point therefore becomes:

P = 30 x 1,535/4

= 11,513 lbs

where 1,535 pounds is the weight of the heaviest (top) impact limiter.
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Analysis of Impact Limiter Luq

The impact limiter lug is evaluated using the same approach as was used in the section titled

"Analysis of Impact Limiter Lug," but the allowable limit is based on ultimate strength rather

than yield strength. As shown in Table 2.3.1-4, the ultimate strength of 6061-T651 aluminum at

150°F is 38,700 psi. Potential failure modes of tension across the net section and 40-degree

shearout are considered as follows:

Tension Across the Net Section

P =11,513 lbs

A -- 0.5(2.0 - 0.53)

=0.73 5 in2

St = 11,513/0.735

= 15,664 psi (Su = 38,700 psi)

MS -- 38,700/1 5,664 -1

= ±1.47

40-Degree Shearout

P = 11,513 lbs

e = 1.7 - (0.53/2) cos 400

= 1.497 inches

As=2(0.5)(e)

=1.497 in2

S• - 11,513/1.497

= 7,691 psi (0.6 Su 23,220 psi)

MS = 23,220/7,691 - 1

- +2.02

An optional impact limiter lug configuration permits the gusset plate impact limiter attachment

tab to be an assembly of the tab and gusset plate using a full-penetration weld, as described in

Section 8.2.1.1, Impact Limiter Attachment Lug Repairs. Structural strength of the weld using a

mock-up test confirms that the minimum weld tensile strength is equal to or greater than 20 ksi.

The only stress applicable to the weld is the tension across the entire section of the weld. Using

the bounding load of 11,513 pounds, the tensile stress is 11,513 (2x1/2) or 11,513 psi and the

margin of safety for the weld region is:

MS = 20,000/11,513-1

- +0.74
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Both the 6061-T651 continuous tab gusset configuration and the optional full-penetration weld

assembly configuration are confirmed to maintain the attachment of the impact limiters during

the bounding condition of the accident side drop condition.

Analysis of Cask Luq

The cask lug is evaluated using the same approach as was used in the section titled "Analysis of

Impact Limiter Lug," but the allowable limit is based on ultimate strength rather than yield

strength. The ultimate strength of Type 304 stainless steel at 150°F is 73,000 psi. Potential

failure modes of 40-degree shearout and failure of the weld (3/8-inch bevel plus 3/8-inch fillet),

which attaches the base plate to the cask body, are considered as follows:

40-Degree Shearout

F = P/2 = 23,179/2

=11,590 lbs

e = 0.72 - (0.5 3/2) cos 400

= 0.5 17 in

As= 2(0.5)(e)

= 0.517 in2

Ss = 11,590/0.517

= 22,418 psi (0.6 Su = 43,800 psi)

MS = 43,800/22,418 -1

- +0.95

Weld Stresses

The analysis will again conservatively ignore the 3/8-inch bevel weld and only consider the

3/8-inch fillet weld around the perimeter of the base plate.

The stress in the weld due to the applied moment is:

si = 4.24 M/(hrb 2 + 3 L(b + h)])

= 30,292 psi

where:

M = 1.78(P) = 41,259 in-lb

P = 23,179 lbs

h = 3/8 = 0.375 in

b =2.0Oin

L = 1.6 in
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The stress in the weld due to the applied shear load is:

s2 = P/As

= 12,142 psi

where:

P = 23,179 lbs

A5 = 2(1.6 + 2.0)(0.707)(0.375)

= 1.909 in2

The combined stress is therefore:

s = (s,2 + s22 )0.5

= 32,635 psi (0.6 Su = 43,800 psi)

MS = 43,800/32,635 - 1

-±+0.34

Analysis of Ball-Lock Pin

The 1/2-inch, AVIBANK 5745 9-1 ball-lock pins have a 36,800-pound capacity in double shear.

With an applied load of 23,179 pounds, the margin of safety becomes:

MS = 36,800/23,179 - 1

- +0.59

2.6.7.5 Closure Lid

2.6.7.5.1 Discussion

The NAC-LWT cask closure lid is analyzed for structural adequacy in accordance with the

requirements of 10 CFR 71 .73(c)(1) free drop (hypothetical accident condition). The cask is

assumed to be inverted, with the lid downward, when dropped through a distance of 30 feet onto

a flat, unyielding, horizontal surface. The structural evaluation is performed by classical elastic

analysis methods.

2.6.7.5.2 Analysis Description

Geometry

The closure lid geometry is shown in Figure 2.6.7-20. The lid is bolted in position on the upper

end of the cask. The lid material is Type 304 stainless steel. The temperature-dependent

material properties for Type 304 stainless steel, which are presented in Section 2.3, are used in

this analysis.
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Loadings

During impact, the cask cavity contents are considered to apply an internal inertia pressure on the

interior surface of the lid in the outward normal direction. The impact limiter applies an external
inertia pressure on the exterior lid surface in the inward normal direction; however, this pressure

is conservatively ignored in this analysis. Each bolt is torqued to a preload force of 2 1,000
pounds. The lid is also loaded with an assumed 50-psig internal pressure for the 1 30°F ambient

temperature hot case.

Displacement Boundary Conditions

The closure lid is restrained from vertical and rotational deformation at the 1 7.875-inch bolt

circle diameter by the preloaded lid bolts.

Detailed Analysis

For the loading and boundary conditions described, the structural behavior of the closure lid may

be assessed by superposition of maximum stresses from Section 2.6.1, which includes

consideration of thermal effects, bolt preload, and internal pressure, with the maximum stresses

produced by the inertia loading. The maximum Pm~ + Pb component stresses from Section 2.6.1

(Table 2.6.1-2) are:

Sx=~-3060 psi; Sy=- 260Opsi; Sz= 100psi; Sxy= 180psi

The free body diagram of Figure 2.6.7-21 can be evaluated by applying formulas from Case 6

(Roark, page 217) for a uniformly loaded circular plate.

The total deceleration force of the contents, FID = 4000 lbf x 60 g deceleration = 240,000 lbf,

creates a pressure, W, on the lid interior surface:

W=240,000 =95ps
nr(8. 938) 2 =5 s

The maximum radial, tangential, and vertical stresses on the lid are:
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Sr = 3Wa2

r 4t 2

= 895 psi

3Wa -y
St 4t 2

= 246 psi

= -956 psi

where:

a = 8.93 8 inches

S=O0. 275
t =8.0 inches

Conservatively combining these stresses with Pm + Pb stresses from Section 2.6.1
(Table 2.6.1-2), the total Pm + Pb component stresses on the lid are:

S•=-3955 psi; Sy =- 1216 psi; Sz= 346 psi; Sxy= 180psi

For small Sxy, the stress intensity becomes S.I. =Sz - Sx = 4301 psi. Since the maximum cask lid

temperature is less than 300°F for the 130°F ambient temperature hot case (Section 3.4.2), the

closure lid allowable Pm + Pb stress is 72,000 psi (3.6 Sm ). Therefore, the minimum margin of

safety is +Large: thus, containment is maintained.

2.6.7.5.3 Conclusion

It is demonstrated by use of a conservative loading that the minimum margin of safety is +4.23

and containment is maintained. Therefore, the NAC-LWT cask lid satisfies the requirements of

10 CFR 71 for consideration of the closure lid impact in the 30-foot free drop accident.

2.6.7.6 Bolts - Closure Lid (Normal Conditions of Transport)

The 7NAC-LWT cask closure lid is bolted to the cask body top forging with twelve 1 - 8 UNC

bolts fabricated from SA-453, Grade 660 high alloy steel. The threaded portion of the bolt

engages the cask body a minimum of 1 .875 inches. In accordance with the free drop provisions

of the normal conditions of transport, 10 CFR 71.71(c)(7), this bolted closure has been carefully

0
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evaluated for structural adequacy and found to satisfy all regulatory requirements and design

criteria. Details of this analytic evaluation follow.

The simultaneous loads that may be imposed upon the cask closure bolts include: pressure loads,

thermal differential expansion loads, pre-loads and inertial loads arising from impact responses.

For a given set of initial conditions, the pressure loads, thermal loads and pre-loads all remain

constant. Inertial impact loads, however, vary with impact orientation and bolt location. Lateral

impact loads acting upon the lid are directly related to the mass of the lid and the lateral impact

acceleration. Longitudinal impact loads acting on the lid are proportional to the longitudinal

impact acceleration, as well as, the mass of the lid and the payload within the containment

cavity.

In general, these lid impact loads impose unequal individual forces, or loadings, in the closure

bolts. This NAC-LWT cask evaluation conservatively assumes a set of impact forces that induce

maximum containment closure separation forces and bolt loadings. With this conservative

assumption, the external impact force is presumed to be located at a point where it cannot

restrain those forces that tend to separate the cask lid from the cask body. This assumption

locates the external impact force at the lower corner of the lid-body interface. With this

assumption the lower corner of the lid is assumed to be pinned (by the impact forces), and bolt

tension forces are assumed to vary linearly from zero at this pinned lower corner to a maximum

value at the opposite, or upper, corner of the lid.

A complete range of impact orientations is evaluated, from an end impact at 0 degrees to a flat

side impact at 90 degrees, and at 5-degree increments in between. Loads are derived from the

normal impact accelerations summarized within Table 2.6.7-34. Where necessary, impact

accelerations have been interpolated at 5-degree increments from those values given in Table

2.6.7-34.

The details of this analytic evaluation are described and performed within Section 2.10.9 for both

normal conditions of transport and hypothetical accident conditions. Normal conditions of

transport results are summarized in Table 2.6.7-35 and Table 2.6.7-36, corresponding to a "hot"

initial condition and a "cold" initial condition, respectively. The hot initial condition bolt

temperature is taken at 227°F, as summarized in Table 3.4-2. The cold initial condition bolt

temperature is assumed to be -20°F, per regulatory requirements. Physical properties for the SA-

453, Grade 660 bolts are conservatively taken at 300°F and at room temperature (70°F) for hot

and cold conditions, respectively. As defined within Table 2.1.2-1, the allowable bolt stress is

taken as Sy, leading to allowable direct tension stresses of 81.9 and 85.0 ksi, at 300°F and 70°F,

respectively. Based on this thorough evaluation, the closure bolts incur a maximum stress

intensity of 61,012 psi, which results in a minimum margin of safety of 34 percent. See Table

2.6.7-35 (at 50):
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MS = 81.9/61.042 -1

- +0.34

Bolt engagement may be evaluated by computing shear stresses within the SA-336, Type 304,

end forging material. At 300°F, the allowable shear stress is 0.5 Sy, or 11.25 ksi, according to

Tables 2.1.2-1 and 2.3.1-1. The maximum tensile load is found as the product of the maximum

bolt stress intensity, noted above, and the bolt stress area; that is, (61,042 psi)(0.6051) = 36,937
pounds. The shear area per inch of engagement for a 1 - 8 UNC internal thread is 2.325 in2/in

("Table Speeds Calculation of Strength of Threads," pp. 41-49). The resultant shear stress and

margin of safety within the top body forging is:

"t= P/A = (36,937)/[(2.325)(1.875)]

= 8473 psi

MS = 11.25/8.473 - 1

=-+0.33

Using consistently conservative assumptions, the NAC-LWT cask lid bolted closure can be

shown to satisfy the performance and structural integrity requirements of 10 CFR 71.71 (c)(7) for

normal conditions of transport.

2.6.7.7 Neutron Shield Tank

2.6.7.7.1 Introduction

The neutron shield tank is welded to, and concentric with, the NAC-LWT cask outer shell. The

tank consists of eight cells. The neutron shield fluid flows freely through holes in the

longitudinal stiffeners between these cells. During thermal expansion or contraction, fluid passes

through the valve assembly into or out of the expansion tank, which is external to and concentric

with, the shield tank. Table 2.6.7-3 7 summarizes the results of the structural analyses described

below. The table shows positive margins of safety, demonstrating that each component of the

neutron shield tank satisfies the requirements of the normal operations conditions 1-foot free

drop as described in 10 CFR 71.71. Classical analysis techniques are used to demonstrate that

each tank component withstands the hydrodynamic loads from a I-foot side or end drop in

combination with internal tank pressure. Similarly, classical analyses show that the

shield/expansion tank does not rupture, nor does the check valve sustain damage during the

penetration test.

The shield tank wall has a mean diameter of 39.04 inches, is located approximately 23 inches
below the top edge of the upper end casting, and extends 164 inches longitudinally. Constructed

entirely of Type 304 stainless steel, the tank external shell and eight longitudinal stiffeners are
0.24-inch thick plate. Each end of the tank is a 0.50-inch thick end plate. Equally spaced
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O between stiffeners are eight 0.24-inch thick gusset plates, which provide additional support to the

end plates.

A 56 percent by volume ethylene glycol and water solution provides the neutron shielding. The

shield tank fluid volume (excluding stiffeners) is 84,742 cubic inches or approximately 370

gallons (3,280 pounds) of fluid. At the upper end, concentric with the shield tank, is the

expansion tank. The expansion tank is 46 inches long and is constructed from 0.32-inch thick

stainless steel plate; there are eight cells divided by equally spaced plate stiffeners with holes in

them, which enables the fluid to flow from chamber to chamber. The expansion tank empty

volume is 13,245 cubic inches. It is filled with 11.5 gallons (103 pounds) of solution initially,

leaving an expansion volume of 10,589 cubic inches. At the bottom of the expansion tank is a

siphon tube, which goes around the shield tank and exits at its top. Volumetric expansion forces

fluid through the siphon tube. During heating, the solution in the shield tank expands into the

expansion tank avoiding uncontrolled pressurization of the shield/expansion tank. A pressure

relief valve in the shield tank assures that the tank structure is protected against over

pressurization. The pressure relief valve is set to begin relieving pressure at 165 psig. Initially,

the expansion tank is filled with 11.5 gallons of fluid to assure that the shield tank remains filled

at -40°F. A cross section of the upper end of the cask with pertinent dimensions is shown in

Figure 2.6.7-22.

S 2.6.7.7.2 Structural Criteria

The neutron shield tank and expansion tank analyses use 10 CFR 71 and Regulatory Guide 7.8 to

determine load/ambient conditions to bound other load conditions. In this way, the

shield/expansion tank components are conservatively analyzed for the most severe structural

loads at maximum temperatures; thus, the material properties and allowable stresses have

minimum values.

The 10 CFR 71 requires that all transport packages weighing more than 30,000 pounds be

evaluated to determine the consequences of a free fall through a distance of 1-foot onto a

horizontal, unyielding surface for normal operation; cask orientation during the fall shall be such

that maximum damage is inflicted upon the cask. End and side drop g loads are the most severe

normal operating loads that the cask sustains; analyses of the shield and expansion tanks are

based on the end and side drop loads. All other cask drop orientations produce less severe g

loads.

Table 2 in Regulatory Guide 7.8 defines three initial ambient states that guide the analyses. The

two extreme cases used to envelope analyses are:

1. 1 00°F ambient temperature, with maximum insolation, decay heat, internal pressure,
weight, and minimum external pressure

0
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2. 20°F ambient temperature, with no insolation or decay heat, minimum internal pressure, I
weight, and external pressure.0

These conditions are used to evaluate the shield tank fluid temperatures (Actually, Sections 3.4.2

and 3.4.3 results, which are based on the more limiting ambient temperatures of 130°F and -40°F

are used). With the fluid temperatures established, it is then possible to calculate the

shield/expansion tank pressures for the extreme cases and the resulting amount of fluid flowing

between the shield tank and the expansion tank (for expansion tank sizing). Table 2.6.7-3 8

summarizes the calculated shield tank fluid temperatures used in analyzing the shield tank

structure.

Since the functional and structural adequacy of the neutron shield and expansion tanks depend on

linear elastic evaluations, the allowable stress criteria is selected as the material yield strength.

All calculated stresses are less than this criteria. From Table 2.6.7-38, the highest average fluid

temperature is 227°F; therefore, material properties for 250°F are used in the analyses. The

evaluation of the shield/expansion tank and the resulting conclusions are conservative.

2.6.7.7.3 Neutron Shield and Expansion Tank Loads

Structural, hydrostatic/hydraulic pressure and expansion pressure are the three components of

shield tank loads. Structural loads result from decelerating the cask structure. Hydrostatic and

hydraulic loads (water hammer) result from the shield tank fluid decelerating against the shield

tank structure. Expansion pressure loads are generated when the fluid expands during heating.
An explanation of how each type of load is calculated follows.

Structural loads are loads imposed on the structure by the weight of the structure itself. The

stainless steel materials from which the cask is fabricated all have mass and are acted upon by

gravity and the normal operations conditions 1-foot drop deceleration. Shield tank structural

components weigh approximately 2,116 pounds. Expansion tank components weigh

approximately 610 pounds. These loads are included in the analysis of the tanks.

Hydrostatic pressure is the pressure at a given depth within a fluid caused by the mass of the

fluid being accelerated by gravity. Hydraulic pressure is the hydrostatic pressure acted upon by

accelerations other than gravity. To determine the hydrostatic pressure of fluid acting on the

plate, the following formula is used:

p = pgh

where:

p = mass density of fluid (Ibm/in3)

g = acceleration due to gravity (in/sec/sec)

h -- height of fluid above point considered (in)
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When thae cask is vertical, the maximum fluid height in the shield tank is 164 inches, which is

equivalent to 6.3 psig under the acceleration of gravity (1 g). When the cask is in the horizontal

position, there is a 39-inch maximum fluid height (diameter of shield tank) or 1.56 psig (1 g).
The presence of the expansion tank around the shield tank is conservatively neglected, because

the fluid pressure acting on the exterior of the shield tank reduces the forces acting on the shield
tank components. During a 1-foot end drop (normal operations conditions), the cask undergoes a

15.8 g deceleration (Section 2.6.7.4). This results in a hydraulic pressure of 100 psig (6.3 psig x

15.8 g) at the bottom of the shield tank. Similarly, during the side drop, the pressure at the

lowest point on the shield tank is 38 psig (1.56 psig x 24.3 g). The maximum hydrostatic and

hydraulic pressures for the end and side drops and the location of the maximum pressure for the

shield tank analyses are shown in the following sketches.

1-Foot End Drop (15.8 g)

Maximum
Hydrostatic

Pressure

Maximum

Hydraulic

Pressure

6.3 psig 100 psig

•/•"I X-LOCATION CF
MAXIMUMI PRESSURE

Vertical Orientation

I-Foot Side Drop (24.3 g)

Maximum

Hydrostatic

Pre ssure

Maximum

Hydraulic

Pressure

1.56 psig 38 psig

L'•OCATION OF MAXIMUM PRESSURE

Horizontal Orientation
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The g loads for various drop orientations and how they were calculated are explained in Section

2.6.7.4.

Once the shield/expansion tank is filled, it is a sealed compartment, which will not permanently

deform under normal transport conditions. The neutron shield tank solution expands or contracts

when heated or cooled. During heating the liquid expansion causes fluid to flow into the

expansion tank, compressing the air in the expansion tank and causing the pressure to increase.

Similarly, as the cask fluid temperatures reach 40°F, there is sufficient fluid in the expansion

tank to always keep the neutron shield tank completely filled.

The neutron shield tank is completely filled in the upright configuration, when the fluid and

ambient conditions are at 68°F. The 56 percent by volume ethylene glycol and water solution

has a density of 67.07 lbs/ft3 at 68°F. After the neutron shield tank is filled, 11.5 gallons of

solution are poured into the expansion tank. Both tanks are then sealed.

The normal transport condition of maximum decay heat load, 100°F ambient temperature and

maximum insolation results in an average (natural and forced mixing of fluid is assumed) shield

tank fluid temperature of 227°F. The volume of fluid that enters the expansion tank as the

temperature increases from 68°F to 227°F is:

LV= VI - i 59in
3

where:

pi = 67.07 lb/ft3 = density of 56 percent ethylene glycol and water solution at 68°F

p2 = 63.07 lb/ft3 = density of 56 percent ethylene glycol and water solution at 230°F

Vi = 87,398 lb/in3 =volume of fluid in the expansion and shield tank at 68°F

AV = volume of fluid entering the expansion tank

Then the increased uniform air pressure in the expansion tank at 230°F is:

P2= 1 [T•J= 40.3 psia (25.6 psig)

where:

Pi = 14.7 psia

Vi = 10,589 in3 (expansion tank air volume at 68°F)

Ti = 528°R = 68°F

T2 = 690°R = 230°F
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O V2 = 10,589 in3 - 5539 in3 - 5050 in3 (expansion tank air volume at 2300 F)

The same analysis procedure was used to calculate the pressures at other significant normal

operating states; these pressures are presented in Table 2.6.7-39. Properties for the 56 percent by

volume ethylene glycol and water solution are presented in Table 3.2-5. Two normal operating

conditions are presented in Table 2.6.7-39, and are helpful in understanding how the cask

operates, but are all bounded by the pressure relief valve release pressure (PRVR) shown in

Table 2.6.7-39. The PRVR pressure is used to establish the structural loads for shield and

expansion tank analyses.

Thus, the magnitude of the expansion pressure is determined as discussed previously by the

volume of fluid added to the expansion tank during the initial filling. It is assumed that 11.5

gallons of fluid are added to the expansion tank, 0.5 gallons more than specified. This results in

a maximum expansion pressure of 26 psig.

In addition to the expansion pressure acting radially outward, 10 CFR 71, Subpart F, requires

that the cask be able to sustain a reduced external pressure. The cask is initially filled and

pressurized at atmospheric pressure (14.7 psia). When the external pressure is reduced to 3.5

psia, there is a relative increase in internal pressure of 11.5 psig (rounded to 12 psig). The

reduced external pressure load has been included in the analysis as an increase in internal
pressure.

*The calculated pressures for the end drop load condition are as follows:

Reduced external pressure 12 psig

Hydraulic pressure 100 psig

Expansion pressure 26 psig

TOTAL 138 psig

The calculated pressures for the side drop load condition are as follows:

Reduced external pressure 12 psig

Hydraulic pressure 38 psig

Expansion pressure 26 psig

TOTAL 76 psig

These pressures are conservatively assumed to add algebraically and represent the highest

pressure expected at a point on the shield/expansion tank structure. All other pressures within

~the shield/expansion tank are less because the hydraulic pressure is a function of fluid depth.
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2.6.7.7.4 Neutron Shield Tank Structural Analyses

To simplify analysis of the shield tank structure, the use of symmetry, superposition and analysis

of worst case loads are employed to reduce the number of calculations to be performed. Major

shield tank structural components are shown in Figure 2.6.7-23. Analyses performed and

resulting conclusions for one location of the shield tank are directly applicable to the same

relative location elsewhere on the shield tank structure. For reasons stated earlier, the normal

operating conditions 1-foot end drop loads envelope all other normal operations conditions drop

orientations, and is the only loading condition that is considered in the following analyses.

Moreover, the bottom end drop g load is more severe than the top end drop, and is used in both

the top and bottom end drop analyses. The shield tank analysis is performed with the shield tank

pressure equal to 180 psig, a pressure 42 psig higher than the calculated 138 psig for the end

drop (which envelops the side drop condition).

The bottom end plate, shield tank shell, gussets, top end plate, and welds are the major

components of interest in the shield tank evaluation for normal transport conditions.

To ensure a conservative analysis of the neutron shield and expansion tank structure, several

simplifying assumptions are made for all analyses performed (other assumptions are stated with

each analysis). The allowable stress is taken as the yield strength of Type 304 stainless steel at

250°F, which is 23,750 psi. This is conservative since the maximum calculated shield/expansion
tank normal operating temperature is 227°F.

Finally, the edge restraint of the structural components analyzed is considered to be simply

supported. The smallest welds are considered in the analyses; a larger weld assures a

conservative analysis.

Weld Allowable Stresses

The shield and expansion tanks are constructed primarily from 0.24-inch thick Type 304

stainless steel plate. The plates are welded together using 0.188-inch fillet welds, using Type

308 weld material. From the Metals Handbook, 9th Edition, Volume 3, page 20, the ultimate

tensile strength is 75.0 ksi. The allowable strength for shield tank fillet welds is:

SALL = (0.3)(75,000)

= 22,500 psi

or:

fALL = (0.707)(22,500)Co

= 15,900Co lb/in

0
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where:

fALL =fillet allowable (lb/in)
io =fillet weld size (in)

The only size fillet weld considered in the shield tank analysis is a 0.188-inch fillet. Therefore,

the 0.188-inch fillet weld has an allowable strength of:

fALL = ( 15,900)(0.188 in)

= 2980 lb/in

Structural Loads

Shield tank and end plate loads are considered in the neutron shield tank analysis. The weight of

a unit depth of the 0.24-inch thick shield tank plate material is considered to be located at the

mass centroid of the plate assembly. The mass centroid is 6.13 inches from the outer shell, as

shown in the following analysis:

/--STIFF'ENER
/ E FXPANSiON TANK SHELL

LI /SHIELD TANK SHELL

-•t---•" •• Z'--SHIELD" TANIK

"V EXPANSION TANK

OUTER SHELL--- A

Oii•rt~r Section - NAG LWT Cask

0

Two "A" plates weigh 1.051 pounds with a mass centroid at 3.87 inches from the outer shell.
Two "B" plates weigh 2.005 pounds with a mass centroid at 5.12 inches from the outer shell.

Two "C" plates weigh 3.032 pounds with a mass centroid at 7.59 inches from the outer shell.

The total weight of the plates is 6.09 pounds.

The mass centroid is located at:
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- (1.051 ib)(3.873 in) + (2.005 Ib)(5.12 in) + (3.032 ib)(7.59 in)
x5. 643 lb 6

=6.134 in

The weight of the neutron shield tank structural plates is considered to act at 6.09 inches from the

outer shell. The weight of one stiffener and shield/expansion tank shell section is 3.54 pounds.

The shield tank end plates are 0.5-inch thick stainless steel plate. To determine the structural

load, the weight of the plate was divided by its area. The resulting structural load is

3 pounds/square inch.

Shield Tank Shell

The shield tank shell is analyzed as a thin-walled tube, taking no credit for the eight radial
stiffeners, which run the length of the tank. Using Case 1 (Roark, page 298), the meridional and

hoop stresses are calculated:

Sl DRt =7414 psi

where: J
p =180 psig

R = 19.44 inches

t = 0.24 in

and

82 = -_$R 14,827 psi

Von Mises yield criterion is used to calculate an equivalent stress, Se, which is compared to the

yield strength of stainless steel.

s = -- [(sI 2  + (s 2 -s3) 2+ (s3 -_ 1 2

=12,841 psi

where:

S•= 7414 psi

0
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O $52 =14,827 psi

83 =0 psi

then
SALL

M.S. = - 1==+0.07

where:

SALL = (0.577)(23,750 psi)

= 13,700 psi

Stiffener

A 1-inch longitudinal section of the neutron shield tank is analyzed. The total pressure load (180

psi) acts equally between stiffeners as shown in Figure 2.6.7-24. No credit is taken for support

from the end plates or the expansion tank end plate. The load acting on the stiffener (L = 2772

pounds) is the area of the tank shell 15.4 square inches (15.4 inches x 1 inch) multiplied by the

total end drop pressure, 180 psi. The cross sectional area, A , of a 1-inch section of the stiffener

plate is 0.24 square inches (0.24 inch x 1.0 inch). The tensile stress acting on the stiffener is

calculated: L_ i,74ps

ST -A 1176 s

then

SAL
M.S. = ALL - 1 = +0.17ST

where:

SALL = 13,700 psi (Section 2.6.7.7.4)

The stiffeners are the structural members locating the shield tank shell and providing support for

the end plates (similar to the gussets) during end drops. This analysis demonstrates that the

stiffeners have adequate strength to withstand the maximum pressure in the shield tank. The

analysis in Section 2.6.7.7.4 shows that the shield tank shell has adequate strength to withstand

the maximum pressure in the shield tank. All other drop orientations offer less severe structural

loads on both the stiffeners and tank shell. Lightening holes in each stiffener do not affect the

structural integrity of the shield tank and stiffeners. Lightening holes are located away from the

ends of the stiffeners where the hydraulic component of the pressure load is less severe.
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Stiffener Weld

A unit section (1 inch longitudinal) of stiffener weld is analyzed. Two loads act on the weld
attaching the stiffener to the cask outer shell. The drop pressure load acting on the stiffener is
L =2772 pounds (see section titled "Stiffener"). In addition to the pressure load, the structural
load (Ls) is calculated concentrating the mass of the tank (stiffeners and shell) unit section (see
section titled Structural Loads). The structural pressure loads and welds being examined are
shown in Figure 2.6.7-25. Treating the two 1-inch welds as lines and determining the weld
loading using methodology found in Design of Welded Structures (Blodgett, Section 7.4):

0

Tensile Load
ft = 2772/2

= 1,386 lb/in

where:

L = 2,7721lbs

Shear Load
fs= 55.9/2

= 28.0 lb/in

where:

Ls= 3.54 lbxl15.8 g

= 55.9 lbs

*15.8 g =end drop gload
(Section 2.6.7.4)

The end drop structural load produces a bending moment on the weld group (Figure 2.6.7-25).
The bending moment (M) is 343 inch-pounds (6.13 inches x 55.9 pounds). The section
properties of the weld group are calculated from Blodgett, Table 5, page 7.4-7,

to 3

= 0.33 In2

0

where:

d =l1in

Bending Load
= Mfw~

= 343/0.33

=1038 lb/in

0
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~The resultant load on the weld group is calculated:

fr= J• f2 +f2

- 2424 lb/in

where:

fi = f = 28.0Ib/in

f2 = ft + fb

-- 2,424 lb/in

The allowable weld load is fALL = 2,980 lb/in; therefore, the margin of safety is:

fALL
M.S. - - 1 - +0.23

r

Gusset Weld

It is assumed that the end drop load on the end plate is shared equally between the stiffeners andS gussets (Figure 2.6.7-26). The fillet weld attaching the gusset to the cask outer shell and end
O plate is 0.188 inch and is on both sides of the gusset. Bending and shear stresses on the weld

group A are calculated in the following analyses. Since the gussets and stiffeners share the end

drop load, the end plate area, which the gusset must support, is calculated:

2 2)
A = [7r(R° Ri (l 6 ) (TpLT) (R° Ri) ]/16

where:

Ro= 19.6 inches

Ri= 14.3 inches

TPLT =0.25 in

The distributed load is composed of the end drop pressure load (180 psig) and a structural load (3

psig) equivalent to the end plate weight. The concentrated load (L) is calculated by multiplying

the area (A) by the sum of the distributed loads (183 psig): L = 6,213 pounds. Therefore, the

moment acting on weld group A is:

0
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= 15,843 in-lb

The section properties of the weld group are calculated from Blodgett, Table 5, page 7.4-7:

- 12 in2

where:

d =6 inches

Bending Load

=1320 lb/in

Shear Load
-L

s WLEN

= 518 lb/in

where:

L =6,213 lbs

WLEN = 2 x 6 inches

=12 inches

The resultant load on the weld group is calculated by:

f- .jfl2 +f2

=1418 lb/in

where:

fi =fs =518 lb/in

f2 =fb-- 1320 lb/in

The allowable weld load is fALL = 2980 lb/in; therefore, the margin of safety is:
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fALl,S ~M.S. = f =11
r

Bottom End Plate

It is assumed that the portions of the end plate between a gusset and the adjacent stiffener can be

modeled by a rectangular plate of the appropriate dimensions. The width (b) of the plate is the

difference between radii of the cask outer shell and the shield tank shell as shown in Figure

2.6.7-27. The length (a) of the plate is the average of the inner and outer arc lengths, 6.7 inches

((7.7 inches + 5.6 inches)/2). Using Case 36 (Roark, page 225), the maximum bending stress on

the 0.5-inch thick end plate is:

wb2

Sb =13 t

= 8,525 psi

where:

13 =0.4146

w 1 183 psi (see section titled "Gusset Weld")

b = 5.3 inches

* t = 0.5-in thick

The margin of safety is:

SALL
M.s. - SB 1-+.7

where:

SALL-- S y250 F

- 23,750 psi

Gusset Plate Cross-Section

The plate was modeled as a large weld, with the throat in tension during an end drop. The end

drop load (L) acting on the gusset is the load acting on the end plate between the gusset and

adjacent stiffener. The gusset root cross-section (R) is considered to be in tension

(Figure 2.6.7-28). From the section titled "Gusset Weld," the load on the gusset root is L = 6213

pounds. The gusset root cross-sectional area is calculated:

AR = 0.707(h)(TPLT)

= 0.865 in2

0
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where:

h = 5.1 in (shortest leg)
TPLT = 0.24 in (thickness)

Calculating the tensile load:
L

ST = AR

- 7180 psi

The margin of safety is:
SALL

M.S. = - 1 i= +LARGE

where:

SALL =23,750 psi

End Plate Welds
Peripheral weld group B (Figure 2.6.7-29) is considered to be in shear during an end drop. The

end plate load is 6213 pounds, from the section titled "Gusset Weld." The area of weld material

is:

- 3.9 in 2

The tensile stress on weld group B is:

= 1593 psi

The margin of safety is:

SALLM.S. =- 1 = +LARGE

where:
SALL = 23,750 psi
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* Top End Plate - Normal Operations Conditions

In the analyses of the section titled "Bottom End Plate" and Section 2.6.7.8.2, the 0.5-inch thick

bottom end plates are shown to be structurally adequate. This analysis shows that the top end

plate, which is in effect equivalent to both bottom end plates welded together at the shield tank

shell, is structurally adequate. Two bounding conditions are considered. The first condition

considers the shield tank top end plate loaded with a pressure of 180 psig and the expansion tank

top end plate unloaded. Using Case 38 (Roark, page 113), considering a unit strip of top end

plate, where the two end points are considered pinned, the maximum bending stress is 10,272

psi, and the margin of safety equals +0.33. The second condition considers both the shield and

expansion tank end plates loaded at 180 psig. Again using Case 38, the bending stress equals

11,172 psi, resulting in a margin of safety of +0.23. The maximum normal operations conditions

pressure in the expansion tank is 162 psig; therefore, the top end plate is adequate for the normal

operations conditions.

2.6.7.8 Expansion Tank

The expansion tank is located at the upper end of the cask and is concentric with the shield tank.

As its name implies, the expansion tank provides a location for fluid to expand into during fluid

heating; thus, protecting both the neutron shield tank and the expansion tank from over-

pressurization during normal operations conditions. A description of the expansion tank,0 structural criteria, and structural loads is presented in Sections 2.6.7.7.1 through 2.6.7.7.3. Table

2.6.7-40 summarizes the results of the structural analyses described in the following sections.

The table shows adequate margins of safety for each component of the expansion tank examined.

Therefore, the normal operations conditions requirements of 10 CFR 71 are satisfied.

To simplify analysis of the expansion tank structure, the use of symmetry, superposition, and

worst case loads are employed to reduce the number of calculations to be performed and yet

provide a thorough analysis. Major expansion tank structural components are shown in Figure

2.6.7-3 0. Analysis of the expansion tank uses the same format and simplifying assumptions as

were used in the neutron shield tank structural analysis.

2.6.7.8.1 Expansion Tank Shell

The expansion tank shell is analyzed as a thin-walled tube, taking no credit for the eight radial

stiffeners, which run the length of the tank. Using Case 1 (Roark, page 298), the meridional and

hoop stresses are calculated:

- 2t

- 6269 psi
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s2
2t

= 12,537 psi

where:

p =l180psig

R =21.94 inches

t = 0.32 in

Von Mises yield criterion is used to calculate an equivalent stress (Se), which is compared to the
yield strength of Type 304 stainless steel.

S _I [(sl -S2 )2 + (s _ 53) 2 (S3 _ s1)2]°'

- 10,857 psi

where:

$3 = 0 psi

then

SALL14.s. = S-- =+o2

where:

SALL = 0.577 (23,750 psi)

- 13,700 psi

2.6.7.8.2 Bottom End Plate

It is assumed that the sections of end plate between stiffeners can be represented by a rectangular
plate of appropriate dimensions. The width (b) of the plate is the difference between radii of the

neutron shield tank and expansion tank shells, as shown in Figure 2.6.7-3 1. The length (a) of the
plate is the average of the inner and outer arch lengths, a = 16.4 inches ((17.3 + 15.4)/2). Using
Case 36 (Roark, page 225), the maximum bending stress on the 0.5-inch thick end plate is:

w2
Smax =f

= 3375 psi

where:

[3= 0.75
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w =180 psig

b = 2.5 inches

t =0.5 in

then
SALL

M.S. - - - 1 =+lARGE

where:

SALL = 23,750 psi (Sy at 250°F)

2.6.7.8.3 Stiffener

The drop load is assumed to be distributed over all stiffeners equally. It is further assumed that

the stiffener examined is in tension resulting from the drop load, as shown in Figure 2.6.7-32.

The analysis shown below is for a 1-inch section (longitudinal) without credit for end plate

welds. The drop pressure load is L =3,114 pounds (17.3 in2 x 180 psi). Additionally, the

stiffener must support itself and the expansion tank shell during a drop, which adds an additional

45 pounds of structural load, bringing the total load (L) on the stiffener to 3,159 pounds. The

cross sectional area of the 1-inch section analyzed is 132 in2.

ST- L

=10,029 psi

The margin of safety is:

SAL
M..- ALL -I = +0.37ST

where:

SALL = 0.577(23,750) psi

-13,700 psi

2.6.7.8.4 Stiffener Weld

This analysis of a unit section (1-inch longitudinal) of expansion tank shell assumes that the drop

load is equally distributed among all stiffeners. The load acting on the weld attaching the

stiffener to the adjacent shield tank stiffener equals the load acting on the stiffener, L = 3,114

pounds (Section 2.6.7.8.3). The weld is a 0.188-inch fillet, both sides with a total throat area,
Aw=0.265 in2. The tensile stress acting on the weld is:

NAC International 26742.6.7-43



NAC-LWT Cask SAR August 2015
Revision 44

LST =A

S11,750 psi

The resulting margin of safety is:

s

ST

where:

Sy=0.577(23,750) psi

= 13,700 psi

2.6.7.9 Upper Ring/Outer Shell Intersection Analysis

Membrane and bending stresses are induced in the upper ring/outer shell intersection region of

the cask body. These stresses are calculated using a detailed finite element model

(Figure 2.6.7-33) and the ANSYS PC-Linear computer program.

The upper ring/outer shell intersection region is conservatively analyzed utilizing an

axisymmetric model, axisymmetric loading and minimum ring cross section properties. The

actual loading occurs only at the two lifting trunnions, and the minimum ring cross section

occurs only at four 90-degree locations around the ring circumference. The model is restrained

in the longitudinal direction by roller boundary conditions on the inner and outer shells (Figure

2.6.7-34) located 10 inches below the upper ring/outer shell intersection (attenuation length = 2.5

(Rt)°5 = 9.81 inches). A fine mesh grid is used in the model in regions where peak stresses

caused by concentration effects are expected. The following assumptions are made in this

analysis:

1. The stiffness and support of the lead shell are not included.

2. The support/restraint of the upper ring provided by the closure lid and bolts is not
included.

3. A uniform average temperature of 300°F is used in the analysis.

4. ANSYS STIF42 isoparametric quadrilateral elements adequately represent the cask
geometry.

The sections analyzed as critical are shown in Figure 2.6.7-3 5. Section c-c is critical for Pm

stress, and section a-a is critical for Pm + Pb stress.

Applied Loads

The normal operations lifting trunnion loads used in this analysis are:
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Ptr Ptr

-TRUNNION

LFxW

Lifting Load On Trunnions

Load Factor (LF) = 1.15
Cask Weight (W) = 52,000 lbs

Ptr = (LF)(W/2) = (1.1]5)(52,000/2) = 29,900 lbs

/ UPPER RING["

STRUNN ION

PtrFLAT

Lifting Trunnion Load Geometry

The concentrated loads were used to represent the distributed loads in the trunnion weld.

0
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2.81I25R( AVER AGE
RADIUS
OF WELD)

CENTROID-
OF

SEMICIRCLE

Trunnion Weld Croup Centroid

To determine the trunnion weld group centroid:

x = 0.6366 Ravg

= 0.6366 (2.8125)

= 1.790 inches

T = C = y (Ptr /2x)

= 2.00 (29,900) / 2 (2.8 125)

= 16,704 lbs

S =Ptr/2

= 29,900/2

- 14,950 lbs

Assume these loads are uniform over the trunnion weld diameter:

Tu= Cu = 16,704/2(2.8125)

= 2969.6 lb/in

Su-14,950/2(2.8 125)

= 2657.8 lb/in

The ANSYS program requires that the loads for an axisymmetric model be input as load/radian:

Radians enclosed in 1 inch of circumference = 1/radius = 11/13.94 = 0.07 17

Tr =Cr = (2969.6)/0.0717
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=41,396.22 Ib/rad

S = 2657.8/0.0717

=37,049.73 Ib/rad

Calculated Stress Summary - Normal Operations Conditions

As anticipated, the maximum stresses occur at the upper ring/outer shell intersection, in the
region of the machined flat and the internal radius of the outer shell. This analysis

conservatively considers an outer shell thickness of 1.12 inches (actual shell thickness is 1.20

inches).

Stress peaking is present at the intersection of the outside surface of the outer shell with the

upper ring because of stress concentration effects. The three sections through this region were

investigated to determine the maximum stress intensity.

I I ANSYS Output Stress Summary

Radial
Sx (ksi)

Axial
Sy, (ksi)

y

Hoop
Sz (ksi)

Shear
Sxy (ksi)Section Node

_______ 66 1.6 7.3 2.9 -0.6
a-a 65 -0.1 4.9 1.9 -0.4

_______ 64 -2.6 -0.4 -0.2 0.8
66 1.6 7.3 2.9 -0.6

b-b 61 -0.7 5.1 1.6 0.5
56 1.1 1.8 0.6 0.6
66 1.6 7.3 2.9 -0.6

c-c 61 -0.7 5.1 1.6 0.5

56 -0.2 4.5 0.6 0.6

The Pm and the Pm + Pb stress components are determined by linearization of the ANSYS output
stress components across sections a-a, b-b, and c-c. The principal stresses are calculated using

the classical stress transformation law (Table 2.6.7-41).

The total normal operations lifting condition component stresses, principal stresses, and stress

intensities at the critical section are calculated by combining the principal stresses from lifting,

section b-b, with the internal pressure hot case (Table 2.6.1-1 and Table 2.6.2-2).

0
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The Pm principal stress summary is:

Load Condition
Lifting

Internal Pressure

Total

S1
5.5

2.9

8.4

Principal Stresses (ksi)
S2

-0.3

0.4

0.1

S3
2.0

-0._4

1.6

Pm stress differences are: $12 = 8.3 ksi, $23 = -1.5 ksi, and S31 = -6.8 ksi.
Pm stress intensity is Si =8.3 ksi.

Allowable stress intensity is Sa = 1.0 Sm = 20.0 ksi (Table 2.3.1-1).

S
M.S. =a - I= +l. 4l

S.
1

The Pm + Pb principal stress summary is:

Load Condition
Lifting

Internal Pressure

Total

S1
9.1

4.2

13.3

Principal Stresses (ksi)
$2

-2.7

1.5

-1.2

S3

4.0
0.2

4.2

The Pm+± Pb stress differences are: S12 = 14.5 ksi, S23 =-5.4 ksi, and S31 = -9.1 ksi.
The Pm+± Pb stress intensity is Si =14.5 ksi.

Allowable stress intensity is Sa = 1.5 Sm = 30.0 ksi.

S
t4.S. = a 1 = +1.07.

The maximum peak stress, Sy = 7.3 ksi, is less than 1.5 Smn; therefore, a fatigue evaluation is not

required.

2.6.7.10 PWR/BWR Rod Transport Canister Assembly Analysis

2.6.7.1 0.1 Discussion

The NAC-LWT PWRJBWR Rod Transport Canister is analyzed for structural adequacy in
accordance with the requirements of 10 CFR 71 for a 1-foot drop (normal transport condition).

The structural evaluation is performed by classical elastic analysis methods. The components

0
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~evaluated include the can weldment, internal spacer, 4 x 4 and 5 x 5 inserts (rod holder), PWR

insert, BWR fuel assembly lattice spacer and can weidment spacer. In the 5x5 insert

configuration, four of the tubes comprising the insert may be replaced with a single larger tube to

accommodate an oversize nonfuel-bearing component (e.g., a single BWR water rod or a CE

guide tube). Evaluations are performed for the inserts being comprised of 16 or 25 tubes to

accommodate the fuel rods and these evaluations are considered to bound the insert

configuration containing a single BWR water rod. The presence of the B3WR water rod reduces

the inertial loading due to contents, as well as employs a larger cross-section for the BWR water

rod as compared to four smaller tubes containing fuel rods.

2.6.7.1 0.2 Analysis Description

Geometry

The geometry of the can assembly is shown in Drawing 3 15-40-098. Note that the tube

component of the can assembly is fabricated from a 6-in.x6-in.x0.5-in.-thick tube that is

machined to the final dimensions of 5.5-in.x5.5-in.x0.25-in.-thick. The can assembly is

positioned within the basket during transport of the cask. If the cask is equipped with a PWR

basket, the PWR insert is required to provide correct positioning within the basket. The can

assembly is constructed of Type 304 stainless steel with the exception of the PWR insert, whichS is constructed of 6061 Aluminum.

Loadings

The magnitude of the impact force varies according to the drop height and drop orientation. As

calculated in Section 2.6.7.4, the g-loads for the 1-foot end and side drops are 15.8 and 24.3g,

respectively.

Detailed Analysis

The maximum temperatures of the components are shown below. For the can weldment and

components outside the can weldment, the temperatures are significantly below 700°F, which are

within the 800°F design limits. For thle tubes supporting the fuel pins, the maximum

temperatures are determined to be 925°F. The tubes, which are only used with the insert for the

high burnup pins, are shown to be acceptable using ASME Code, Section III, Division I,

Subsection NH, which specifies allowable stresses above 8000 F. The remaining components are

shown to be acceptable using the stress allowable in ASME Code, Section III, Subsection NB.

Thermal Stresses

To evaluate effects of the calculated temperatures within the can assembly, the nominal

dimensions of the can are used to calculate the resulting thermal expansions. The coefficient of
* thermal expansion for ASME SA 240 Type 304 stainless steel is 9.0 x 10-6 in./in.-°F. All
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components of the can assembly are constructed of Type 304 stainless steel, except for the PWR

insert. The PWR insert is made of 6061 Aluminum with a coefficient of thermal expansion of

13.5E-6 in/in-0 F. The following temperatures are used in the thermal expansion calculation and

material property definitions.

Maximum Operating Temperature Used for
Component Name Temperature (°F) Calculation (°F)

Aluminum PWR Insert If394 400
Can Weld ment 1538 575

5 x5 Insert If885 1925
Since the 5 x 5 insert is larger than the 4 x 4 insert, it is bounding for the thermal expansion

calculations. The nominal gap between the insert and internal spacer is 3.56 - 3.44 =0.12 inch.

The growth of the insert is 3.44 x 9.0 E-6 in/in-0 F x (925-70)°F =0.027 inch. Since the growth

of the insert is less than the nominal gap, no interference will occur.

The nominal gap between the internal spacer and can shell is 5.0 - 4.94 =0.06 inch. The growth

of the internal spacer is 4.94 x 9.0 E-6 in/in-°F x (575-70)°F = 0.023 inch. Since the growth of

the internal spacer is less than the nominal gap, no interference will occur.

The nominal gap between the can shell and PWR insert is 5.75 - 5.5 = 0.25 inch. The growth of

the can shell is 5.5 x 9.0 E-6 in/in-°F x (575-70)0 F = 0.025 inch. Since the growth of the can

shell is less than the nominal gap, no interference will occur.

Because the differential thermal expansion causes no interference or binding, no further thermal

stress evaluation is required.

Can Weldment

The can weldment is contained within the basket assembly and not subjected to bending stresses

in the side-drop case.

For the end drop, the can weldment is loaded by its own weight. The can contents bear against

the bottom or top of the can assembly, depending on drop orientation.

LWT Can Body Compressive Stress

Under normal operating conditions the tube is evaluated for a 1 5.8 g acceleration for the end
drop. The compressive load (P) on the tube is the combined weight of the lid and tube times the

appropriate g factor.

The compressive stress (Se) in the tube body is:

P _4,898 lb
Ac 4.98 in 2 •984 psi
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* where:

A = n(0.752 -0.5 2) +4 ×x4.0x× 0.25 = 4.98 in2

P = 31]0 x 1 5.8 = 4,898 lbs (conservatively, the weight of the tube, lid, and bottom plate is
used)

The margin of safety (MS) is then:

M S=-- 1-7'300psi 1= 1 6 .6 .

Sc 984 psi

LWT Can Body Bearing Stress

For the bottom end drop, the can base feet are subjected to a bearing stress. The compressive

load (P) on the base is the combined weight of the can assembly, fuel and insert, and the internal

spacer times the appropriate g factor.

P =[310 (can weidment) + 350 (fuel) + 75 (tube insert) + 240 (internal spacer)] x 15.8 =

15,405 lbs

The compressive stress (Se) in the feet is:

P 15,405
Sc - 2.8 _-5,502 psi

A 2.

where:
O ~ ~A =4 x0.5 x(2.0 -0.6) = 2.8in

The margin of safety (MS) for bearing is then:

Ms= =Smi -=17,300 psi 1 1 2 .14

Sc 5,502psi

Can Internal Pressure

Can weldment internal pressure is considered insignificant in the end-drop and side-drop cases

because it will tend to reduce the compressive loads on the can tube sides.

The effect of internal pressure is evaluated for the bending stress that the pressure imposes on the

can weldment sides. Conservatively, a one-inch-wide section of the tube wall, equal in length to

the outside dimension of the tube (L = 5.5 in.) is analyzed as a cantilevered beam with a uniform

load.

The maximum moment (M) is determined by the following relation:

M = wL---2 (8- 147("2 177.2 in.-lb

12 12

S
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where w is the maximum differential pressure across the can wall due to the maximum normal

temperature (assumes that the cask internal pressure is atmospheric). The 85 psia envelopes the

pressure reported in Section 3.4.4.2.

The combined stress (a•) in the 0.25-inch thick tube wall is:

Mc wL
05 +

I t

-(177.2X0.125) +(85 - 14.7)(5.5) 1,0 s

0.0013 0.25

The margin of safety (MS) is:

MS-15Sm _ 25.35 ksi -1 = +0.36 for the normal condition
ay 18.6 ksi

Can Lid Bolt Analysis

The tensile force (Fp) on each lid bolt due to internal pressure is:

PA_ (8-47("5__ 123.6 lbs

n 8

where

P =the pressure differential across the can wall at maximum normal temperature
(assumes cask internal pressure is atmospheric)

A = 3.75 in x 3.75 in, the area of the can lid exposed to pressure

n = 8, number of bolts

The total tensile force on each lid bolt is Fp + the initial preload force, Fi 635 lbs

The lid bolt tensile stress (a) is:

Fp±+ F_ 758.6
0= - 15,480 psi

At -0.049

where

At= 0.049 in.2, the bolt tensile stress area 402z

The margin of safety (MS) for the normal condition is:

Sy 18.8 ksi
MS=---' 11+.2

a 15.48 ksi
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Can Tube Buckling

The tube is evaluated, using the Euler formula, to determine the critical buckling load (Pcr):

Kcr 2LI 3.26 t2 (24.4 x 106 X24.2)068
Per -L2 (165.5)2 =068x 106 lbs

where:

E = 24.4)< 106 psi at 750°F

I-5.54 -5"04 -24.2 in4

12

L = tube body length (165.5 inches)

Because the maximum compressive load (310 x 15.8 = 4,898 ibs) is much less than the critical

buckling load (698x 103 Ibs), the tube has adequate resistance to buckling.

Internal Spacer

The internal spacer body is contained within the can assembly and not subjected to bending in

the side drop condition.

The compressive stress in the internal spacer rails during the side drop is determined as follows:

Wg _665 x 24.3 13.ps

A - 123.7

where:

W = total load = 350 (fuel) + 240 (internal spacer) + 75 (4x4 insert) -- 665 lbs

g = 24.3 (normal condition side drop)

A =123.7 in2 cross-sectional area of spacer rails, 4 x 0.188 x (165.25 -2 x 0.38)

The resulting margin of safety is large.

Internal Spacer Compressive Stress

For the end drop, the internal spacer shell is loaded by its own weight. The insert rail stiffness is

conservatively neglected in the strength.

Under normal operating conditions, the spacer is evaluated for a 15.8 g acceleration. The

compressive load (P) on the shell is due to the weight of the internal spacer. The entire weight of

the internal spacer times the appropriate g factor will be used to calculate the compressive load.

P =240 x 15.8 =3,792 lbs

The compressive stress (Se) in the internal spacer body is:
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P 3,792
Sc - 1.6 ---2,244 psi

A 16

where:

A = (3.936 2 -3.56 2 )- 12 x0.5 x0.188 =1.69 in 2

The margin of safety (MS) is then:

MS=-- 'n -173001=+6.71
Sc 2,244

Internal Spacer Buckling

The shell is evaluated, using the Euler formula for an axially distributed load, to determine the

critical buckling load (Pcr):

~c=KiraEI -3.267r2 (24.4x 106X)6.615) 01x106lb

where:

E = 24.4 x 106 psi at 750°F

I=3"9364 -3"564 = 6.615 in4

12

L =spacer body length (165.25 inches)

Because the maximum compressive load (240x 15.8 = 3,792 Ibs) is much less than the critical

buckling load (1 90x 10 l~ bs), the internal spacer has adequate resistance to buckling.

4x4 and 5x5 Inserts

The 4x4 and 5x5 inserts are contained within the internal spacer. The 4x4 inserts are supported

by straps on 10-inch spacing. These straps provide a clearance of 0.31 inches and will allow

bending of the tubes to occur. The 5x5 insert tubes are evaluated for a diametrically opposed

load due to the weight of the adjacent tubes during the side drop.

The 4x4 insert lower tube will be evaluated as a fixed-fixed beam over a 10-inch span. The

weight of the 3 tubes above (as well as lower tube self-weight) will be considered in the analysis.

The stiffness of the tubes above the lower tube will conservatively be neglected. The combined

weight (P) of the fuel pins and insert tubes are considered as a uniformly distributed load over

the 10-inch span. In addition, the weights are scaled by the appropriate deceleration factor

depending on the drop orientation and condition being evaluated.

The maximum bending stress (fb) is determined as follows:
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"SDf Wig _5.8(10.0)24.3 1,6 s

12Z 12x0.0092

where:

W load on 10-inch section = (14 + 9.5) x 4 x 10/1 63.0 =5.8 lbs

1=10 inches (span of tube)

g =24.3 (normal condition side drop)

Z = r/32 (0.68754-0.63154) / 0.6875 =0.0092 in3 (section modulus of the tube)

The margin of safety (MS) is:

MS-l'S_1_ 1.5(12,050) -1-=±0.42
Irmax 12,766

The bending moment due to the diametrically opposed line load on the 5x5 insert is calculated

by the following:

Mb WRg 70/163.0xO0.344x24.3
M- - _=1.1431b-in

where:

W =total load = 14 x4 +70/5 =701lbs

O g 24.3 (normal condition side drop)

R = 0.6875/2 = 0.344 in (radius of insert tube)

The resulting bending stress is:

fb 6 Mb 6x1.143 8,4ps
t2 0.0282

The margin of safety (MS) is:

MS-1.5 Sm 1-1"5(12'050)-1=1.07
Gmax 8,745

4x4 and 5x5 Insert Tube Compressive Stress

Under normal operating conditions, the tube is evaluated for a 15.8 g acceleration. The

compressive load (P) on the shell is due to the weight of the tube. The entire weight of the tube

is calculated as:

P -- 7t/4 (0.68752-0.63 152) x 163.0 x 0.288 = 2.72 lbs

The compressive stress (Sc) in the tube body is:

0
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P _2.72 x15.8

A 0.058 ~4 s

where:

A =ir/4 (0.68752 - 0.63152) -- 0.05 8 in2

The margin of safety (MS) is then:

MS= Sm-1-14 100 -- 18.0
Sc 741

PWR Insert

The PWR insert contains the can assembly for insertion into the PWR basket. The PWR insert

comprises a square box section with smooth sides. Therefore, no bending stresses will be

introduced in the side drop condition.

PWR Insert Bearing Stress

The bearing load (P) on the PWR insert is due to the weight of the loaded can assembly. The

entire weight of the assembly times the appropriate g factor will conservatively be used to

calculate the bearing load.

W =bearing load = [350 (fuel) + 310 (can) + 240 (internal spacer) + 75 (4x4 insert)] x .

24.3 =23,693 lbs

The compressive stress (Se) in the tube body is:

P 23,693
A 921.3 ~6s

where:

A =5.5 x 167.5 --921.3 in2

The margin of safety (MS) is then:

MS=S5 23,500_1--+ag

Sc 26

PWR Insert Body Compressive Stress

Under normal operating conditions, the tube is evaluated for a 15.8 g acceleration. The

compressive load (P) on the body is due to the weight of the PWR insert. The entire weight of

the PWR insert, times the appropriate g factor, will conservatively be used to calculate the

compressive load.

P = 650 lb x 15.8 = 10,270 lbs 0
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D The compressive stress (Se) in the tube body is:

P 10,270 ~6 s
A 39.2

where:

A = (8.52 - 5.752) = 39.2 in2

The margin of safety (MS) is then:

S 23,500
MS = - 1 -1 =-+Large

So 262

PWR Insert Tube Buckling

The tube is evaluated, using the Euler formula, to determine the critical buckling load (Pcr):
2 2

Pcr - gEl - 3"26i2 !8"8x10 6 X343"9)-3.6l0 b

L2 167.0)2 38X0lb

where:

E =8.8x 106 psi at 400°F
8.54• ~5754 .

I = =343.9 in4
12

L = tube body length (167.0 inches)

Because the maximum compressive load (650 x 15.8 = 10,270 lbs) is much less than the critical

buckling load (3.86x 106 lbs), the PWR insert has adequate resistance to buckling.

PWR Insert Assembly Bolts

The PWR insert is comprised of four short and four long aluminum plates joined with ½-13

UNC x 1 .5-in, long socket head cap screws to form a hollow box. Each plate is secured to each

adjacent plate using three screws.

The screws joining the plates are loaded in shear when the two lift tabs are used to lift the PWR

insert and its payload. The controlling load path is through the lift tab attached to the shorter

side plate and the three screws connecting the shorter side plate to the adjacent long plate. The

distance from the line of load application (centerline of the lift tab) to the centerline of the 3-

screw pattern is approximately 3.6 inches. Any internal moment created by this eccentricity is

reacted by the strong-direction section modulus of the side plates and is effectively countered by

the stiffness inherent in the overall symmetry of the box section. The screw shear stress (t) in

each of the 3 screws is:

0
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P/2 - 900 238s

A 3(0.130)-2,0ps

where:

P = [310 (can weldment)+350 (fuel rods)+240 (internal spacer)+70 (5x5 insert)+650
(PWR insert)]xl.1 = 1,782 Ibs, use 1,800 lbs for analysis. (Total lift weight with 10%
dynamic load factor.)

A = screw cross-sectional area = (0.40692 x it)/4 = 0.130 in2 (Thread minor diameter)

The safety factor (ES) is calculated using a shear allowable of 0.6Sin at 750°F.

ES- 0.6(15,600)=4.06 >3
2,308

where

Sm = 15,600 psi for commercial austenitic stainless steel.

Therefore the design condition that lifting stresses have a load factor of 3 on the basis of yield

strength is met.

Can Weldment Spacer

The can weldment spacer prevents the PWR basket, PWR insert, fuel, and can weldment from
shifting during transport. The spacer (Drawing 3 15-40-125, Item 10) is placed on the top of the

can weldment. The spacer is bolted to the bottom side of the lid and the cruciform stiffener

functions as the spacer between the lid and can weldment. The maximum load applied to the

spacer occurs during the top end drop. To bound both normal and accident conditions, stresses

are compared using accident load conditions and are compared to allowable stresses for normal

operating conditions. The stress in the spacer is:

Pxg _1,945x60 139

A 8.4ps

where:

P= Conservative weight of the PWR basket, PWR insert, fuel, and can weldment

= 1,945 lbs

g= Top end drop acceleration (60g)

A= Cross-sectional area of cruciform

= 2 x7 x0.63 -0.632 =8.4 in2

The margin of safety (MS) is:

0
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MS - 1.0xSm 1-7'500psi 1=±0.26

G 13,893 psi

where:

S= The stress intensity of 304 stainless steel at 500°F

Because the height-to-diameter ratio (4.5/6.0 = 0.75) is less than one, the spacer has adequate

resistance to buckling.

Using a bounding weight of 50.0 lbs for the spacer, the maximum shear stress on the 1/8-inch

fillet weld corresponds to the hypothetical accident bottom end drop condition of 60g. The shear

stress in the weld is computed as:

60 x 50
= = 1,212psi

28.0 x 0.707 x 0.125

where:

the perimeter of cruciform is 28.0 in [(7-0.625) x 4 + 0.625 x 4]

The margin of safety, based on the normal conditions of transport allowable stress, is:

MS= - ~ 06- 1--1 0.- 7501 =+7.66
-r 1,212

The can weldment spacer is, therefore, determined to be structurally adequate for normal and

accident conditions for the NAC-LWT cask.

Fuel Assembly Lattice Spacer

The BWR fuel assembly lattice fits into the PWR insert in place of the can assembly. The fuel

assembly lattice holds up to 25 intact BWR fuel rods. To accommodate the fuel assembly lattice,

the bottom plate of the PWR insert is removed. This allows the fuel assembly lattice to rest on

the bottom of the cask. To prevent the PWR basket from shifting during transport, a spacer

(Drawing 3 15-40-125, Item 12) is placed at the top of the fuel assembly lattice. The spacer is

bolted to the bottom side of the lid and eight 1-inch diameter posts function as the spacer

between the lid and PWR basket. The maximum load applied to the spacer occurs during the top

end drop. To bound both normal and accident conditions, accident stresses are compared to the

normal allowable stress. The stress in the spacer is:

P xg _400 x60_
cT= - -_3,82_ps

Ax Hp -0.785 x 8-3,2ps
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where:

P= Conservative weight of the PWR basket

g= Top end drop acceleration (Table 2.6.7-34)

A= Cross-sectional area of a post

Np = Number of posts

The margin of safety is:

MS= I'0X Sm -- -17,500 psi -1=35

~3,822 psi

where:

Sm= The stress intensity of 304 stainless steel at 500°F

Buckling of the post is evaluated using the Euler formula. The critical buckling load (Pcr) is:

Pcr -Kit 2EI - 0"25 1t2(25"8x106X0"0491) -17,407 lbs

L2 (13.4)2

where:

E = Modulus of elasticity = 25.8 x 106 psi at 50OOF

irxd 4 -009in
I =Moment of inertia- -__ 0.41 n

64

d = Post diameter= 1 in

L = Post length = 13.38 inches

K = Euler buckling coefficient for fixed-free column = 0.25 (Marks, 9 th Ed., p. 5-42)

Because the maximum compressive load (400/8 x 60 =3,000 lbs) is less than the critical

buckling load (17,407 lbs), the spacer has adequate resistance to buckling.
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Figure 2.6.7-1 1-Foot Bottom End Drop with 130 0 F Ambient Temperature and
Maximum Decay Heat Load

0
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Figure 2.6.7-2 1-Foot Bottom End Drop with -40°F Ambient Temperature and
Maximum Decay Heat Load
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Figure 2.6.7-3 1-Foot Bottom End Drop with -400 F Ambient Temperature and No
Decay Heat Load
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Figure 2.6.7-4 1-Foot Top End Drop with 1300 F Ambient Temperature and Maximum
Decay Heat Load
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Figure 2.6.7-5 1-Foot Top End Drop with -40°F Ambient Temperature and Maximum
Decay Heat Load
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Figure 2.6.7-6 NAC-LWT Cask Critical Sections (1-Foot Side Drop with 1000 F Ambient
Temperature)
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Figure 2.6.7-7 1-Foot Top Corner Drop with 130°F Ambient Temperature and
Maximum Decay Heat Load - Drop Orientation = 15.74 Degrees
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Figure 2.6.7-8 1-Foot Bottom Corner Drop with 130°F Ambient Temperature and
Maximum Decay Heat Load - Drop Orientation = 15.74 Degrees
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S Figure 2.6.7-9 1-Foot Top Corner Drop with -40°F Ambient Temperature and No Decay
Heat Load - Drop Orientation =15.74 Degrees
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Figure 2.6.7-10 NAC-LWT Cask with Impact Limiters
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Figure 2.6.7-11 Cross-Section of Top Impact Limiter
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Figure 2.6.7-12 Load Versus Deflection Curve (Typical Aluminum Honeycomb)
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Figure 2.6.7-14 End Drop Impact Limiter Cross-Section
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Figure 2.6.7-15 Impact Limiter Lug Detail
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Figure 2.6.7-16 Cask Lug Detail
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Figure 2.6.7-17 RBCUBED Output Summary - Center of Gravity Over Top Corner
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Figure 2.6.7-18 Free Body Diagram - Top Impact Limiter - Center of Gravity Over
Corner
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Figure 2.6.7-19 Free Body Diagram - Top Impact Limiter - Cask Wedging Forces
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Figure 2.6.7-20 Cask Lid Configuration
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Figure 2.6.7-21 Closure Lid Free Body Diagram
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Figure 2.6.7-22 NAC-LWT Cask Cross-Section
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Figure 2.6.7-23 Component Parts of Shield Tank Structure
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Figure 2.6.7-24 Shield Tank Cross-Section
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Figure 2.6.7-25 Shield Tank Quarter-Section Geometry
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Figure 2.6.7-26 Partial Bottom/Top End Plate Plan and Cross-Section
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Figure 2.6.7-27 Shield Tank End Plate
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Figure 2.6.7-28 Gusset Profile
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Figure 2.6.7-29 End Plate Welds
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Figure 2.6.7-30 Component Parts of the Expansion Tank Structure
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Figure 2.6.7-31 Expansion Tank Top and Bottom End Plate
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Figure 2.6.7-32 Expansion Tank Stiffener Load Geometry

-_J
_ LU

"I- I

I- 02

o _ii
Cl) 71

-J-_.

0

0

coJ

NAC International 26792.6.7-92



NAC-LWT Cask SAR August 2015
Revision 44

Figure 2.6.7-33 Cask Upper Ring at Trunnion - ANSYS Model
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Figure 2.6.7-34 Cask Upper Ring at Trunnion - Model Loads and Boundary Conditions
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Figure 2.6.7-35 NAC-LWT Cask Upper Ring at Trunnion - Critical Sections
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Table 2.6.7-1 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 1 -Pm

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

____________Pm Stresses 1 (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.0 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

2-2 _____

1 2375 to 2575 -0.17 -0.23 0.62 0.40 0.62 0.2 -0.6 1.22 20.0 Large
________ 4-4 _______________

3 1581 to 1584 -0.1 -4.54 -0.16 -0.14 -0.1 -0.16 -4.55 4.45 20.0 +3.49
________ 7-7_____
4 701 to 704 -0.03 -8.44 0.51 -0.02 0,51 -0.03 -8.44 8.94 31.4 +2.51

6-6
6 1515 to 1518 0.00 1.98 -0.16 -0.04 1.98 0.00 -0.16 2.14 31.4 Large

11-11 ______ ______ ______

7 192 to 342 -6.50 1.18 1.28 1.69 1.54 1.28 -6.85 8.39 20.0 +1.38
________ 10-10 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

8 361 to 365 0.77 -5.40 3.89 -0,99 3.89 0,92 -5.55 9.44 20.0 +1.19

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter (Section
2 .6 .7. 1. 1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-2 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 1 - Pm + Pb

Loading Condition 1: 1 30 0 F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses' (ksi) Principal Stresses

Comp. Section Cut Allow. Stress Margin
No.2  Node to Node Sx Sy Sz Sxy 5, S2  S3  S.I. 1.5 Sm of Safety

___________ 1-1
1 2371 to 2571 -3.91 -0.35 0.11 0.00 0.11 -0.35 -3.91 4.01 30.0 +6.48
________ 3-3_____
3 1835 to 1838 -0.1 4.66 2.25 0.29 4.68 2.25 -0.1 4.76 30.0 +5.30

8-8 ____ ____ ___ _

4 621 to 624 0.15 -10.37 -1.16 0.28 0.16 -1.16 -10.38 10.54 47.1 +3.47
5-5

6 1595 to 1598 -0.01 3.03 0.57 0.00 3.03 0.57 -0.01 3.04 47.1 Large
12-12

7 150 to 193 9.25 -5.21 2.76 0.63 9.27 2.76 -5.24 14.51 30.0 +1.06
_________9-9_____ __________ _____ _____________ ______

8 381 to 385 -0.21 -13.14 2.03 -1.07 2.03 -0.12 -13.23 15.26 30.0 +0,97

IConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1l. 1).

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-3 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 1 - Total Range

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

_____________ Total Stress Range 1 (ksi) Principal Stresses Stress Differences
Comp.

No. 2  Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 S3-Si
1 2376 0.80 -4.48 -0,22 -0.31 0.82 -0.22 -4.50 1.04 4.28 -5.32
3 1805 -0.19 -5.27 -2.19 -0.78 -0.07 -2.19 -5.39 2.12 3.20 -5.32
4 604 -0.69 -12.07 -1.65 0.61 -0.66 -1.65 -12.10 0.99 10.45 -11.44
6 1595 -0.02 2.93 0.48 0.00 2.93 0.48 -0.02 2.45 0.50 -2.95
7 192 12.54 -7.35 3.46 -3,90 13.28 3,46 -8.09 9.82 11.55 -21.37

8 361 -0.03 -16.44 0,82 -1,40 0.82 0.09 -16.57 0.73 16.65 -17.38

IConservatively based on a 1.1 2-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2Refer to Figure 2.10.2-9 for comnponent identification.
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Table 2.6.7-4 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 2 -Pm

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses 1 (ksi) Principal Stresses
Comp. Section Cut Allow. Margin

No.2 Node to Node Stress 1.0 of Safety
Sx Sy Sz Sxy Si S2 S3 S.I. Sm

2-2
1 2478 to 2578 0.03 -0.11 1.28 0.02 1.28 0.03 -0.11 1.39 20.0 Large

4-4
3 1581 to 1584 -0.15 -7.90 -0.93 -0.26 -0.14 -0.93 -7.91 7.77 20.0 +1,57

6-6 __________ _______

4 701 to 704 -0.02 -12.08 0.20 -0.03 0.20 -0.02 -12.08 12.28 31.4 +1.56
________ 8-8 _____

6 615 to 618 0.00 -2.85 0.80 0.00 0.80 0.00 -2.85 3.65 31.4 +7.60
_________ 11-11 ____ _ ______

7 100 to 143 -3.18 -4.19 2.15 2.18 2.15 -1.45 -5.93 8.07 20.0 +1.50
________ 7-7 _____ ____

8 601 to 604 -0.23 -11.12 -1.21 0.46 -0.21 -1.21 -11.13 10.93 20.0 +0.83

1Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1 .1).

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-5 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 2 - Pm+± Pb

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses 1 (ksi) _____ Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2  S3 S.I. Sm of Safety

1-1 ______ ______ ______ ______

1 2371 to 2571 -4.10 -0.43 0.14 0.00 0,14 -0.43 -4.10 4.24 30.0 +6.08
________ 3-3__________ _____

3 1701 to 1705 0.04 -8.08 -1.59 -0.34 0.05 -1.59 -8,10 8.15 30.0 +2.68
________ 5-5_____ __________ _____

4 621 to 624 0.18 -13.91 -1.67 0.32 0.19 -1.67 -13.91 14.10 47.1 +2.34
________ 8-8 _________

6 615 to 618 0.03 -4.12 0.63 0.00 0.63 0.03 -4.12 4.75 47,1 +8.92
_______ 10-10 ____

7 193 to 200 3.76 -9.04 1.83 -0.76 3.81 1.83 -9.09 12.89 30.0 +1.32
________ 9-9_____ _____ _____ _____

8 185 to 335 -12.66 -0.38 -0.11 1.93 -0.09 -0.11 -12.96 12.87 30.0 + 1.33

IConservatively based on a 1. 12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1 ).

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-6 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 2 - Total Range

Loading Condition 2: -400F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range1 (ksi Principal Stresses Stress Differences
Comp.

No. 2  Node Sx Sy Sz Sxy Si S2 S3 SI-S 2  S2-S3 S3-SI
1 2376 0.67 -4.03 0.05 -0.35 0.70 0.05 -4.06 0.65 4.11 -4.75
3 1805 -0.32 -9.36 -3.82 -1.34 -0.12 -3.82 -9.56 3.70 5.74 -9.44
4 604 -0.90 -15.99 -2.51 0.80 -0.86 -2.51 -16.03 1.65 13.52 -15.17
6 618 0.03 -4.20 0.57 0.00 0.57 0.03 -4.20 0.54 4.23 -4.77
7 143 -5.58 -14.56 -1.04 0.55 -1.04 -5.55 -14.59 4.51 9.05 -13.55

8 361 0.01 -14.97 -0,81 -1.62 0.18 -0.81 -15.14 0.99 14.33 -15.33

IConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1I. 1).

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-7 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 3 - Pm

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

_____Pm Stresses 1 (ksi) Principal Stresses_____
Comp. Section Cut Allow. Margin

No. 2  Node to Node Stress 1.0 of Safety
Sx Sy Sz Sxy Si S2 S3 S.I. Sm

____________ 1-1 _____________

1 2375 to 2575 -0.21 0.00 -0.03 0.18 0.1 -0.03 -0.31 0.41 20.0 Large
________ 2-2 _________

3 1581 to 1584 -0.22 -3.78 -5,48 -0.28 -0.19 -3.80 -5.48 5.29 20.0 +2.78
________ 3-3__________
4 621 to 624 0.04 -7.76 -1.05 0.24 0.04 -1.05 -7.77 7.81 31.4 +3.02
________ 5-5__________
6 615 to 618 0.00 -6.85 -0.13 0.00 0.00 -0.13 -6.85 6.85 31.4 +3.58

8-8_________ _

7 18 to 118 -10.02 -0.60 -2.86 2.62 0.08 -2.86 -10.70 10.78 20.0 +0.86
4-4_________ _

8 601 to 604 -0.16 -7.07 -0.78 0.34 -0.14 -0.78 -7.09 6.95 20.0 + 1.88

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-8 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 3 - Pm + Ph

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm + Pb Stresses 1 (ksi) [ Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

1-1
1 2375 to 2575 -1.99 0.00 -0.03 0.18 0.01 -0.03 -2.01 2.02 30.0 Large

2-2 ____ ____ ___ _

3 1581 to 1584 0.01 -3.30 -5.65 -0.28 0.03 -3.33 -5.65 5.68 30.0 +4.28
3-3

4 621 to 624 0.12 -8.99 -1.30 0.24 0,13 -1.30 -9.00 9.13 47.1 +4.16
________ 5-5_____
6 615 to 618 0.00 -7.06 -0.19 0.00 0.00 -0.19 -7.06 7.06 47.1 +5.67

8-8 ____ ____ ____ _

7 i8to 118 -20.14 -0.6 -2.86 2.62 -0.25 -2.86 -20.49 20.23 30.0 +0.48
________ 6-6________________
8 185 to 335 -8.83 1.55 1.16 2.22 2.0 1.16 -9.29 11.29 30.0 + 1.66

SConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-9 Critical Stress Summary (1-Foot Bottom End Drop) - Loading Condition 3 - Total Range

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Total Stress Range 1 (ksi), PrincipalStresses Stress Differences
Comp.

No.2 Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 S3-Si
1 2376 0.96 -3.75 -0.64 -0.11 0.96 -0.64 -3.75 1.60 3.11 -4.71
3 2176 3.74 -17.36 -1.84 -2.41 4.01 -1.84 -17.90 5.85 16.06 -21.91
4 604 -0.58 -10.47 -1.81 0.56 -0.55 -1.81 -10.50 1.26 8.69 -9.95
6 615 0.01 -7.05 -0.19 0.00 0.01 -0,19 -7.05 0.20 6.86 -7,06
7 143 0.08 -23.96 -3.03 -2.73 0.39 -3.03 -24.27 3.42 21.24 -24.66

8 361 -0.02 -10.55 0.26 -1.38 0.26 -0.16 -10.73 0.10 10.89 -10.99

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1 .1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-10 Critical Stress Summary (1-Foot Top End Drop) - Loading Condition 1 - Pm

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

_____ ________Pm Stresses 1 (ksi) Principal Stresses _____

Allow.
Comp. Section Cut Stress 1.0 Margin

No.2 Node to Node Sx Sy Sz Sxy Si S2 S3  S.l. Sm of Safety
________ 2-2_____
1 2377 to 2577 -7.46 -0.06 0.09 0,15 0.09 -0.05 -7.46 7,55 20.0 +1.65

4-4 _____ ____________ _____

3 1581 to 1584 -0.20 -7.58 -0.57 -0.33 -0.18 -0.57 -7,60 7.42 20.0 +1.70
5-5

4 1481 to 1484 -0.03 -8.19 0.52 0.02 0.52 -0.03 -8.19 8,71 31.4 +2.60
12-12 ____

6 695 to 698 0.00 2.39 -0.10 0.04 2.40 0.00 -0.10 2.50 31.4 Large
10-10 _ _ _ _ _ _ _ _ _ _ _ ____ __

7 17 to 117 -1,04 1.54 2.36 -2.84 3.37 2.36 -2.87 6.23 20.0 +2,21
7-7 _____ _____ ____________ _ _ _ _ _

8 401 to 405 -0.03 -2.63 1.89 -0,39 1.89 0.03 -2.69 4.58 20.0 +3.37

I Conservatively based on a 1.l12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1 .1).

2 Refer to Figure 2.1 0.2-9 for component identification.
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Table 2.6.7-11 Critical Stress Summary (1-Foot Top End Drop) - Loading Condition 1 - Pm± P b

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

______Pm + Pb Stresses 1 (ksi) _____ Principal Stresses ______

Allow.
Comp. Section Cut Stress 1.5 Margin

No. 2  Node to Node Sx Sy Sz Sxy Si S2  S3 S.I. Sm of Safety
____________1-1 ______

1 2371 to 2571 -12.69 -0.13 -0.22 -1.01 -0.05 -0.22 -12.77 12.72 30.0 +1,36
________ 3-3__________ _____

3 1941 to 1956 0.84 -10.28 -3.31 0.03 0.84 -3.31 -10.28 11.12 30.0 +1.70
_________ 11-11
4 1561 to 1564 0.12 -9.50 -0.89 -0.22 0.13 -0,89 -9.51 9.64 47.1 +3.89

6-6
6 615 to 618 -0.02 3,50 0.78 0.00 3.50 0.78 -0.02 3.52 47.1 Large
________9-9

7 143 to 150 -7.68 6.60 1.37 1.33 6.72 1.37 -7.80 14.52 30.0 +1,07
8-8 ____

8 381 to 385 -0.15 -6.77 0.67 -0.49 0.67 -0.12 -6.81 7.47 30.0 +3.02

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-12 Critical Stress Summary (1-Foot Top End Drop) - Loading Condition 1 - Total Range

Loading Condition 1 : 1 30 0 F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range' (ksi) PrincipalStresses _____Stress Differences
Comp.

No. 2  Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 S3-Sl
1 2371 2,76 -10.30 0.04 3.56 3.67 0.04 -11,21 3.63 11.25 -14.88
3 1962 -1.54 -12.69 -5.46 -1.00 -1.45 -5.46 -12.78 4.01 7.32 -11.33
4 1584 -0.62 -10.96 -1.54 -0.54 -0.59 -1.54 -10.98 0.95 9.44 -10.39
6 615 -0.01 3.43 0.72 -0.01 3.43 0,72 -0.01 2.71 0.73 -3.44
7 143 -7.68 6.79 1.34 2.96 7.37 1.34 -8,26 6.03 9.60 -15.63

8 361 -0.07 -8.76 -0.09 -0.78 0.00 -0.09 -8.83 0.09 8.74 -8.83

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-13 Critical Stress Summary (1-Foot Top End Drop) - Loading Condition 2 - Pm

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

P1m Stresses' (ksi) Principal Stresses

Allow.
Comp. Section Cut Stress 1.0 Margin

No.2  Node to Node Sx Sy Sz Sxy Si S2 S3  S.I. Sm of Safety
2-2

1 2377 to 2577 -7.42 -0.08 0,30 0.18 0.30 -0.08 -7.42 7.72 20.0 +1.59
4-4

3 1581 to 1584 -0.24 -10.89 -1.33 -0.44 -0.22 -1.33 -10.91 10.69 20.0 +0,87
6-6_____ _

4 1481 to 1484 -0,02 -11.77 0.24 0.04 0.24 -0.02 -11.77 12.01 31.4 +1.61
________ 5-5_____
6 1595 to 1598 0.01 -2.37 1.0 0,02 1.0 0.01 -2.37 3.37 31.4 +8.32

10-10 _______ __

7 375 to 378 -1.35 1.92 2.97 -0.61 2.97 2.03 -1.45 4.42 20.0 +3.52
8-8 ____

8 601 to 604 -0.13 -7.55 -0.80 0.27 -0.12 -0.80 -7.56 7.44 20.0 +1,69

SConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2 Refer to Figure 2.1 0.2-9 for component identification.
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Table 2.6.7-14 Critical Stress Summary (1-Foot Top End Drop) - Loading Condition 2 - Pm + Pb

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

_____Pm + Pb Stresses 1 (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No.2 Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

1-1
1 2371 to 2571 -12,88 -0,21 -0.19 -1,02 -0.13 -0.19 -12.96 12.84 30.0 +1.34
________ 4-4_____ _____

3 1581 to 1584 -0.52 -12.05 -1.44 -0.45 -0.51 -1.44 -12.07 11.56 30.0 +1.60
3-3_____ ____ _

4 1561 to 1564 0.17 -13.22 -1.52 -0.30 0.17 -1.52 -13.23 13.40 47.1 +2.51
5-5

6 1595 to 1598 0.04 -3.78 0.86 0.02 0.86 0.04 -3.78 4.64 47.1 +9.15
9-9

7 395 to 398 -0.18 7.35 4.97 -0.78 7.42 4.97 -0.26 7.69 30.0 +2.90
________ 8-8 _______________

8 601 to 604 -0,18 -7.94 -0.67 0.27 -0.18 -0.67 -7.95 7.78 30.0 +2.86

IConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1.1).

2 Refer to Figure 2.1 0.2-9 for component identification.

NAG International 2.6.7-109



NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.6.7-15 Critical Stress Summary (1-Foot Top End Drop) - Loading Condition 2 - Total Range

Loading Condition 2: -40° F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range1 (ksi) Principal Stresses Stress Differences
Comp.

No.2 Node Sx Sy Sz Sxy S1 S2  S3 Si-S2 S2-S3 S3-S1
1 2371 2.56 -10.43 0.01 3.61 3.50 0.01 -11.37 3.49 11.38 -14.87
3 1962 -1.54 -12.88 -5.92 -1.05 -1.44 -5.92 -12.98 4.48 7.06 -11.54
4 1584 -0.85 -15.19 -2.48 -0.76 -0.81 -2.48 -15.23 1.67 12.75 -14.42
6 1598 0.02 -3.94 0.76 0.02 0.76 0.02 -3.94 0.74 3.96 -4.70
7 378 -0.19 7.42 4.95 -0.07 7.42 4.95 -0.19 2.47 5.14 -7.61

8 361 -0,02 -7.21 -1.70 -1.00 0.16 -1.70 -7.38 1.86 5.68 -7.54

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.1 .1).

2 Refer to Figure 2.10.2-9 for component identification.

NAC International 2.6.7-110



NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.6.7-16 Critical Stress Summary (1-Foot Side Drop) - Loading Condition 1 - Pm.

Loading Condition 1: 1 00°F Ambient Temperature and Maximum Decay Heat Load

______ __________Pm Stresses (ksi) Principal Stresses __________

Allow.
Comp. Section Cut Stress 1.0 Margin

No.1 Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety
___________ 1-1
1 2361 to 2370 -3.39 -0.30 0.06 -0.26 0,06 -0.28 -3.42 3.48 20.0 +4.74
________ 2-2 _ ___

3 1969 to 1976 -10.14 1.89 -4.53 -1.65 2.11 -4.53 -10.37 12.47 20.0 +0.60
________ 3-3_____
4 1141 to 1144 -0.11 15.43 0.25 0.00 15.43 0.25 -0.11 15.54 31.4 +1.02
________ 4-4_____
6 1115 to 1118 -0.05 31.36 1.31 0.00 31.36 1.31 -0.05 31.4 31.4 +0.00

5-5
7 395 to 398 -2.17 4.06 -5,51 0,78 4.15 -2.27 -5.51 9.66 20.0 +1.07

6-6 ____ ____ ____________________
8 192 to 342 -5.47 -0.35 -3.06 0,18 -0.35 -3.06 -5.48 5.13 20.0 +2.89

SRefer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-17 Critical Stress Summary (1-Foot Side Drop) - Loading Condition 1 - Pm + Pb

Loading Condition 1 : 1 00°F Ambient Temperature and Maximum Decay Heat Load

_____Pm + Pb Stresses (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No.' Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

7-7
1 2301 to 2561 -0.78 0.06 0.82 3.96 3.62 0.82 -4.34 7.96 30.0 +2.77

8-8
3 2150 to 2156 -4,40 -0,08 -20.16 0.01 -0.08 -4.40 -20.16 20.08 30.0 +0.49

3-3
4 1141 to 1144 -0.07 16.41 0.86 0,00 16.41 0.86 -0.07 16.48 47.1 +1.86

4-4
6 1115 to 1118 0.01 33.37 1.50 0.00 33.37 1.50 0.01 33.36 47.1 +0.41

5-5____ _

7 395 to 398 -1.11 16.09 -0.89 0.78 16.12 -0.89 -1.14 17.26 30.0 +0.74
9-9 ____________

8 177 to 327 -8.25 -1.80 0.27 -1.47 0.27 -1.48 -8.58 8.85 30.0 +2.39

SRefer to Figure 2.1l0.2-9 for component identification.
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Table 2.6.7-18 Critical Stress Summary (1-Foot Side Drop) -. Loading Condition 1 - S

Loading Condition 1 : 1 00°F Ambient Temperature and Maximum Decay Heat Load

Sn Stresses (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 3.0 Margin
No. 1  Node to Node Sx Sy, Sz Sx Si S2 S3 S.I. Sm of Safety

___________ 1-1
1 2361 to 2370 -9.54 -1.04 -1.24 -0.19 -1.04 -1.24 -9.55 8.51 60.0 +6.05

10-10
3 1815 to 1818 -0,09 22.64 2.62 -1,58 22.75 2.62 -0.20 22.95 60.0 +1.61

3-3
4 1141 to 1144 -0.07 17.55 0.98 0.00 17.55 0.98 -0.07 17.62 94.2 +4.34
________ 4-4
6 1115 to 1118 0.01 38.01 1.65 0.00 38.01 1.65 0.01 38.00 94.2 +1.48

11-11
7 395 to 398 -1,10 19.46 0.52 0.51 19.47 0.52 -1.12 20.59 60.0 +1.91
________6-6

8 177 to 327 -12.34 -1.86 -3.80 -1.48 -1.66 -3.80 -12.55 10.89 60.0 +4.5 1

SRefer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-19 Critical Stress Summary (1-Foot Side Drop) - Loading Condition 1 - Total Range

Loading Condition 1: 1 000 F Ambient Temperature and Maximum Decay Heat Load

____________ Total Stress Range (ksi) _____ PrincipalStresses Stress Differences
Comp.

No.1  Node Sx Sy Sz Sxy Si S2 $3 $1S$2 S2-S3 $3-$1
1 2561 0.06 0.02 1.33 15.24 15.28 1.33 -15.19 13.95 16.52 -30.47
3 1815 1.72 24.87 3.61 7.38 27.05 3.61 -0.46 23.44 4.07 -27.51
4 1144 -0.07 17.55 0.96 0.00 17.55 0.96 -0.07 16.59 1.03 -17.62
6 1118 0.01 37.98 1.61 0.00 37.98 1.61 0.01 36.37 1.60 -37.97
7 395 -1.10 22.68 1.30 1.50 22.78 1.30 -1.20 21.48 2.50 -23.98

8 192 -22.96 -1.15 -9.18 -0,81 -1.10 -9.18 -23.00 8.08 13.82 -21.90

'Refer to Figure 2.10.2-9 for component identification.
NAG International
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Table 2.6.7-20 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 1 - Pm - Drop
Orientation -- 15.74 Degrees

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses 1 (ksi) Principal Stresses ____

Allow.
Comp. Section Cut Stress 1.0 Margin

No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety
___________ 1-1 ______ _____________

1 2377 to 2577 -5.07 -0.37 -0.71 -0.29 -0.35 -0.71 -5.09 4.74 20.0 +3.22
________2-2

3 1775 to 1778 -0,05 -4.39 0.55 0.01 0.55 -0.05 -4.39 4.95 20.0 +3.04
3-3_____

4 1501 to 1504 -0.03 -3.11 0.36 0.01 0.36 -0.03 -3.11 3.47 31.4 +8.05
4-4_____

6 1595 to 1598 -0.01 -3.94 0.52 0.03 0.52 -0.01 -3.94 4.46 31.4 +6.04
________ 5-5_____ _____ _____ _____ _____

7 18 to 118 -1.72 2.83 0.47 -2.50 3.94 0.47 -2.83 6.76 20.0 +1.96
6-6_____ ____ _

8 381 to 385 -1.83 -2.67 0.82 -0.32 0.82 -1.73 -2.77 3.60 20.0 +4.56

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter

(Section 2.6.7.3.1l).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-21 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 1 - Pm + Pb - Drop
Orientation = 15.74 Degrees

Loading Condition l1: 130°F Ambient Temperature and Maximum Decay Heat Load

____Pm + Pb Stresses 1 (ksi) Principal Stresses_______
Allow.

Comp. Section Cut Stress 1.5 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

____________ 1-1 _________________

1 2377 to 2577 -6.69 -0.37 -0.71 -0.29 -0.35 -0.71 -6.70 6.34 30.0 +3.73
7-7_____ _____ ___________ _

3 1821 to 1825 -0.02 -4.40 1.73 0.32 1.73 0.00 -4.43 6.16 30,0 +3.87
________ 8-8_____ ______ _____ _______ _____

4 1561 to 1564 0,06 -4.51 -0.67 -0.13 0.06 -0.67 -4.52 4.58 47.1 +9.28
4-4_____ _____ ____ _

6 1595 to 1598 0.01 -4.03 0.45 0.03 0.45 0.01 -4.03 4.47 47.1 +9.54
9-9_____ __________ ____ _

7 143 to 150 -7.82 11.71 1.04 1.55 11.83 1.04 -7.94 19.77 30.0 +0.52
10-10 ____

176 to 326 -2.87 7.16 0.74 -0.96 0.74 -2.66 -7.37 8.10 30.0 +2.70

Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1).

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-22 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 1 - Sn - Drop
Orientation = 15.74 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay H-eat Load

Sn Stressesi (ksi) Principal Stresses _____

Allow.
Comp. Section Cut Stress 3.0 Margin

No.2 Node to Node Sx Sy Sz Sxy Si S2  S3  S.I. Sm of Safety
____________1-1 _______

1 2377 to 2577 -6.82 -0.40 0.32 -0.13 0.32 -0.40 -6.82 7.14 60.0 +7.40
11-11 ______ _________

3 1852 to 1856 -0.19 7.89 4.10 -0.42 7.91 4.10 -0.21 8.12 60.0 +6.39
_______ 12-12 ____

4 601 to 604 0.09 -3.42 -0.54 -0.21 0.11 -0.54 -3.44 3.54 94.2 Large
_______ 13-13 _ _ _ _ _ _ _ _ _ _

6 615 to 618 -0.02 15.94 1.30 0.00 15.94 1.30 -0.02 15.95 94.2 +4.90
________ 14-14 _ _ _ _____

7 193 to 343 -7.81 12.82 1.50 1.46 12.93 1.50 -7.92 20.84 60.0 +1.88
6-6 _____ ____

8 381 to 385 -4.22 -7.18 -0.60 -0.96 -0.60 -3,93 -7.47 6.86 60.0 +7.74

IConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1I).

2Refer to Figure 2.10.2-9 for component identification.

NAG International 2.6.7-117



NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.6.7-23 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 15.74 Degrees

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range 1 (ksi Principal Stresses Stress Differences
Comp.

No.2  Node Sx Sy Sz Sxy Si S2 S3 SI-S 2  S2"S3 S3"Sl
1 2561 1.48 -1.26 0.20 43.95 44.08 0.20 -43.86 43.88 44.06 -87.94
3 1856 -0.19 7.24 3.70 0.08 7.24 3.70 -0.19 3.54 3.89 -7.43
4 1584 -0.13 -2.05 0.02 -0.11 0.02 0,12 -2.06 0.14 1.93 -2.08
6 1595 -0.05 7.09 0.97 0.01 7.09 0.97 -0.05 6.12 1.02 -7.14
7 192 -7.81 14.07 1.73 3.37 14.58 1.73 -8.32 12.85 10.05 -22.90

8 385 -7.64 -8.88 -3.12 -1.02 -3.12 -7.07 -9.46 3.95 2.39 -6.34

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1 ).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-24 Critical Stress Summary (1-Foot Bottom Corner Drop) - Loading Condition 1 - Pm - Drop
Orientation = 15.74 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses1 (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.0 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

1-1
1 2301 to 2561 -1.28 -0,32 0.62 0.30 0,62 -0.24 -1.37 1.99 20.0 Large

2-2
3 1595 to 1598 -3.44 -3.78 -1.65 -0.68 -1.65 -2.91 -4.31 2.66 20.0 +6.51
________ 3-3
4 661 to 664 -0.04 -2.98 0.28 0,02 0.28 -0.04 -2.98 3.26 31.4 +8.63

4-4___________ _

6 615 to 618 -0,01 -4.93 0.28 -0.03 0.28 -0.01 -4.93 5.21 31.4 +5.03
_________5-5 _____ _____ _____ _____

7 2 to 102 -5.98 -3.63 -0.03 2.73 -0.03 -1.83 -7,78 7.76 20.0 +1.58
6-6 ____ ____ _

8 601 to 604 -0.10 -2.94 0.09 0.13 0.09 -0.09 -2.95 3.04 20.0 +5.58

IConservatively based on a 1. 12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1).

2Refer to Figure 2.10.2-9 for component identification.

NAG International 2.6.7-119



NAC-LWT Cask SAR
Revision 44

August 2015

Table 2.6.7-25 Critical Stress Summary (1-Foot Bottom Corner Drop) - Loading Condition 1 - Pm + Pb - Drop
Orientation =15.74 Degrees

Loading Condition l1: 1 300 F Ambient Temperature and Maximum Decay Heat Load

Pm +I Pb Stresses 1 (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No.2 Node to Node Sx Sy Sz Sxy Si S2  S3 S.I. Sm of Safety

____________ 1-1 ______

1 2301 to 2561 -4.05 -0.32 0.38 1.31 0.38 0.09 -4.46 4.84 30.0 +5.20
7-7

3 1815 to 1818 -1.55 4.49 -4.47 0,28 4.51 -1.56 -4.47 8.98 30.0 +2.34
8-8____ _

4 621 to 624 0.04 -4.09 -0.52 0.09 0.04 -0.52 -4.10 4.14 47.1 Large
4-4_____

6 615 to 618 -0.02 -5.20 0.30 -0.03 0.30 -0.02 -5.20 5.49 47.1 +7.58
________ 9-9_____
7 168 to 175 9.21 -3.47 -0.15 -0.29 9.22 -0.15 -3.48 12.70 30,0 +1.36

10-10 ____

8 176 to 326 -6.65 0.I00 -0.82 0.00 0.00 -0.82 -6.65 6.65 30.0 +3.51

IConservatively based on a 1. 12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limniter
(Section 2.6.7.3.1l).

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-26 Critical Stress Summary (1-Foot Bottom Corner Drop) - Loading Condition 1 - S. - Drop
Orientation = 15.74 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Sn, Stresses 1 (ksi) Principal Stresses _____

Allow.
Comp. Section Cut Stress 3.0 Margin

No.2 Node to Node Sx Sy Sz Sxy Si S2 S3 SIl. Sm of Safety
1-1 _______

1 2301 to 2561 -6,94 -0.68 -0.30 -0.06 -0.30 -0.68 -6.94 6.64 60.0 +8.04
11-11

3 1852 to 1856 -0.13 11.99 3.05 -0.24 12.00 3.05 -0.13 12.13 60.0 +3,95
12-12

4 1301 to 1304 0.00 4.74 0.69 0.00 4.74 0.69 0.00 4.74 94.2 Large
13-13

6 1275 to 1278 -0.01 12.83 0.30 0.00 12.83 0.30 -0.01 12.84 94.2 +6,34
________ 14-14 ____

7 193 to 343 17.94 -0.43 1.20 2.27 18.22 1.20 -0.71 18.93 60.0 +2.17
________15-15

8 192 to 342 -16.86 -0.12 -1.41 3.03 0.41 -1,4 1 -17.40 17.81 60,0 +2.37

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1).

2 Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-27 Critical Stress Summary (1-Foot Bottom Corner Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 15.74 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range 1 (ksi) Principal Stresses Stress Differences
Comp.

No. 2  Node Sx Sy Sz Sx Si S2  S3 $i-S2 S2-$3  S3-Si
1 2561 0.80 -4.34 0.23 4.73 3.61 0.23 -7.15 3.38 7.38 -10.76
3 1815 0.38 3.10 -0.93 1.68 3.90 -0.42 -0.93 4.32 0.51 -4.83
4 604 -0.19 -2.77 0.11 0.15 0.11 -0.18 -2.78 0.29 2.60 -2.89
6 615 -0.03 5.78 0.94 -0.03 5.78 0.94 -0.03 4.84 0.97 -5.81
7 1 3.73 -1.26 1.97 -43.45 44.76 1.97 -42.29 42.79 44.26 -87.04

8 192 0.11 -18.73 -9.11 2.58 0.46 -9.11 -19.08 9.57 9.97 -19.53

I Conservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1 ).

2 Refer to Figure 2.1 0.2-9 for component identification.
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Table 2.6.7-28 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 3 - Pm - Drop
Orientation = 15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

____________Pm Stresses 1 (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.0 Margin
No.2 Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

___________1-1

1 2377 to 2577 -4.89 -0.34 -0.78 -0.34 -0.32 -0.78 -4.91 4.59 20.0 +3.36
2-2 _____ _____

3 1775 to 1778 -0.06 -4.13 0.62 0.01 0.62 -0.06 -4,13 4.75 20.0 +3.21
3-3 _____

4 1561 to 1564 0.02 -2.72 -0.33 -0.11 0.03 -0.33 -2.73 2.75 31.4 Large
4-4

6 1595 to 1598 -0.01 -3.71 0.53 0.03 0.53 -0.01 -3.71 4.23 31.4 +6.42
5-5_____ ____ _

7 168 to 175 -2.03 3.20 1.06 -0.33 3.22 1.06 -2.05 5.27 20.0 +2.79
6-6 _____ _____ _____ ____ ______

8 381 to 385 -1.93 -7.44 -1,79 0.32 -1.79 -1.91 -7.46 5.67 20.0 +2.53

IConservatively based on a I .12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1l).

2Refer to Figure 2. 10.2-9 for component identification.
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Table 2.6.7-29 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 3 - Pm + Pb - Drop
Orientation = 15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

_____Pm -I Pb Stresses1 (ksi) Principal Stresses
Allow.

Comp. Section Cut Stress 1.5 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

1-1 __________

1 2377 to 2577 -6.71 -0.34 -0.78 -0.34 -0.33 -0.78 -6.72 6.40 30.0 +3.69
7-7

3 1821 to 1825 0.03 -4.61 1.68 0.43 1.68 0.07 -4.65 6.33 30.0 +3.74
3-3

4 1561 to 1564 0.06 -3.75 -0.84 -0.11 0.06 -0.84 -3.75 3.81 94.2 Large
4-4

6 1595 to 1598 0.01 -3.81 0.45 0.03 0.45 0.01 -3.81 4.26 94.2 Large
________ 8-8 _________

7 143 to 150 -0.54 12.44 4.53 -0.50 12.46 4.53 -0.56 13.02 30.0 +1.30
________ 9-9 ____________

8 176 to 326 -2.90 -8.30 -0.56 -0.22 -0.56 -2.89 -8.31 7.74 30.0 +2,87

IConservatively based on a 1. 12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1l):

2Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-30 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 3 - Sn - Drop
Orientation = 15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

____________Sn Stresses1 (ksi) Principal Stresses
Allow.

Camp. Section Cut Stress 3.0 Margin
No. 2  Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Sm of Safety

___________ 1-1
1 2377 to 2577 -6.95 -0.47 -1.07 -0.53 -0.43 -1.07 -6.99 6.56 60.0 +8.15

_______ 10-10 _ _ _ _ _ _ _ ______

3 1801 to 1805 0.47 14.21 7.54 1.89 14.46 7.54 0.22 14.25 60.0 +3.21
11-11 ______ ______

4 661 to 664 0,14 -7.03 -1.15 -0.29 0.15 -1.15 -7.04 7.20 94.2 Large
________ 4-4 _________________ _ _ _ _ _

6 1595 to 1598 0,02 -7.43 0.70 0.05 0.70 0.02 -7.43 8.13 94.2 Large
________ 8-8 _____

7 143 to 150 -0.54 13.55 4.99 -0.59 13.58 4.99 -0.56 14.14 60.0 +3.24
________ 6-6 ____ ____ _____

8 381 to 385 -4.25 -8,32 -1.90 -0.23 -1.90 -4.23 -8.33 6.42 60.0 +8.34

2

Conservatively based on a 1 .12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1).
Refer to Figure 2.10.2-9 for component identification.
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Table 2.6.7-31 Critical Stress Summary (1-Foot Top Corner Drop) - Loading Condition 3 - Total Range -

Drop Orientation = 15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range 1 (ksi ____ Principal Stresses Stress Differences
Comp.

No.2 Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 $3-S1
1 2561 0.05 -1.17 -1.15 40.01 39.49 -1.15 -40.61 40.64 39.46 -80.10
3 1805 0.47 16.81 8.08 2.75 17.26 8.08 0.02 9.18 8.06 -17.24
4 1584 -0.04 4.04 -3.61 -0.44 4.09 -0.09 -3.61 4.17 3.52 -7.70
6 1598 -0.02 -7.58 0.65 0.03 0.65 -0.02 -7.58 0.67 7.56 -8.23
7 2 -0.55 14.68 5.23 0.43 14.69 5.23 -0.56 9.46 5.79 -15.25

8 385 -7.60 -7.37 -4.68 -1.24 -4.68 -6.24 -8.73 1.56 2.48 -4.05

IConservatively based on a 1.12-inch thick outer shell and on a 3850-psi crush strength aluminum honeycomb impact limiter
(Section 2.6.7.3.1).

2Refer to Figure 2.1 0.2-9 for component identification.
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Table 2.6.7-32 Summary of Results - Impact Limiter Analysis for 1-Foot Free Drop

Displacement
(in)

Force
(Ib)

Equivalent 1

G Load FactorAnalysis Description
Flat End Impact

Bottom Limiter with Max 07 .2x1~1.
Crush Strength______ ______

Bottom Limiter with Min.466 x1~1.
Crush Strength ____________

Top Limiter with Max 08 .2x1~1.
Crush Strength ____________ ____________ ______ ______

TpLmtrwtMm0.96 6.71 x 105 12.9
CrushStrength ____________ ___________ ___________

Corner Impact

Bottom Limiter with Max 31 .9x1~1.
Crush Strength ___________

Bottom Limiter with Min.062 x1~1.
Crush Strength ____________

Top Limiter with Max 31 .0x1~1.
Crush Strength ___________ ___________ ____________

0 Top Limiter with Min
Crush Strength 3.42 5.98 x 105 11.5

SEquivalent g load factor

NAC International
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Table 2.6.7-32 Summary of Results - Impact Limiter Analysis for 1-Foot Free Drop
(continued)

Analysis Description Displacement
(in)

Force
(Ib)

Equivalent 1
G Load Factor

Flat Side Impact

Bottom Limiter with Max 0.83 1.21 x 106 23.3
Crush Strength

Bottom Limiter with Min 0.95 1.03 x 106 19.8
Crush Strength

Top Limiter with Max 0.83 1.26 x 106 24.3
Crush Strength

Top Limiter with Min
Crush Strength

0.94 1.07 x 106 20.6

S

aEquivalent g load factor =Force/52,000.

0
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Table 2.6.7-33 Summary of Results - Impact Limiter Analysis for 30-Foot Free Drop
Subsequent to a 1-Foot Fall

Displacement
(in)

Force
(I b)

Equivalent1

G Load FactorAnalysis Description

Flat End Impact
Bottom Limiter with Max 85 .0x164.

Crush Strength ___________

BotmLmtrwt m10.30 2.03 x 106 39.0
Crush Strength ___________

Top Limiter with Max 84 .1x164.
Crush Strength ___________ ___________ ___________

TpLmtrwtMm10.24 2.04 x 106 39.2
CrushStrength ___________ ____________ _____ ______

Corner Impact

Bottom Limiter with Max1.3308x0652
Crush Strength ___________

BotmLmtrwt m12.70 2.58 x 106 49.6
Crush Strength

To iie ihMx11.38 3.14 x 106 60.4
CrushStrength ___________ ___________ ___________

0 Top Limiter with Min
Crush Strength 12.72 2.98 x 106 57.3

SEquivalent g load factor = Force/52,000.

NAC International2..-9 2.6.7-129
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Table 2.6.7-33 Summary of Results - Impact Limiter Analysis for 30-Foot Free Drop
Subsequent to a 1-Foot Fall (continued)

Analysis Description Displacement
(in)

Force
(Ib)

Equivalent 1

G Load Factor

Flat Side Impact
Bottom Limiter with Max 86 .5x164.

Crush Strength____________ ______ ______

BotmLmtrwt m10.30 2.17 x 106 41.8
Crush Strength ____________ ____________ ______ ______

Top Limiter with Max8.2.7 x1047
CrushStrength ___________ ___________ ___________

Top Limiter with Min
Crush Strength 10.00 2.22 x 106 42.7

S

1Equivalent g load factor = Force/52,000.
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Table 2.6.7-34 Summary of Cask Drop Equivalent G Load Factors

Equivalent G Load Factor 1

Direction 1-Foot Drop 31-Foot Drop
Axial 2  Lateral3

________ Total Comp. Comp.
Lateral (Side) 24.3 49.7 -- 49.7
Longitudinal 15.8 60.0 60.0 -

Corner (15.740) 12.3 60.4 58.2 16.4
Oblique (300) --________54.4 47.1 27.2
Oblique (450°)_______ 43.8 31.0 31.0

Oblique (600) 44.4 22.2 38.5

SEquivalent g load factor = Force/52,000.2 Axial Component = total x cos0 where 0 = 15.740, 30° 450, or 600

3 Lateral Component = total x sin0 where 0 = 1 5.74°, 300, 450, or 600

0
NAC International26.-1 2.6.7-131
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Table 2.6.7-35 NAC-LWT Cask Hot Bolt Analysis - Normal Conditions

Nominal Diameter (in): 1.00
Number of Bolts: 12
Service Str~ess, Sy Cksi): 81.9 at. a 300
Bolt Expansion (in/in): 9E-06I degree-F

Bolt Modulus (ksi): 26700 Service
Lid Expansion (in/in): 9E-06 jTemperature
Lid Modulus (ksi): 27000)
Stress Area (in2): 0.6051
Grip Length (in): 7.99
Maximum Pressure (psi): 50
Seal Diameter (in): 15.750
Preload Torque (ft-Ths): 260 at RI
Nominal Room Temp, RT: 70 deg-F
Bolt Circle Diameter (in): .17.88
Lid Diameter (in): 22.50

(a) Longitudinal Weight (Ths):
(b) Lateral Weight (Ibs):

Service DI (degrees):
(default value -]

CALCULATED LOADS & STIFFNESS
Cc) Bolt Thermal Load (]_bs):
[d) Bolt Preload Ciba):
(e) Bolt Pressure Load CIbs):
Cf) Dolt Stiflness (i bs/in):
Cg) Lid Stiffness (lbs/in):

4941
941
157
230

1423
34770

812
1.9E+06
2. 1E+07

Margin
of

Safety

Angle Impact I<*~*** LOADS (lbs.) ***><** STRESSES (psi) ****>Iwrt Vert. Accel. | Impact Bolt Tension j Direct Principal Stress•
(Doag) (g) Tension Shear Applied Net Tension Shear Sig-1 Sig-2 Intene.

Ch) Ck) Cl) (in) Cn) Co) Cp) (q) Cr)

0 End 60.00
5 (+) 60.13

10 (+) 60.25

15.7 Corner 60.40

20 (+) 58.60

25 (+) 56.50

30 (calc) 54.40

35 (+.) 50.87

40 Ct) 47.33

45 (calc) 43.80

50 (+) 44.00

55 (+) 44.20

60 (talc) 44.40

65 C+) 45.68

70 (+) 46.97

75 (+) 48.25

80 (+) 49.53

85 (t) 50.82

90 Side 52,10

24705(i 0
33641(j 411

33327 820

32857 1282

30924 1572

28758 1872

26459 2133

23402 2288

20364 2386

17394 2429

15864 2643

14238 2839

12468 3015

10843 3247

9022 3461

7014 3655

4831 3825

2487 3970

0 4086

25517

34453

34138

33469

31736

29570

27271

24213

21176

18206

18698

15050

13280

11655

9834

7825

5643

3299

812

38292

39027

39001

38946

3 8804

38626

38436

38185

37935

37691

37567

37431

37286

37152

37002

36837

36657

36465

36260

63282

64497

64454

64363

64128

63833

63521

63105

62692

62289

62083

61860

61619

61398

61150

50877

80581

60262

39924

0

679

1356

2118

2597

3094

3525

3781

3943

4014

4368

4692

4983

5366

5719

6040

6322

6560

6752

0

-7

-29

-70

-105

-150

-195

-226

-247

-258

-308

-354

-400

-465

-530

-593

-653

-706

-751

63282
64504

64483

64433

64233

63983

83716

63331

62939

62546

62389

62213

62019

61863

61881

61471

61233

80968

60675

63282

64511

.64511

54503

64338

64133

63911

63557

63186

82804

62695

62567

62420

62329

62211

62064

61886

61874

61427

0.29
0.27

0.27

0.27

0.27

0.28

0.28

0.29

0.30

0.30

0.31

0.31

0.31

0.31

0.32

0.32

0.32

0.33

0.33

0.27Minimum Margin of Safety:
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Table 2.6.7-36 NAC-LWT Cask Cold Bolt Analysis - Normal Conditions

Nominal Diameter (in): 1.00
Number of Bolts: 12
Service Stress, By (ksi): 85 at
Bolt Expansion (in/in): 8E-06 j dog:

Bolt Modulus (kica): 27800 Sern
Lid Expansion (in/in): 85-06 ITern;
Lid Modulus (kat): 28300)
Stress Area (in2): 0.5051
Grip Length (in): 7.99
Maximum Pressure (psi): 50
Seal Diameter (in): 15.750
Preload Torque (ft-Ths): 250 at RT
Nominal Room Temp, RT: 70 deg-F
Bolt Circle Diameter (in): 17.88
Lid Diammater (in): 22.50

Angle Impact I<****~ LOADS (lbs.)
wrt Vert. Accel. Impact Bolt T1

(Peg) (g) Tension Shear Applie

i 70
:ae-F
rice
)erature

Longitudinal Weight (I bs): 4941
Lateral Weight (libs): 941
Service PT (degrees): -90

(default value - ] 0

CALCULATEP LOADS & STIFFNESS
Bolt. Thermal Load (lbs): -594
Bolt Preload (iba): 34770
Bolt Pressure Load (TbsI: 812
Bolt Stiffness (lbs/in): 2.05+06
Ltd Stiffness (fl's/In): 2.25+07

****> f<**t* SflRESSES (psi) ***> Margin
•ension j Direct Principal Stress[ of
4d Met Tension Shear 513-1 Sig-2 lntens. Safety

0

0 End 60.00
5 (+) 60.13

10 (+) 60.25

15.7 Corner 50.40

20 (+) 58.50

25 Ct) 55.50

30 (calc) 54.40

35 Ct) 50.87

40 C+) 47.33

45 (calc) 43.80

50 (+) 44.00

55 (+) 44.20

60 (calc) 44.40

65 Ct) 45.68

70 (+) 46.97

75 Ct) 48.25

80 Ct) 49.53

85 (+) 50.82

90 Side 52.10

24705

33641

33327

32557

30924

28758

26459

23402

20364

17394

15884

14238

12468

10643

9022

7014

4831

2487

0

0

411

820

1282

1572

1872

2133

2288

2388

2429

2643

2839

3015

3247

3461

3655

3825

3970

4086

25517

34453

34138

33469

31736

29570

27271

24213

21176

18206

16696

15050

13280

11655

9834

7825

5643

3299

812

36262

36993

36967

36912

36771

3 659 4

36405

36156

35908

35665

35541

35407

35262

35129

34960

34816

34638

34446

34243

59926

61135

61093

61002

60768

60475

60165

59752

59341

58940

58736

58514

58275

58055

57802

57538

57243

56926

56590

0

679

1356

2118

2597

3094

3525

3781

3943

4014

4368

4692

4983

5366

5719

6040

6322

6560

6752

0

-8

-30

-73

-111

-158

-206

-238

-261

-272

-323

-374

-423

-492

-560

-627

-690

-746

-794

59928

61143

61123

61076

60879

60633

60371

59990

59602

59212

59059

58888

56698

58547

58369

58165

57933

57672

57384

59928

61150

61153

61149

60900

60791

60577

80226

59863

59484

59382

59252

59121

59039

56230

58792

58622

58419

58179

0.42

0.39

0.39

0.39

0.39

0.40

0.40

0 .41

0.42.

0.43

0.43

0.43

0.44

0.44

0.44

0.45

0.45

0.46

0.46

0.39Minimum Margin of Safety:
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Table 2.6.7-37 Summary of Neutron Shield Tank Analysis

Load Condition: 1-Foot End Drop and 1-Foot Side Drop

Description Stress Magnitude (psi) Margin of Safety 1

Tank Shell 12,841 +0.07
Stiffener 11,746 +0.17

Stiffener Weld 2,424 Ib/n +0.23
Gusset Weld 1,418 Ib/n + 1.10

Bottom End Plate 8,525 +1.79
Gusset Plate Cross Section 7,180 +LARGE

End Plate Welds 1,593 +LARGE

Top End Plate 11,172 +0.23

This table summarizes the stresses and margins for a design condition of 180 psig (Section
2.6.7.7.4), which envelops both the end drop and side drop conditions.

SBased on an allowable stress equal to the yield strength of Type 304 stainless steel at 250°F.

0
NAC International2..14 2.6.7-134
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Table 2.6.7-38 Normal Transport Shield Tank Temperatures

Transport Condition Average Fluid Temperature
100°F/Full Heat Load 227°F

68°F/No Heat Load 68°F

-20°F/FulI Heat Load 99°F

-20°F/NoHeat Load -20° F

0
NAG International2..15 2.6.7-135
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Tab/Fle26-3 Noml TransportdShiel TakPrssure

PRVR 165 psig
1000F/FuIl Heat Load j 25.6 psig
68°F/No Heat Load 0 psig

Table 2.6.7-40 Summary of Expansion Tank Analysis

Load Condition: 1-Foot End Drop and 1-Foot Side Drop

Description f Stress Magnitude (psi) Margin of Safety1

Bottom/Top End Plate 3,375 +LARGE

Tank Shell 10,857 +0.26

Tank Stiffener 9,997 +0.37

Shell Weld 11,750 +0.17

This table summarizes the stresses and margins for a design condition of 180 psig (Sections
2.6.7.8 and 2.6.7.7.4), which envelops both the end drop and side drop conditions.

SBased on an allowable stress equal to the yield strength of Type 304 stainless steel at 250°F.

NAC International26.-3 2.6.7-136
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Table 2.6.7-41 Upper Ring - Cross-Section Principal Stresses

Pm Stresses Pm + Pb Stresses
Section ____Cornponent (ksi) ____ Principal_(ksi)____ Component (ksi) ____Principal_(ksl)

__ I Sx Sy Sz Sxy Si S2 S3 Sx Sy &Sz x Si S2 S3

a-a -0.8 4.7 1.9 -0.1 4.7 -0.8 1.9 -2.6 9.0 4.0 -1.0 9.1 -2.7 4.0
b-b 0.1 4.9 1.9 -0.2 4.9 0.1 1.9 1.2 8.0 2.9 -1.0 8.1 1.1 2.9

C-C -0.1 5.5 2.0 0.5 5.5 -0,3 2.0 -0.2 6.5 2.6 1.0 6.6 -0.3 2.6

NAG International2.7-7 2.6.7-137



NAC-LWT Cask SAR
Revision 44

August 2015

2.6.8 Corner Drop

According to 10 CFR 71.71 (c)(8), this test is not applicable to the NAC-LWT cask because the
cask is composed of materials other than fiberboard or wood.

NAC International2.81 2.6.8-1
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S2.6.9 Compression

According to 10 CFR 71.71(c)(9), this test is not applicable to the NAC-LWT cask because the

package weight is greater than 5,000 kilograms (11,023 pounds).

S

0
NAC International2.91 2.6.9-1
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2.6.10 Penetration

This condition is defined in 10 CFR 71.71(c)(10) as a 40-inch drop of a 13-pound, 1.25-inch

diameter penetration cylinder with a hemispherical end, onto any exposed surface of the cask.

The acceptance criteria is that there will be no adverse effects on either the ability of the cask to

maintain containment of the contents or to survive a hypothetical accident. The following

package components could potentially be damaged by this penetration impact: (1) the impact

limiter, (2) the expansion tank, (3) the neutron shield tank, and (4) the port cover. An evaluation

of a penetration impact on each of these components follows.

2.6.10.1 Impact Limiter - Penetration

The outer shell of the impact limiter resists puncture of the aluminum honeycomb by the

penetration cylinder; however, this resistance is conservatively not considered in the analysis.

The 13.0-pound penetration cylinder drops 40.0 inches producing 13.0 x 40.0 =520 inch-pounds

of energy, which is absorbed by the limiter. The minimum crush strength of the limiter is 3150

psi (Section 2.6.7.4.6), and the area of the penetration cylinder is 1.227 square inches.

Therefore, using the minimum honeycomb crush strength and the average impact area in the

conservation of energy equation, the penetration cylinder will compress the aluminum

honeycomb to a depth of 520/[(3150)(1.227)/2] =0.270 inch. This shallow depression does not

adversely affect the performance of the impact limiter.

2.6.10.2 Expansion Tank - Penetration

The expansion tank shell is vulnerable to the penetration cylinder. This analysis documents the

expansion tank shell structural adequacy to resist the penetration event.

The expansion tank shell is supported radially every 45 degrees by radial stiffeners. Assume the

penetration cylinder impacts the shell at the center of the unsupported region as shown in Figure

2.6.10-1.

Chapter 12-5 of Strength of Materials (Singer) analyzes the problem of a falling object on an

elastic member, and derives the following equation for the dynamic impact stress (Sdyn) in terms

of the static displacement (Sst) and the static stress (Sst), where the static values are for the weight

(W) resting on the elastic member:

NAG International2610- 2.6.10-1
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where:

h = height of drop =40.0 inches

The static displacement is evaluated by assuming an arched plate with built-in edges (a stiffer

plate provides a more conservative analysis), which is centrally loaded by the static weight (W)

of the penetration cylinder. The dimensions of the arched plate representing the expansion tank

are identified in Figure 2.6.12-2:

t =0.315 in

r = 22.00 inches

a = 27rr x 450/3600 2ir(22.0)(0.125) = 17.28 inches

b = 46.00 inches

Because the aspect ratio is small (2.66:1) the effect of the short edge fixity is considered. The

effective width of the plate tangential to the radius is calculated by using Article 36 on page 133

of Formulas for Stress and Strain (Roark). Assume the circular area of the load is half the

maximum; therefore, the radius c = [(0.625)2 /2]o.5 = 0.442 inch, or 0.026(a). The table in the

reference does not give a/b values of aspect ratios beyond 2:1; therefore, a/b =2.0 is assumed.

Interpolation of the table in the reference for c = 0.026(a) yields e/b = 0.59; then, we =

(0.59)(2)(17.28) = 20.39 inches. The effective width of the plate in the longitudinal direction is

the (a) dimension. The amount of load transferred to each edge is calculated by assuming two

fixed plates, free on two opposite edges and built-in on the other two, and solving for compatible

deflections at the edge common to both plates. The equation for the percent of load taken by

each plate is derived as follows:

The terms 6a and &b, Pa and Pb, and ka and kb are deflections, loads, and spring constants for

plates fixed on the (a) and (b) edges, respectively.

6a = pb P/ka =Pbk;a Pba/)

a+ ' Pb/W kb,~ bkkb) +l

Pa = W;Pb [(kk) ]=w

Pb/W = kb/(ka + kb); Pa/W = 1 - Pb/W

The spring constant (kb) for edges fixed at (b) is evaluated as follows:

kb=P / 6 b

where:

P = any load

8u= the deflection due to P

NAC International 261-2.6.10-2
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O "Charts Simplify Calculations for Moments and Deflections of Circular Arches" (Blake) gives

the following equation for the static displacement (6 b) of the arch with built-in edges:

6b= (Pr3/EI)Kb

where:

E = 27 x 106 psi (300°F)

r = 22.00 in

I = w t 3 /12 =(20.39)(0.32)3/12

=0. 0531 in3

Kb = 0.00025 (Blake, Figure 3, fi = 45°)

thus

•P(0..0.0025) (22.00)3
(27.0 x 10 )(0.0531)

= P(1.857 x 10-6) i

kb = P/8b = 5.385 x 105 lb/in

The spring constant (ka) for edges fixed at (a) is evaluated as follows:

ka = P / 6a

where:

P =any load

6a = the deflection due to P

The plate with the edges fixed at (a) is treated as a flat plate with a curvature, which increases the

moment of inertia. The equation for the deflection at the center of the plate for a central load (P)

is:

6a = Pb3 / 192 El

= P(l.379 x 10-5)

where:

I = r~t [a + since cosct - (2sin2cL)/cL] ("Research and Advanced Development Applied

~Mechanics," page 8)

NAG International 261-2.6.10-3
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= 1.362 in4

oa = '•/8 radians

then

ka =P/6a =7.252 x 10~ l b/in

and

Pb/W = (5.385 x 105)/[(7.252 x 104) + (5.385 x 105)]

= 0.881, or Pb is 88.1 percent of W

Pa/W = 1 -0.881 =0.119, or Pa is 11.9 percent of W

The static deflection is calculated using the load, Pa, and the spring constant for the curved plate

as a longitudinal beam:

6st = 0.881 W/kaO .881 (13.00)/(5.385 x 105)

= 2.128 x 10.5 in

The static stress is calculated using the formulas from "Charts Simplify Calculations for

Moments and Deflections of Circular Arches" (Blake) for an arched plate with a central load (Pa)

as follows:

The static bending moment (Mst) at the load for the arched plate with built-in edges resulting

from the central load Pb is:0

Mst = Hbr(sinO - sinax) - Rr(cosat - cosO) + Mo

where:

Mo=- P rKm =-0.881 W r Km

Hb = P KIhb = 0.881 W KIhb

o = 90.00

a• = 67.50

R = 0.5 (0.881W) = 0.441W

K= 0.0225

Khb = 2.375 (Blake, Figure 3, f3 = 450)

then

Hb = (0.881)(13.0)(2.375) = 27.20 lbs

R =0.441(13.0) =5.73 lbs

Mo/r = -0.881 (13.0)(0.0225) = -0.258 in-lb

0
NAC International 261-2.6.10-4
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O Mst =22.00[27.20(sin 90.00 - sin 67.50) - 5.73 (cos 67.50 - cos 90.00) + (-0.25 8)1S -=-8.37 in-lb

The static stress, determined from the elastic plate formula, is:

_6Ms Hb

Sst =w t 2 +Wet

= 29.06 psi

Substitution of Sst and 6st into the equation for the dynamic impact stress produces:
dyn =2.6 + +212 x

=56,374 psi

This stress exceeds the 22,500 psi yield strength of Type 304 stainless steel at 3000 F, but not the

66,000 psi ultimate strength; therefore, it is concluded that an impact by the penetration cylinder

would produce a permanent deformation, but it would not rupture the expansion tank shell.

The expansion tank meets the requirements for penetration resistance per 10 CFR 71.71 (c)(1 0).

S 2.6.10.3 Neutron Shield Tank - Penetration

The neutron shield tank shell is vulnerable to the penetration cylinder. This analysis documents

the neutron shield tank shell structural adequacy to resist the penetration event.

The neutron shield tank shell is supported radially every 45 degrees by rigid stiffeners. Assume

the penetration cylinder impacts the shell at the center of the unsupported region as shown in

Figure 2.6.10-1.

The static displacements and stresses resulting from the impact of a 13-pound penetration

cylinder are evaluated by the use of the ANSYS finite element method. The neutron shield tank

shell is modeled as a complete circle, represented by 80 two-dimensional elastic beam (ST1F3)

elements, each spanning a 4.5-degree arc. Each stiffener is represented by four STIF3 elements.

One edge of each stiffener is rigidly attached to the outer shell of the cask.

The dimensions of the arched plate representing the shield tank are identified in Figure 2.6.1 0-2:

t = 0.24 in

r =19.345 inches

NAG International2610- 2.6.10-5
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a =2•tr x 450/3600

= 2•t(1I9.345)(0. 125)

= 15.12 inches

= 164.00 inches

Because the aspect ratio is large (10.7:1), the effect of the short edge fixity is ignored. The

effective width of the plate tangential to the radius is calculated by using Article 36 on page 133

of Formulas for Stress and Strain (Roark). As derived in Section 2.6.10.2, the radius of the load

is 0.442 inch, or 0.0292(a). The maximum tabular value in the reference for b/a = 2 is

conservatively assumed. Interpolation for c = 0.0292(a) gives e/b =0.598; then, we =

(0.598)(2)(15.12) =18.084 inches.

The properties of the beam elements are as follows:

E = 27 x 106 psi at 200°F

A = 18.084 x 0.24

= 4.26 8 in2

I =18.084 x (0.24)3/12

= 0.0198 in4

From the results of the ANSYS finite element analysis, the static deflection and stress at the ,

point of load application are 0.0003451 inch and 116.18 psi, respectively. Substitution of Sst and
6 st into the equation for the dynamic impact stress (Section 2.6.10.2) produces:

Sdy - 116.18 + I+ 00003451J

= 56,054 psi

The margin of safety for the noncontainment structure during an accident event is:

M.S.- =tu 1 = 66 000 -1 = +0.18

Sdyn5,5

Impact by the penetration cylinder may produce a permanent deformation, but it will not rupture

the neutron shield tank; therefore, the neutron shield tank meets the requirements for penetration

resistance as specified in 10 CFR 71.71(c)(10).

2.6.10.4 Port Cover - Penetration

The port covers are analyzed for impact by the penetration cylinder. This analysis documents the

structural adequacy of the port cover to resist the penetration event.

NAC International 261-2.6.10-6
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D During normal operations, particularly during fuel loading, it is possible that a hand tool couldp drop onto the NAC-LWT cask. The following analysis is performed to demonstrate that such an

occurrence (presumed to be a 13-pound, 1.25-inch diameter projectile dropped through a

distance of 40 inches) will not cause loss of the cask containment capability as a result of

damage to the port cover. The port cover is shown in Figure 2.6.10-3.

The static displacement and stress is evaluated by assuming the port cover is loaded at the center

by the static weight (W) of the penetration cylinder. The port cover is stiffened by the attached

cylinder wall and is clamped by the bolts. This geometry requires that the displacement be

evaluated in two steps - (1) from the bolt circle to the outside diameter of the cylinder, and (2)

from the inside diameter of the cylinder to the center of the plate.

The first step in the calculation is made by using equation (92) from Theory of Plates and Shells

(Timoshenko, 1940) and treating the whole plate as being clamped at the bolt circle and finding

the displacement at the outside diameter of the cylinder, ai = 1.875, ri = 1.436, as follows:

Wr2  r +W(a 2 - 2
6 st = g na 16•D

D=12(1 - v2)

* where:

v = Poisson's ratio = 0.30

=_0.75W(1- (a2 1)+2n
5Stl irEt3

= -9.3505 x 108 in

The second step in the calculation is to treat the portion of the plate from the inside diameter of

the cylinder to the center of the plate as clamped, a2 = 0.8 125 and r2 = 0, using the same

equation, which reduces as follows:

-- 0.75Wa 2 2(1 - 2i)

6st 2 = _t

= -6.7022 x 10-8 in

The total static displacement of the plate is:
6st - st 1 + 6 st 2 = -1.6043 x107 in

S
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The static stress at the point of impact is calculated using equation (97) from Theory of Plates

and Shells (Timoshenko, 1940) using the portion of the plate inside the cylinder as a plate with

clamped edges as follows:

[0.485t2In +~] 0.2

= 3.6974 psi

Substitution of Sst and 6 s, into the equation for dynamic impact stress referenced in Section

2.6.10.2 produces:

Sdn= 3"7[ + FL + 1.604 2(0) i0-5105

= 82,570 psi

The margin of safety against yield strength of the SA-705, Grade 630, Type HI1150 stainless

steel port cover at 300°F is:

MS = 93,000/82,5 70 - 1 = +0.23

The port cover meets the requirements for penetration resistance according to 10 CFR

71 .71 (c)(10).

2.6.10.5 Alternate Port Cover - Penetration

This analysis documents the adequacy of the alternate port cover design to resist a postulated

normal conditions of transport penetration event. Analyses presented evaluate the consequences

of the penetration event on the port cover, attachment bolt stresses and inertial loads acting on

the port cover to reduce the compressive load on the primary 0-ring. A bounding analysis

evaluating the consequences of differential thermal expansion on the attachment bolt stresses and

the compressive load applied to the port cover primary 0-ring is presented in Section 2.7.2.4.3.

The alternate port cover design is shown in Figure 2.6.10-3. The alternate port cover design

includes the primary 0-ring between the inner face of the port cover barrel and the sealing

surface located in the cask top forging. The secondary (test) 0-ring is located in a groove on the

barrel of the port cover body. Both 0-rings are manufactured from Viton®. The alternate port

cover body is fabricated from Type 630, 17-4 PH precipitation-hardened stainless steel. The

alternate port cover bolts are SA-193 CR B6 (Type 410 stainless steel) socket-head cap screws.

Normal operating condition requirements postulate a penetration event intended to represent a

hand tool that inadvertently drops and strikes the port cover installed on the cask. A steel bar of

NAC International 261-2.6.10-8
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1-1/4 inch diameter wiha hemispherical hedadweighing 13 pounds simulates a tool for

analysis purposes. The steel bar is assumed to be dropped from a height of 40 inches. This

analysis shows that there is no loss of containment capability, even if the tool strikes the alternate

port cover in its most vulnerable location.

The bolt preload applies the required compressive force on the face 0-ring to maintain a seal

between the port cover and the top forging. The 0-ring compressive force required to maintain a

seal is 120 pounds per linear inch of 0-ring, according to the manufacturer. Using the average

radius of the 0-ring cavity to determine the length of the 0-ring, the force to maintain a seal is

861 pounds. The force applied by the bolt preload torque is calculated as:

F =T /0.2 (d)

where:

F = tensile load generated due to bolt torque, pounds

T = installation torque, 100 inch-pounds

d = minimum cross-sectional diameter, 0.28 1 inch

The calculated force applied by torquing one port cover bolt is 1,780 pounds, approximately

twice the compressive load necessary to maintain a seal. There are three bolts for each port
* cover.

The tensile force applied by the port cover bolts to maintain the load on the 0-ring is evaluated.

ANSYS is used to model the reaction of the port cover structure to the compressive applied

loads. The port cover bolt load acts against the load needed to load the 0-ring through the port

cover body. Two load cases for normal conditions of transport penetration loading and two load

cases for hypothetical accident conditions pin puncture (presented in Section 2.7.2.4.3) are

evaluated.

Finite element analysis is used to determine the dynamic impact load resulting from the

penetrating loading event. Then the port cover bolt torque preload and pressure loads are

evaluated and are combined with the dynamic impact load to determine the total compression

load on the inner face 0-ring.

A three-dimensional model of the port cover is used to determine the static deflection when a 13-

pound load is applied at the center of the port cover exterior. The port cover is a hollow barrel,

with a flat thick plate at the outer end of the barrel. The plate and barrel slide into a stepped

cylindrical bore in the upper end forging. The only exposed port cover surface is the outer face

of the 1-inch thick port cover bolting flange. Deflection of the port cover due to the static load is

calculated and used to determine the equivalent dynamic load, resulting from the 40-inch free-
O fall of the steel bar.

NAG International26109 2.6.10-9
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A one-sixth (1/6) section, three-dimensional finite element model of the alternate port cover,

shown in Figure 2.6.10-4, was constructed using ANSYS Version 5.5. The model is a 600

wedge section of the port cover body. The body is constructed using SOLID45 3-D structural

solid elements, CONTAC52 node-to-node contact elements, and BEAM4 three-dimensional two

node beam elements. The node-to-node contact elements are used at the inner end surface,

where the 0-ring is located, to evaluate the sealing force. An initial strain is specified in the

BEAM4 elements to simulate the initial bolt torque preload force. Since the port cover bolt is

positioned on a model symmetry plane, the calculated bolt preload force applied to the port cover

is half (1/2) of the total preload force. A force of 120 lbs. per linear inch of 0-ring is required to

maintain a seal. Using the average radius of 0-ring cavity, the total required sealing force is

calculated to be 861 pounds. Since the model is 1/6 of the actual port cover, this corresponds to

a force of 861/6 = 143.5 lbs. required in the model to maintain sealing.

Symmetry boundary conditions are applied to the model at 00 and 60° surfaces. Model nodal

coordinate systems have been rotated in the cylindrical coordinate system to facilitate the

application of the symmetry boundary conditions. To prevent axial motion of the port cover, the

port cover bolt is restrained axially at the bottom. The node-to-node contact elements on the

inner end surface, the "ground" node of the contact elements, is fixed in all degrees-of-freedom.

Two simplifying assumptions were made in the ANSYS analysis consistent with accepted

engineering practice. First, it is assumed for small deflections that materials behave elastically,

and second, nominal dimensions are the basis for the ANSYS model geometry.

The equivalent dynamic loading, from Ugural and Fenster, is calculated using the following

relation:

Pdyn =W (1+ (1 + 2h / ast)1/)

where:

Pdyn =dynamic load resulting from weight (W) free falling a height (h), lbs

W =weight, 13 lbs

h = drop height, 40 inches

63st = static deflection resulting from weight (W) on plate, inches

The dynamic penetration load was calculated to be 11,334 pounds, resulting from the 13-pound

steel pin dropping a distance of 40 inches on to the port cover. The sealing surface bearing stress

is calculated to be 4,027 psi, which results in a margin of safety of +4.9 compared with yield

strength of the upper forging. The dynamic load on the port cover is applied as a bearing load,

which will pass through the alternate port cover body, to the top forging. Also, the dynamic load

NAC International26100 2.6.10-10
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increases the compressive force on the inner end 0-ring, trapped in an 0-ring groove at the
bottom of the port cover body. Thus, the primary seal is not affected.

Bolt preload alone and preload combined with the normal operating pressure are the two load

cases evaluated for normal conditions of transport. The normal condition cavity pressure

calculated in Section 3.4.4 is 28.3 psia. The allowable bolt stress of 2 Sm or 50,600 psi is

conservatively evaluated at 400°F. The normal condition analysis results are:

Preload + Normal
PressureLoad Case Preload

Evaluation Temperature (°F) 400 400
Calculated Seal Force (Ibs) 891 883
Percent 0-ring compression 25.21 25.21

(20-30% compression to maintain seal) ___________ _________

Bolt Tensile Force (Ibs) 1781 1782
Bolt Stress (based on Tensile Stress Area) (psi) 28,720 28,728

Bolt Margin of Safety 0.76 0.76

Maximum compression possible due to metal to metal contact with 0-ring fully compressed
in 0-ring groove.

S
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Figure 2.6.10-1 Impact of Penetration Cylinder on Neutron Shield Tank and Expansion
Tank - Points of Impact

0
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Figure 2.6.10-2 Impact of Penetration Cylinder on Neutron Shield Tank and Expansion
Tank - Details for Analysis
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Figure 2.6.10-3 Impact of Penetration Cylinder on Port Cover
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Figure 2.6.10-4 One-Sixth Model of the Alternate Port Cover - 60° Symmetry

0
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2.6.11 Fabrication Conditions

The process of manufacturing the NAC-LWT cask can introduce thermal stresses in the inner

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

evaluated to provide assurance that the manufacturing process does not adversely affect the

normal operation of the cask or its ability to survive an accident. Residual stresses in the

containment vessel and the outer shell induced by shrinkage of the lead shielding after the lead

pouring operation are relieved early in the life of the cask because of the low yield strength of

lead. Any residual stresses in the containment vessel shell due to inelastic strain associated with

the secondary local bending stresses, which result from the lead pour thermal gradient, are

considered in the total stress range for normal and accident load conditions according to

Regulatory Position 7 of Regulatory Guide 7.6.

For the lead pouring process (Appendix 8.3), the temperature of the cask shells is controlled

between 550°F (288°C) and 6500 F (343°C), and the lead temperature before pouring is between

698°F (370°C) and 790 0F (42 1°C). Heating of the cask is performed using heaters inside the

inner shell and heating rings around the outer shell. Heat up is time controlled; consistent with

maintaining shell temperatures uniformly. The shell temperatures are measured by

thermocouples attached to the shell surfaces. A portable thermometer is also used to measure

temperature at any location. Heating is carried out after all the preparations have been completed

including melting of the lead in order to minimize the time that the cask is heated.

The lead is poured after the cask reaches the specified temperatures. Prior to lead pouring, the

cask flange area is heated with hand-held burners to approximately 572°F (300°C). Pouring is

carried out continuously using a filling tube with its open end maintained under the lead surface.

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

heating rings are continuously energized.

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

starting from the lowest point, and of spraying the cask with water from the outside. Molten lead

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

the space created by the lead shrinkage as it cools.

2.6.11.1 Lead Pour

2.6.11.1.1 Cask Shell Geometry

At 70°F, the Type XM-19 stainless steel shell geometry is as follows:
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Inner Shell

Inside Diameter

Outside Diameter

Shell Thickness

Outer Shell

Inside Diameter

Outside Diameter

Shell Thickness

di

ti

To

13.375 inches
14.875 inches

0.75 in

26.375 inches

28.620 inches

1.12 inches

2.6.11.1.2 Stresses Due to Lead Pour
The melting point of lead is 620°F. Assuming that the lead and the inner and outer shells are

uniformly at this temperature, the hydrostatic pressure produced by the column of lead is:

p = ph

= 72 psi

where:

p = 0.41 lb/in3 (lead density)

h = 175 inches (height of lead column)

At 620°F, the shell geometric dimensions are:

d'o =do (1 +cotAT)
D'i=Di (1 +coLAT)

t'= t (1 + cLAT)

where:

a= 9.05 x I0 in/in/ 0 F at 620°F

AT - 620 - 70 = 550°F

d
0

ti

t
0

= 14.875 [i + 9.05 x 1o-6(sso)1
= 26.375 + 9.05x 1o655o)]

o .1 [i + 9.05x 1o c5o)1

= 14.9490 in

- 26.5063 in

0.7537 in

1.1256 in
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* The inner shell is subjected to an external hydrostatic pressure and the outer shell to an internal

hydrostatic pressure, of 72 psi. This causes the inner shell to decrease in diameter and the outer

shell to increase in diameter.

The inner shell decreases in size radially (Roark and Young, Case lb, page 448):

q(ro)2 ~ 21.99/)
Ar = 6 7(4"4022 = -0.0002 in

o Et. 25.2 x 106(0.7537)

1

where:

E = 25.2 x 106 psi at 620°F.

The outer shell increases in size radially:

q(R.)72(26.5063/2)2 =0004i

- - 6 .04iS Et' 25.2 x 106(1.1256)
O

The shell geometries at 620°F and 72 psi hydrostatic pressure are:

d"o = 14.9490 - 2(0.0002) =14.9486

Di= 26.5063 + 2(0.0004) = 26.5055

The hostessin the inner and outer shells at 620°F ae

Pdl

2t

-72(14.9486) _-714 psi (inner shell)
2(0.7537)

PD"

Sh° 2t

=72(26.5055) = 847 psi (outer shell)
2 (1. 1256)

2.6.11.2 Cooldown

2.6.11.2.1 Hoop Stresses

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

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

thus, maintaining the 72 psi pressure on the shells.

0
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The stress-free inner and outer radii of the solidified lead can be calculated (Roark and Young,

Case la and lc, page 504) as: I

Aa = 4[a2- b:2] -• b[ 2 ±

= 0.0004 in

Ab - ERb-[a2 + b+ q[a2ajbb ]

= 0.0002 in

where:

q = -72 psi pressure

E = 1.47 x 106 psi

v = 0.4 Poisson's ratio

a = 26.5055/2 = 13.2527 inches

b = 14.9486/2 = 7.4743 inches

then

Ri, . :7 2.47'43 +. 0,000:2,-, 72../7:45 :inr

When cooled to 70°F, the inside radius of the lead is such that:

fR:e( .A)

where:

S 20..- xl0" i~n-in/ 0 F

AT - 550.•F (6'20-7.0>)

then

i2. 7 .73936' i..

0
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likewise

The outside radius of the stress-free inner shell is 14.875/2 =7.4375 inches, which is larger than

the stress-free inner radius of the lead shell. Therefore, there exists an interface pressure

between the lead and the inner shell after cooling to 70°F. The interface pressure, when acting

on the lead cylinder and inner shell, is such that the inner radius of the lead cylinder is the same

as the outer radius of the inner shell (Roark and Young, Case la, page 504).

IRi = b +Ab

where:

'Ti.2- ;ini•Sde -rad~ius. of ,Iead. cy•linder ,at: 700•F

v = 0.4

E =2.28 x 106 psi

a = 13.1105 inches

b =7.3936 inches

then

7.93 7.3936q 61113.11052 + 7332 ± 0.4I

The outside radius of the inner shell at 70°F under the interface pressure q (Roark and Young,

Case ic, page 504) is:

r = a - Aa

O s S

where:

ro= outside radius of inner shell at 70°F

as = 14.875/2 = 7.4375 inches

b5 = 13.375/2 =6.6875 inches
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E =28.3 x 106 psi

v = 0.275

then

- 28.3 x 06J 7.43752 - 6.68752 " 0

q = 4401 psi interface ±pressure

The lead shell geometry is:

Ri. = r96+7.3936(4401) 3115 + 7332+04
- 2.28 x 10 6 JL311052 

-7.39362 0.4

= 7.4269 in

Ro 2 =Ro. + E R'2 -7-21

228 x 106 13. 11052 - 7. 39362

= 13. 1341 in

The corresponding maximum lead shell hoop stress is:
shpb (44 1)"[3.13412 +7.42692.

1313412- 7.42692J

= 8538 psi

Obviously, the lead cannot sustain the above stress. The interference between the lead shell and

the inner shell is 0.0439 inches (7.4375 - 7.3936). To fully accommodate this interference, the

lead must undergo a strain of 0.0439/7.3936 =0.0059 or 0.59 percent. From Figure 21 of

NUREG/CR-0481, the lead stress for the above strain is 850 psi. The corresponding interface

pressure for this stress in the lead shell is:
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2"2 R 2]

= 85)[13.13412 7.-42692
= (50) 13.13412 + 7.42692

= 438 psi int~erface pressure

The change in geometry of the inner shell for this interface pressure is:

L28.3 x 10 61 7.43752 - 6.68752J

= 0.0010 in

This can conservatively be neglected in the analysis. The inner shell hoop stress is:

hs=(-438)[7"43752 + 6.687521
Shi [43752 - 6.687521

O = -4136 psi

2.6.11.2.2 Axial Stresses

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

unequal shrinkage of the lead and steel shells. Assume bonding of the lead shell to the inner

shell during the cooldown process after completion of lead pouring. The strain in the lead, when

cooled to 70°F, is:

E (a, as)AT

= 0.0062 in/in or 0.62 percent

where:

-6
•2= 20.4 x 10 in/in/CF

as = 9.05 x 106 in/in/F

AT = 620 - 70 = 550°F

0
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Extrapolating from Figure 2.3.1-1, for this strain, an axial stress of approximately 850 psi exists

in the lead shell. The total force in the lead caused by assuming non-deformability of the inner

shell is:

PsPb - P A2

- 850ir(13.1875 2 
- 7.43752)

=316,687 lb tensile force

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

P
S

PSST = A-
S

-316,687
ir[(7.4375)2 (6.6875)]

= -9515 psi

This is a highly conservative estimate of the compressive stress that can develop in the inner

shell for the following reasons:

1. It assumes axial non-deformability of the inner shell and no load development in the
outer shell. Any pre-strain in the inner shell reduces the total strain, thus reducing the
lead stress and axial force.

2. Creep in the lead is neglected. This also reduces the stress and force in the lead (Section
2.6.11.3).

3. It assumes the strain is uniform through the thickness of the lead shell. A particle away
from the inner shell develops less strain, consequently lower stress, than a particle
adjacent to the inner shell; this also reduces the total force in the lead shell.

2.6.11.2.3 Effects of Temperature Differential Durinq Cooldown

The preceding analyses assume that the inner and outer shells and the lead are always at the same

temperature at any time during the cooldown process. This assumption may not be true under

actual conditions. However, because of the high thermal conductivity of the stainless steel and

the lead and the time-controlled cooldown process, the temperature differential between any two

of the above shells is kept to a minimum. For the effect of temperature differential on the

stresses in the shells, a temperature differential of 300°F is conservatively assumed. A

temperature differential of this magnitude is very unlikely during the actual lead pour.
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O When the inner shell is cooler than the lead, the interference between them, as well as theS corresponding interface pressure and hoop stresses are less than for the case of equal

temperatures. Hence, the preceding analysis is conservative.

When the inner shell is hotter than the lead shell, an analysis is required. Assume the

temperature of the inner shell to be 370°F and that of the lead to be 70°F. The inner radius of the

stress-free lead shell at 70°F is 7.393 6 inches (R'it); the outer radius of the inner shell at 370°F is:

R = 7.4375 [1 ± 8.74(10-6)(300)]

= 7.45 70 inches

The interference between the inner shell and the lead is 0.0634 inches. To fully accommodate

this interference, the lead has to undergo a strain of 0.0634/7.3936 = 0.0086 inch/inch or 0.86

percent. From Figure 21 ofNUREG/CR-0481, the hoop stress in the lead is approximately 900

psi for a 0.0086 inch/inch strain. The interface pressure is:

q = 900 13.11i052 - 7. 39362]

q = 900)[1311052 + 7.393621

= 466 psi

The hoop stress in the inner shell becomes:

.472- 6.687521

= -4400 psi

Note that the thermal expansion or contraction of a shell subjected to a constant pressure does

not affect the hoop stress; i.e.,
Sh=q(ka) 2 + 1(kb)_=__

[(ka) - (kb)

where:

k = 1 + cLAT

This -4400 psi hoop stress (the inner shell is 300°F hotter than the lead shell) reduces to the

previously calculated hoop stress of -4136 psi as both the inner shell and lead reach an ambient

temperature of 70°F. This, of course, does not take into account the beneficial effect of the creep

properties of the lead.

0
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The axial stress in the inner shell also increases when the inner shell is 300°F hotter than the lead

shell. The axial stress of -9515 psi calculated when both the inner shell and lead shell are at 70°F

is recalculated for the inner shell temperature of 370°F, cx -- 8.74 x 10-6:

•2- (20.38 - 9.05)(10"6)(620 -70) + (8.74, x 10"6)(370 - 70)

=0.0085 in/in or 0.85 percent

Referring to Figure 21 of NUREG/CR-0481, the axial stress in the lead is approximately 900 psi.

The corresponding axial stress in the inner shell is -10,300 psi. As before, cooling of the inner

shell reduces this stress. The previous assumptions apply in arriving at this inner shell

compressive stress.

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

axial restraint between them is placed after cooldown when the cask is at a uniform ambient

temperature. Welding of the outer shell and the cask bottom to the bottom ring after cooldown

is, therefore, a necessary fabrication step.

The question of buckling of the inner shell due to the combined effect of external pressure and

fabrication inaccuracies must also be addressed. According to the "ASME Boiler and Pressure

Vessel Code," Article NE-4221 .1, the difference between the maximum and minimum inside

diameters at any cross section shall not exceed 1 percent of the nominal diameter at the cross0

section under consideration. This amounts to (0.01)(13.375) or 0.13375 inch. The relation

between the initial radial deviation, coi, and the maximum and minimum diameter (Timoshenko,

1976, Figure 7-10) is:

Dmax =Dnom + 2o)1

Dan= Dnm- 2031

thus

Dmax - Drain = 4o)1

or

AD = 4coi

Hence, the maximum initial radial deviation allowed is:

(Ormax = AD/4 = 0.13375/4 =0.0334 in

From Timoshenko, 1976, equation (7-16), page 293:

S
NAG International261-0 2.6.11-10



NAC-LWT Cask SAR August 2015
Revision 44

= 81,435 psi

where:

Et= 26.7 x 106 psi at 370°F

v =0.275
h =shell thickness = 0.75 in

R =shell radius = 7.0625 inches

This critical buckling stress is well beyond the yield point of the shell material and, thus, cannot
exist. Per Timoshenko, 1976, page 294, Sc = Svp = 42,000 psi at 370°F can be used. Then from

Timoshenko, 1976, equation (7-12), page 294:

= 4460.16 psi

When the cylinder has fabrication inaccuracies, the external pressure, qyP, required to produce

yielding in the extreme fibers can be solved in the following equation (Timnoshenko, 1976,

equation (e), page 296):

qyp - ~ + (1 + 6mn) qcr] qYP + Sp

where:

Sy = 42,000 psi at 370°F

m = R/h = 7.0625/0.75 = 9.4167

n = Wl/R = wi/7.0625

then

-~p [4460.16 + (1 + 8ol) 4460.16] qyp + 19,893,21 1 = 0
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The value of col can vary from 0.0 inches (perfect cylinder) up to 0.0334 inch maximum allowed

according to the "ASME Boiler and Pressure Vessel Code." Solving q~v for varying values of

coi, gives the following:

Initial Radial Yield
Deviation Pressure

noi (in) qvP (psi)

0.001 4079

0.01 3365

0.02 2998

0.0334 2675

Thus, the margin of safety against yielding for the inner shell with maximum allowed radial

deviation subjected to 466 psi lead pressure (inner shell temperature is 300°F higher than lead

temperature) is:

14.S. = 6-- - 1 = +4.74

Since the margin of safety for this conservative load case exceeds zero, the inner shell does not

buckle when subjected to the lead pressure produced during the cooling of the cask.

2.6.11.3 Lead Creep

As shown in Sections 2.6.11.2.1l and 2.6.11.2.2, cooling of the lead shell and inner shell

introduces a hoop stress of -4136 psi and an axial stress of -9515 psi in the inner shell. However,

the high rate of creep of lead at room or elevated temperatures causes the stresses to be relieved

early in the life of the cask. From Figure 21 of NUREG/CR-0481, it can be seen that

maintaining a constant strain of 0.59 percent at 325°F for only five hours reduces the lead

pressure to approximately 200 psi. For this stress in the lead, the corresponding hoop and axial

stresses in the inner shell are:

200
=h 85 (-4136) = -973 psi

200=-23ps
aa - (-9515)=-29ps

During fabrication following the lead pour, the lead creep relieves the stresses in the lead shell

and the stresses in the inner shell to a point that they become negligible.
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S 2.6.12 Fuel Basket I Container Analysis

2.6.12.1 Discussion

To assure that the cask contents are retained in a subcritical and safe configuration, a fuel basket

supports the contents both laterally and longitudinally. During normal transport, the cask may

sustain a 1-foot free fall to either the side, corner or end drop orientations. Fuel basket designs

examined under normal operations conditions are: the PWR basket (Section 2.6.12.2); the BWR

basket (Section 2.6.12.4); the metallic fuel basket (Section 2.6.12.5); the MTR basket (Section

2.6.12.6); the TRIGA fuel basket (Section 2.6.12.7); the DIDO fuel basket (Section 2.6.12.8); the

GA IFM basket (Section 2.6.12.9); the TPBAR basket and spacer (Section 2.6.12.10); ANSTO

fuel basket (Section 2.6.12.11); NRU/NRX fuel basket (Section 2.6.12.14); and the HEUNL

containers (Section 2.6.12.15). The transport configuration can also accommodate a

combination of an ANSTO top basket module and five DIDO basket modules. Within the top

ANSTO module of the ANSTO-DIDO combination basket assembly, a total of up to seven

aluminum damaged fuel cans (DFCs) can be placed. The total additional weight of the seven

DFCs is less than 35 pounds. The increased weight is bounded by the analysis weight of 1,770

Ibs, per Section 2.6.12.11.2, which exceeds the calculated weight of the ANSTO baskets in TableO 2.2.1-1 of 1,667 lbs (911 + 756 = 1,667) by 103 pounds. Table 2.2.1-1 confirms that the
O maximum weight of the four HEUNL containers is bounded by the design basis payload of 4,000

pounds. The analyses demonstrate that each of the basket designs is supported by the inner shell

in bearing during a side drop, and that none of the basket designs will buckle during an end drop.

The effects of a corner drop are bounded by the side and end drops.

2.6.12.2 PWR Basket Construction

The cylindrical basket body is fabricated from 606 1-T6 aluminum alloy extrusions. An open,

square, central core extends the length of the basket and provides lateral support for the cask

contents. A 13.25-inch outside diameter, 0.125-inch thick aluminum tube that is 4.38 inches

long, is bolted to the top of the basket body. This top tube protects the cask inner shell from

damage during fuel loading operations and provides lifting points, which are used when the

basket is removed from the cask. An aluminum spacer plate assembly is bolted to the bottom of

the basket body. The spacer plate assembly supports the fuel basket and contents longitudinally,

providing their movement within the cask. Additional spacer fixtures are either bolted to the

cask lid or to the base of the fuel basket, if the cask contents do not fill the basket. The

maximum spacer loads occur for the 30-foot drop hypothetical accident load conditions. The

spacer analysis is presented in Section 2.7.7.8. A groove on the outside of the basket body is

NAC International 261-2.6.12-1
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provided for the cask drain tube. The drain tube is connected to a fitting on the cask body, and is

used to drain or fill the cask during cask loading or unloading operations.

For the shipment of up to 25 PWR or BWR rods, or up to 16 PWR MOX rods (or mixed MOX

and U02 rods), a canister with insert will be utilized to position the fuel rod contents within the

PWR basket. The canister for the fuel rods will be fabricated from Type 304 stainless steel

(minimum thickness 0.12 inch) and will be designed to allow positive handling of the canister

during loading and unloading operations. The size, shape, closure design and capacity of the

canister will vary depending on the requirements of the shipping and/or receiving facilities. A

spacer fabricated from stainless steel will be utilized, as required, to position the PWRIBWR rod

canister longitudinally within the NAC-LWT cask cavity. A PWR insert fabricated from

6061-T651 aluminum is used to laterally position the rod canister within the PWR basket. The

total weight of the fuel rods, canister and basket insert will be less than the maximum PWR fuel

assembly payload weight of 1 ,650 pounds. Therefore, the up to 25 fuel rods content condition is

bounded by the current PWR basket analyses.

2.6.1 2.3 PWR Basket Analysis

The minimum ambient temperature during normal transport, -40°F, combined with the maximum

decay heat load produces an average inner wall temperature of 151 0 F. The 6061-T6 aluminum
alloy expands approximately 1.5 times more per degree Fahrenheit than stainless steel.

Assuming that both the cask and basket respond linearly, the maximum as-designed gap between

the basket and the cavity, when the basket is centered in the cavity, is 0.094 in. Since aluminum

expands faster than stainless steel, any increase in temperature will serve to decrease the basket-

cavity gap. Since the gap is small, it is assumed that there is no relative motion between the

basket and cask, and that the basket is in contact bearing on the inner shell during a side drop.

The basket bearing loads are transmitted to the inner shell and cask structure.

2.6.12.3.1 Bearinq Stress Calculation

The bearing stress is calculated using Case 6 (Roark, page 320), which models the cylindrical

basket in a circular groove. The maximum compressive stress is calculated using:

-0.5P(DI - D2 )

DD2
S =0O.798 1

E1 E2

- 1570 psi

0
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where the material properties at 250°F are:

Stainless Steel

Di = 13.405 inches

Ei = 27.3 x 106 psi

Vl = 0.275

Aluminum (6061 -T6)

D2 = 13.25 inches

E2 =9.4 x 106 psi

v2 = 0.334

contents + basket weight =4,000 lbs

Pig = 4,000 lb/I178 in = 22.5 lb/in

P24.3g =(22.5 lb/in)(24.3 g) = 547 lb/in

(The 24.3 g side drop load is obtained from Table Table 2.6.7-34.)

The allowable compressive stress is selected to be the yield strength (Sy)z50 F ofType 304

stainless steel, 23,800 psi. The margin of safety is calculated as:

S
M.S. - -i---'- I = +Large

" S
max

2.6.12.3.2 Compressive Stress Calculation

The PWR basket and inner cavity length are designed to ensure that there is very limited
longitudinal movement of the basket relative to the cask when the cask is carrying fuel.

Additional spacers are attached to the cask or added in the PWR basket, if the fuel contents do

not fill the basket cavity. The fuel contents are not attached to the PWR basket, and do not

impart any longitudinal structural load on the basket body. However, the PWR basket must

support itself during an end drop accident. To determine if the PWR basket is self-supporting, it

is analyzed as a column, acted upon by a structural (weight) compressive load.

The PWR basket weighs 840 pounds, which, during a normal operations 1-foot fall, is

decelerated at 15.8 g. The g loads are completely described for all cask drop orientations in

Section 2.6.7.4. The total compressive load acting over the basket body cross section, 59.2

square inches, is Pmax =840 x 15.8 = 13,272 pounds. The compressive stress (Se), conservatively
considered to act on the basket body, is 13,272/59.2 = 224 psi.
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An Eulelr column analysis is used to determine the critical buckling stress of the PWR basket

body. Assuming that the impacting end is fixed and the other is free, the critical buckling stress

(Shigley, page 116) is calculated as:

~cr L2

= 670,700 psi

where:

n = 0.25, end fixity coefficient
EA1250 F ---= . x 106 psi

Ibasket body ---870 in4 (Roark, Case 10, page 75)

L = 178 inches, inner cavity length
P

=cr-1 Lag

max

2.6.12.4 BWR Basket Construction

The B3WR basket is fabricated from 606 1-T6 aluminum alloy extrusions. Two open, square

cores, located in the center of the basket body, extend the length of the basket, providing lateral

support for the cask contents. A 13.25-inch outside diameter, 0.25-inch thick stainless steel tube

that is 5.4 inches long is welded to a 0.62-inch thick plate and the top cover assembly is bolted to

the basket body. The top cover protects the cask inner shell from damage during fuel loading

operations and provides lifting points, which are used when the basket is removed from the cask.

A stainless steel spacer plate assembly is bolted to the bottom of the basket body. The spacer

plate assembly supports the fuel basket and contents longitudinally, preventing their movement

within the cask. Additional spacer fixtures are either bolted to the cask lid or the base of the fuel

basket if the cask contents do not fill the basket. A groove on the outside of the basket body is

provided for the cask drain tube.

2.6.12.4.1 BWR Basket Analysis

The I3WR basket body is fabricated from the same material as the PWR basket body. Moreover,

the outer diameter and its tolerance are exactly the same for both basket designs. Therefore, the

BWR basket is also considered to be in contact bearing for similar reasons to those stated in

Section 2.6.12.3, and all basket bearing loads are transmitted to the cask inner shell.

2.6.12.4.2 Bearing Stress Calculation

The B3WR basket and its contents weigh 2,624 pounds. The normal operations conditions I-foot

side drop g load is 24.3, resulting in a total bearing load of 63,760 pounds (2,624 lb x 24.3 g).
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The bearing load per unit length (P24.3g) is 358 pounds/inch (63,760 lb/I178 in). Using Case 6

(Roark, page 320) and the same material properties as described in Section 2.6.12.3.1, the

Somax = 1383 psi. The allowable compressive stress is selected to be the yield strength (Sy)250 F of

Type 304 stainless steel, 23,800 psi. The margin of safety is calculated as:

s
M.S. = ---- 1 =-+-LRGE

S
C

max

2.6.12.4.3 Compressive Stress Calculation

For the same reasons that are stated in Section 2.6.12.3.2, the BWR basket needs only to be self-

supporting. The BWR basket weighs 1 124 pounds, which during a normal operations 1-foot fall,

is decelerated at 15.8 g. The total compressive load acting over the basket body cross-section

(72.5 in2), is Pc = 1124 lb x 15.8 g = 17,759 pounds. The compressive stress (Se) conservatively

considered to act on the basket body is 17,759 1b/72.5 in2 = 245 psi, which is negligible.

An Euler column analysis is used to determine the critical buckling stress of the BWR basket

body. Assuming that the impacting end is fixed and the other end is free, the critical buckling

stress (Shigley, page 11 6) is calculated as:

ni2EI

cr L2

=1.0 x106 psi

where:

n = 0.25, end fixity coefficient
EA1250 F = . x 106 psi

Ibasket body --- I,298 in4 (Roark, Case 1 0, page 75)

L = 178 in, inner cavity length

P
M.S. _ cr -1 =+LARGE

P
C

2.6.12.5 Metallic Fuel Basket Construction

The metallic fuel basket is fabricated from three 5.625-inch outer diameter 6061I-T6 aluminum

tubes, laterally restrained by five 13.0-inch diameter 0.25-inch thick, 6061-T6 aluminum

bulkheads welded along the length of the tubes. Each tube provides lateral support for the cask

contents. The uppermost bulkhead has three attachment points, which are lifting points used

when the basket is removed from the cask. Welded to the bottom bulkhead is a 9.0-inch outer
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diameter, 0.25-inch thick, 606 1-T6 aluminum spacer tube, 29.5 inches long, which supports the

fuel basket and contents longitudinally, preventing their movement within the cask. A groove on

the outside of the basket body is provided for the cask drain tube.

2.6.12.5.1 Metallic Fuel Basket Analysis

The metallic fuel basket body is fabricated from similar material to the PWR basket body.

Moreover, the outer diameter of the bulkheads and its tolerance are exactly the same for both

basket designs. Therefore, the metallic fuel basket bulkheads are also considered in contact

bearing for the same reasons stated in Section 2.6.12.3, and all basket bearing loads are

transmitted to the inner shell and cask structure.

2.6.12.5.2 Bearinq Stress Calculation

The metallic fuel basket and its contents weigh 2,208 pounds. The normal operations conditions

1-foot side drop g load is 24.3, resulting in a total bearing load of 53,654 pounds (2,208 lb x

24.3 g). It is assumed that the entire bearing load is distributed over the five 0.25-inch thick

bulkheads. The bearing load per unit length (P24.3g) is 42,924 pounds/inch (53,654 lb/I1.25 in).

From Case 6 (Roark, page 320) the maximum compressive stress is calculated using:

P(DI - D2 ) 105

Scux= 0. 798 DD
S__2 2

E1  + E2

= 36,530 psi

where the material properties at 250°F are:

Stainless Steel

Di = 13.405 inches
Ei=27.3 ) 106 psi

vi = 0.275

Aluminum (6061-T6)

D2 = 13.0 inches
E2=9.4x 106 psi

v2 = 0.334

0
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The allowable compressive stress is selected to be (l.5)(Sy)250 F of 6061-T6 aluminum, 44,685

psi. The margin of safety is calculated as:

S
t4.S. =- - 1 = +0.22

S
C

mfax

2.6.12.5.3 Compressive Stress Calculation

For the same reasons that are stated in Section 2.6.12.3.2, the metallic fuel basket needs only to

be self-supporting. The metallic fuel basket weighs 128 pounds, which during a normal

operating conditions 1-foot fall, is decelerated at 15.8 g. The total compressive load acting over

the three fuel tubes is PF = 2,022 pounds (128 lb x 15.8 g). The total cross sectional area of the

three aluminum fuel tubes is 6.48 square inches, resulting in a normal operating conditions

compressive stress (Scfuei) of 312 psi (2,022 1b/6.48 in2). The spacer tube must support the basket

and its contents during a bottom end drop. The total weight that the spacer tube supports is 2,208

pounds, resulting in a normal operating conditions 1-foot bottom end drop compressive load of

Pc = 34,886 pounds. The cross sectional area of the 9.0-inch outer diameter aluminum spacer

tube is 6.87 square inches, resulting in a compressive stress (Scspacer) of 5078 psi. Assuming that

the impacting end is fixed and the other end is free, the critical buckling stresses for each tube

column (Shigley, page 116) is calculated:

Fuel Tubes (3) Spacer Tube

~cr L2 cr nrL2

=33,550 psi - 1,754,000 psi

where:

n = 0.25, end fixity n = 0.25, end fixity
coefficient coefficient

EAI250F =9 x4 106 psi EA1250F =9.4 x 106 psi
Ibasket body = 46 in 4  Ispacer tube 66 in4

L = 145.25 in, fuel tube L = 29.5 in, spacer tube

length length

MS =Pcr•/ PF -1± Large_ MS =P__•/ Pc- 1 = +Largg_

2.6.12.6 MTR Fuel Basket Construction

The MTR modular basket assembly has five configurations. One configuration is for 28 uncut
(intact) MTR fuel assemblies (28 MTR - 4 unit basket); the second is for 35 partially cut MTR
elements that have had portions of the upper and lower end fittings removed (35 MTR - 5 unit
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basket). The third configuration is for 42 MTR fuel assemblies (42 MTR - 6 unit basket) with
the upper and lower end fittings removed; and the fourth configuration is for up to 700
PULSTAR fuel elements loaded in the 28 MTR basket. The PULSTAR fuel may be intact fuel
assemblies, intact fuel elements (rods) loaded in a fuel rod insert or in fuel cans, or damaged fuel
elements, fuel debris, and nonfuel components of fuel assemblies loaded in fuel cans. The fifth
configuration is for up to 800 SLOWPOKE intact and/or damaged fuel rods contained in
canisters. Each MTR basket configuration consists of one base module, one top module, and
two, three or four intermediate modules for the 28, 35 and 42 element configurations,
respectively. Each MTR basket module is designed to hold up to seven MTR or PULSTAR fuel
assemblies. The modules are not interchangeable between basket configurations. Up to four (4)
SLOWPOKE canisters may be loaded in each of the top and the upper intermediate MTR-28 basket
modules with the center fuel cells blocked. The lower intermediate and bottom basket modules are
installed as axial spacers. The structural analysis is not affected by the specific fuel element design
or enrichment as long as the fuel characteristics are in compliance with the fuel characteristics listed

in Table 1.2-4 or Table 1.2-14.

Axial fuel and plate spacers may be used to axially position the MTR fuel assemblies in the basket
modules. Cell block spacers are used to prevent the loading of fuel assemblies in basket module
positions 1, 2 and 3 when LEU MTR fuel elements having >470 g 235U per element (>22 g 235U per

plate) are loaded.. The presence and/or use of spacers, fuel plate canisters or fuel cans does not
affect the structural integrity of the MTR fuel baskets as the total weight of fuel element, spacer and
fuel plate canister or fuel can is limited to the evaluated load of 80 pounds/cell. The axial fuel and
cell block spacers perform no safety function and are considered dunnage. Plate spacers are used, if
required, to ensure that the criticality evaluation required minimum nonfuel hardware is provided.

Each module, fabricated from Type 304 stainless steel, is a weldment made up of two 1/2-inch
thick, 13.265-inch diameter, circular plates at each end of the longitudinal divider plates creating
seven MTR fuel assembly cavities. The outside wall of the four symmetric outermost fuel
compartments is fabricated from 11-gage Type 304 stainless steel sheet. The 1/2-inch thick plate at
the top end of the MTR fuel basket module is welded to the exterior surfaces of the fuel tube
weldment with a 1/8-inch continuous weld on the under side of the top plate and with a continuous
fillet seal weld on the top side. The 1/2-inch thick baseplate is continuously welded to the 1/4-inch
thick divider plates and the 5/1 6-inch thick web plates. The 11 -gage sheet metal and the 5/16-inch
intermediate webs are discontinued at 1/4 inch from the surface of the baseplate to provide for
compartment drainage. The 5/1 6-inch plate material may be machined to a minimum thickness of
0.28 inch. In addition to the drainage path at the base of each assembly cavity, a I-inch diameter
hole is located at the center of each of the compartments in the module. Each MTR basket base
module sits on a 1.5-inch long, 10-inch schedule 80S pipe welded to the 1/2-inch thick baseplate.
The 10-inch schedule 80S pipe carries the total weight of the MTR basket assembly and bears
directly on the bottom forging of the cask.
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O The MTR fuel basket base module and intermediate modules have guide pins fixed to the surface ofS the top support plate. The guide pins fit into holes in the base plate of the top and intermediate

modules and provide controlled alignment of the basket assembly. A groove slot on the outside of

each basket unit support plate is provided for the clearance of cask drain tube and for

circumferential alignment of the MTR basket assembly.

The MTR Plate Canister (canister) is an all-aluminum rectangular canister that is suitable for

transport in the NAC-LWT MTR 42 element basket. The canister may be transported in the 28 or

35 element basket if appropriate dunnage is used. The canister is fabricated from ASTM B209 or

ASTM B221 6061 aluminum. The canister body comprises two thick walls and two thin walls that

are welded together into a rectangular tube to contain up to 23 MTR fuel plates. Each end of the

canister body is closed by identical aluminum lids milled from a solid piece to incorporate a lifting

bail. The lids are fastened securely to the thick wall plates using aluminum socket head cap screws

that are captive in the lid to facilitate closing the canister.

2.6.12.6.1 MTR Fuel Basket Analysis

The MTR basket assembly and the inner shell are both fabricated from Type 304 stainless steel

material. The nominal radial gap between the MTR basket assembly and the cask inner shell is

0.055 inch. The nominal radial gap between the basket and the inner shell is 0.0531 inch at the

O design basis fuel normal operation steady-state temperature. As defined for other NAC-LWT0 fuel specific basket designs, since the gap between the basket and cask inner shell wall is small,

it is assumed that there is no relative motion between the basket and the cask, and that the basket

is in contact bearing on the inner shell during a side drop. The basket bearing loads are

transmitted to the inner shell and cask structure.

The analysis of the MTR plate canister is presented in Section 2.6.12.6.6.

2.6.12.6.2 MTR Fuel Basket Normal Conditions 1-foot Side Drop

This section evaluates the MTR fuel basket for the normal conditions of transport 1-foot side

drop.

Bearingi Stress Calculation--Inner Shell (Cask 1-foot Side Drop)

The bearing stress is calculated using Roark's, Table 33, Case 2 (Roark's, 6 th Edition), which

models the cylindrical basket in a circular groove. The 28 MTR fuel assembly base module is

the heaviest module when loaded with 25 PULSTAR fuel elements. The maximum compressive

stress, for two elastic bodies with similar elastic modulus, is:
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gP(D,-D 2 )

S.78 DD 2  -=16,679 psi
c~c =0.798 2(1-v 2)

E

where:

g = 1-foot side drop acceleration = 24.3

E = Elastic modulus =28.3 x 106 psi (conservatively use E @ 70°F)

v = Poisson's ratio for steel material = 0.275

Di Cask cavity diameter =13.405 inches

D2 = Basket diameter =13.265 inches

t = Thickness of stiffener at mid section of base module (less chamfers)

= 0.5-2 x0.13 =0.24 in

W =Maximum weight of MTR basket with contents (PULSTAR fuel elements)

= 3,222 lbs

Wr = Load supported by 28-assembly basket base module middle ring

=-W/9 =358 lbs

P = Wr/t =358 1b/0.24 in = 1,491 lb/in

The allowable compressive stress, Sy, of Type 304 stainless steel at a conservative maximum

operating temperature envelope of 600°F is 18,200 psi. The margin of safety is calculated as:

Sy
MS= 1 +0.09

Fuel Tube Stresses (Cask 1-foot Side Drop)

The maximum stress in the fuel tubes occurs in the 0.12-inch thick, 11l-gage sheet metal tubes

which support the entire length of the MTR fuel elements or PULSTAR fuel elements. There are

two cases to consider. In the first case, the weight of the fuel assembly is transmitted to the tube

through the two aluminum plates at the sides of the fuel assembly. As shown in Figure 2.6.12-1,

this load path creates a uniform line load along the length of the tube located about 0.3 15 inch

from the corners. The tube is analyzed as a simple beam, 1-inch wide, 0.12-inch thick, and 3.44-

inches long with a concentrated load at 0.3 15 inch from the ends. The maximum bending

moment, Mi, is:

MI= (8aWx 14.0 in-lb/in
8
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*where:

W =Unit tube body weight = 0.288 x t = 0.0346 lb/in2

L = Length =3.44 inches

P = Bounding fuel load = Pf~/(2 x Lf) = 1.67 lb/in

Pf = Fuel weight = 80.0 lbs

Lf = Shortest length over which fuel load is applied =24 inches

a = Distance from applied load, P to support =0.315 in

g = 1-foot side drop acceleration = 24.3

In the second case, the weight of the fuel assembly is transmitted to the tube as a uniform load.

The load path is shown in Figure 2.6.12-1. The maximum bending moment for this case, MIu, is:

MI= (2PL2 + WL 3 ) xg = 36.1 in-lb/in
8L

The maximum bending stress, a, is:

- -1 =15,042 psi

where:

O ~t = Fuel tube thickness = 0.12 in

The stress allowable, 1.5 Sm, is 24,600 psi for Type 304 stainless steel at a conservative

temperature of 6000F. The margin of safety is:

MS= 2,0-1 = +0.64
15,042

The 11-gage sheet metal tube is continuously welded to the adjacent divider plates with a 1/8-

inch fillet weld. This weld resists shear developed in the simple beam analyzed above.

V=(2P+± WL) x g - 24.4 lb/in

L

The shear stress, -t, is.

V
c - - 203 psi

t

The "throat" thickness of the weld is 0.088 in. The ratio of the plate thickness (0.12 in) to the

weld "throat" thickness (0.088 in) is 1.36. The maximum stress of 203 psi calculated above is

adjusted by a factor of 1.36 to obtain the maximum stress in the weld for the 1-foot side drop

(2 4.3g). Maximum stress in the weld, Sw, is:

0
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Sw= 1.36xt=276psi

The ASME Code, Subsection NG-3352 recommends that the allowable stress be determined for

a fillet weld with PT or MT surface examination by implementing a quality factor, n, of 0.4. The

stress allowable, Sy, of the base metal, Type 304 stainless steel, is 18,200 psi at a conservative

operating temperature envelope of 600°F. The margin of safety for the fillet weld is:

Syxn
MS=-- 1 = +Large_

Sw

2.6.12.6.3 MTR Fuel Basket Normal Conditions 1-foot End Drop

This section evaluates the MTR fuel basket for the normal conditions of transport 1-foot end

drop.

Bearing Stress Calculation--Bottom Forging (Cask 1-foot End Drop)

When in the vertical position a 0.5-inch thick, 1 0-inch nominal diameter schedule 80S pipe

supports the MTR basket assembly. The 1.5-inch long pipe is welded to the baseplate of the

base module. The compressive stress is:

gW- - 3,162 psi
A

where:

W = Maximum weight of MTR basket with contents (PULSTAR fuel elements)
- 3,222 lbs

A = Cross-sectional area of base pipe support = 16.1 in2

g = 1-foot end drop acceleration = 15.8

The allowable stress, Sy, of Type 304 stainless steel at a conservative maximum operating

temperature of 600°F is 18,200 psi. The margin of safety is:

Sy
MS= 1 47

Compressive Stress Calculation--Fuel Tubes (Cask 1-foot End Drop)

The MTR basket assembly and the inner cavity length are designed to ensure that there is

minimal longitudinal movement of the basket relative to the cask. The base module of the MTR

basket assembly supports itself and the weight of the other basket modules, including fuel

content during a 1-foot end drop. The normal operation load compressive stress developed in the

basket tube wall is:
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gW- - 6,208 psi
A

where:

W = Maximum weight of MTR basket with contents (PULSTAR fuel elements)

= 3,222 lbs

g = 1-foot end drop acceleration = 15.8

A =Total compartment cross-sectional area at baseplate (Figure 2.6.12-2)

= 8.20 in2

The allowable compressive stress, Sin, is 16,400 psi conservatively evaluated for Type 304

stainless steel at a conservative maximum operating temperature of 600°F. The margin of safety

is:

MS= Sm -1 =+±1.64

The Euler elastic buckling load formulation is used to determine the critical buckling load of the

MTR basket base module. The base module is treated as simply supported, which results in an

effective length that is twice the actual length, thus reducing the critical buckling load by a factor

of 4.0. The basket base module buckling load is:

Pcr- (Le 2 - 1.55 x 106 lb

The margin of safety is:

Pe
MS= r-1 =±Large

Po

where:

Pc = Compressive load = I15.8g x 3,222 lbs =50,908 lbs

Ii = Basket inertia moment = 47.92 in4

E =Elastic modulus (@ 600°F) = 25.3 x 106 psi

Le = Effective length of 28 assembly basket = 2 x 44.0 inches = 88 inches

Baseplate Stresses (Cask 1-foot End Drop)

The support plate at the top end of the basket modules is continuously welded to the outside

periphery of the fuel compartment tubes. The baseplate of a typical basket module is

continuously welded to the two II1.57-inch wide, 5/1 6-inch (min. 0.28-inch considering

machining tolerance) thick web plates, and to the two 3.44-inch wide, 1/4-inch thick divider
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plates as shown in Figure 2.6.12-2. The ½-inch thick baseplate supports seven MTR or seven

DIDO fuel assemblies or 25 PULSTAR fuel elements and is conservatively assumed to be

supported by the main longitudinal webs mentioned above during a cask end drop. Two separate

load cases are examined. The maximum stress for each case is then combined to obtain the total

stress on the baseplate. Figure 2.6.12-2 details the baseplate support.

The first case, Case I, examines a 3.44-inch square plate with two adjacent sides fixed and the

other two sides free. The applied pressure over the entire plate is uniform (Roark's, 6th edition,

Table 26, Case 1 la). The bending stress is:

c - "g[31pb2 - ,4 s

at2  
=-,4 s

where:

P Fuel weight = 80.0 lbs

g 1-foot end drop acceleration = 15.8

a Area of plate = (3.44 in)2 = 11.83 in2

t =-Plate thickness = 0.5 inch

b =Plate width = 3.44 inches

3 -- Boundary condition stress factor =1.769

The second case, Case Ii, examines a rectangular plate, 11.57 inches by 3.44 inches, fixed along

the long edges, free along the short edges and uniformly loaded (Roark's, 6th edition, Table 26,

Case 6a). The bending stress is:

•i--gf3 11pb2 -7 ps

at 2  
=-4 s

where:

a -- Area of plate =11.57 x3.44 in =39.8 in 2

J3u Boundary condition stress factor = 0.497

The total bending stress is conservatively obtained by adding the individual stresses:

(G a il+oi"1i----9,694 psi

The allowable stress, 1.5 Smn, is 24,600 psi for Type 304 stainless steel at the conservative

maximum temperature envelope of 600°F. The margin of safety is:

MS= 4,0 1 =±1.54
9,694
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S 2.6.12.6.4 Fuel Tube Stresses (Cask 1-foot Oblique Drop)

Table 2.6.7-34 summarizes the cask drop g-load factors for six drop orientations: the cask end

drop (0 degrees), the cask corner drop (15.74 degrees), the cask oblique drops (30, 45 and, 60

degrees) and the cask side drop (90 degrees). To conservatively envelope the maximum stresses

expected for all the 1-foot oblique drops, the calculated stresses of 6,208 psi in Section 2.6.12.6.3

for the end drop and 15,042 psi in Section 2.6.12.6.2 for the side drop are added as absolute

values. The maximumn stress in the MTR basket that envelops the maximum stresses expected

for any 1-foot oblique drop is 21,250 psi. The margin of safety, against stress allowable, 1.5 Smn,

of 24,600 psi, at 600°F, is:

MS=~ 24,600 1 =+0.16

21,250

2.6.12.6.5 Fuel Cans in a MTR Basket (Damaged PULSTAR Elements)

PULSTAR Damaged Fuel Can

The PULSTAR can is a modification of the existing damaged fuel can for TRIGA fuel, which

has two different design lengths. The PULSTAR fuel can has the same cross-section (can width

and wall thickness) as the TRIGA fuel can and is approximately four inches longer than theO shorter TRIGA fuel can design. Identical materials of fabrication are used for both TRIGA and
O PULSTAR fuel cans. As shown in Section 2.6.12.7.6, the TRIGA fuel can is evaluated for a

maximum weight of 59.6 Ib, which includes a can weight of 20 lbs and a payload of 39.6 lbs.

The weights of the PULSTAR fuel can and its maximum payload are approximately 15 lbs and

35 Ibs, respectively, for a maximum total weight of 50 lbs. Therefore, the stress evaluation for

inertia loads for the PULSTAR can is bounded by the evaluation for the TRIGA can.

The maximum internal pressure for the PULSTAR can is 3.4 atm (gage). The calculation for the

TRIGA can in the section titled "Sealed Failed Fuel Can Bolt Evaluation" used a value of 3 atm

(gage). In the evaluation of the bolt stresses and loads, the calculation in this section

conservatively used a linear load of 700 lb/inch, which bounds the increased internal pressure of

3.4 atm (gage) for the PULSTAR can.

For the e valuation of the failed fuel can tube, the minimum margin of safety is +0.77 (actual

stress is 9,241 psi) in the section titled "Sealed Failed Fuel Can Plate Stress Due to Side Drop"

for the 1-foot side drop. Considering the damaged fuel can as a thin wall cylinder with a

bounding internal pressure of 60 psig, the stresses in circumferential, radial, and longitudinal

directions are:

Pxr
=o- 1,500psi
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=-P=- 60psi

Pxr
cZ -x =750 psi

where:

P =60 psig

r = 3.25/2 in., the radius of the can

t = 0.065 in., the thickness of the can

Combining the stresses caused by can contents (1-ft side drop) and the internal pressure, the

bounding stress intensity is:

S•, =(1,500 +9,241) - (-60) = 10,801 psi

The minimum margin of safety for the one-foot side drop and internal pressure is:

M.S.=-. Sm - 1 = +1.28

It is concluded that the PULSTAR fuel can is structurally adequate for normal conditions of

transport. No additional analysis is required.

PULSTAR Screened Fuel Can

The PULSTAR screened can is a modification of the existing screened fuel can for TRIGA fuel,

which has two different design lengths. The PULSTAR screened fuel can has the same cross-

section (can width and wall thickness) as the TRIGA screened fuel can and is approximately four

inches longer than the shorter TRIGA screened fuel can design. Identical materials of

fabrication are used for both TRIGA and PULSTAR fuel cans. As shown in Section 2.6.12.7.5,

the TRIGA fuel can is evaluated for a maximum weight of 71 Ibs, which includes a maximum

can weight of 17 lbs and a payload of 54 lbs. The weights of the PULSTAR screened fuel can

and its maximum payload are 12 lbs and 54 lbs, respectively, for a maximum total weight of 66

lbs. Therefore, the evaluation presented in Section 2.6.12.7.5 for the TRIGA screened fuel can

bounds the evaluation for the PULSTAR screened fuel can and it may be concluded that the

PULSTAR screened fuel can is structurally adequate for normal conditions of transport. No

additional analysis is required.

PULSTAR Fuel Rod Insert and Spacer

Intact PULSTAR fuel elements can be placed into the TRIGA fuel rod insert (Dwg. 315-40-096).

This insert is identical to the TRIGA fuel rod insert evaluated in Section 2.6.12.7.9. The weight

of the individual PULSTAR fuel element is 1.31 Ibs, which is bounded by the weight of an
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individual TRIGA rod of 1.44 lbs reported in Section 2.6.12.7.9. Therefore no additional

evaluation for PULSTAR fuel elements contained in the TRIGA fuel rod insert is required.

For an end drop, the maximum stress is computed using the accelerations for the accident

condition, but is compared to the stress allowables for the normal condition. The stress in the

aluminum spacer is:

A

where:

P =65 lbs Bounding load

g =End drop g-load for the 30-foot end drop= 60.0g

A =irr 2 =8.3 in2

r = Radius of cylinder =3.25/2 =1.625 inches

t = Wall thickness = 0.125 in

The margin of safety is

M =0.7S5 !_0.7 x30.2l=Lr

Using NUREG / CR-6322, a buckling evaluation of the spacer is performed for the accident

condition which corresponds to an acceleration of 60g. The critical buckling stress for the spacer

is:

Gcc- - 99.7 ksi

where:

K = Effective length factor for fixed-free end conditions = 2.0

L = spacer length = 16.5 inches, which bounds 12-inch length

r= Radius of gyration =1 =1.1 in
rA

A = Cross-sectional area of spacer = itDt = 1 .28 in2

tD3 t
I = Moment of inertia - -__ 1 .69 in4

8

D = Spacer diameter = 3.25 inches

t = Spacer thickness =0.125 in

E = Modulus of elasticity of aluminum =9.1 xl06 psi
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The margin of safety against buckling is:

MSz=&c~ - -9.71 =+Large_
a 0.5

2.6.12.6.6 MTR Plate Canister Analysis

The MTR Plate Canister (canister) is a handling fixture designed to assist loading MTR fuel

plates into the removable modules of the NAC-LWT MTR fuel basket. The fuel basket modules

are used to load and unload fuel from the N"AC-LWT cask and are the analyzed support structure

for the fuel and canister. Therefore, the canister is not a required operational feature for loading

or unloading fuel from the cask and serves only as a spacer (dunnage) once inserted into a basket

module.

In this section, the canister is evaluated and found to be structurally adequate for all normal

conditions of handling and transport. Stresses developed during the normal (one-foot drop)

conditions meet all appropriate allowable criteria with positive margins. Classical hand

calculations are used to determine the stresses in the canister. Calculated stresses are compared

to allowable stresses for non-containment structures shown in Table 2.1.2-2, "Allowable Stress

Limits for Noncontainment Structures."

Design deceleration (g) factors used in the canister analysis are shown in Table 2.6.7-34,
"Summary of Cask Drop Equivalent G Load Factors." A temperature of 295°F bounds the

highest calculated canister temperature and is used for both normal and accident conditions

analyses. Stresses for corner and oblique drops are considered to be enveloped by the stresses

produced by the end and side drops based on the cask drop acceleration component loads

summarized in Table 2.6.7-34.

Maximum Canister Temperature

The maximum heat load allowed in an MTR basket cell is 120 W (409.8 Btu/hr), which is

assumed to be transmitted only through one plate of the canister, resulting in a conservative

estimate of the AT through the thickness of the canister shell. The maximum basket temperature

is listed in Table 3.4-6 as 292°F.

The change in temperature through the thickness of the shell is calculated using the following

formula:

AT = Q t / kA = 409.8 Btu/hr x 0.24 inch / (6.23 Btu/hr-in-F x 76.26 in2) = 0.2 1°F

where:

k --6.77 - 0.0025 X (292 - 77) = 6.23 Btu/hr-in-F at 292°F

A =25.85(3.2 - 0.125 x2) = 76.26 in2 is the cross-sectional area of the plate

0
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The peak canister shell temperature is then 292°F + 0.21°F = 292.2 1°F. A temperature of 295°F

is conservatively used for the temperature of the canister.

MTR Plate Canister Weight

The canister component weights are determined by conservatively calculating the volume of
each component and multiplying by the density of 6061 aluminum, 0.098 lb/in3 ("ASME Boiler

and Pressure Vessel Code, Section III, Part D - Properties," 1995 with 1995 Addendum).

Can Weldment

Wcnjster = Wj + W2 + W3 + W4 = 6.8 lbs (use 10 lbs for analysis)

where:

Item/Description Calculation of Weight
1 Plate-A (2) {Wi = 25.85 x 3.20 x 0.24 x 0.098 x 2 =3.9 lbs
2 Plate-B (2) 1W2 = 25.85 x 2.95 x 0.125 x 0.098 x 2 =1.9 lbs
3 Lid (2) W3 = 3.30 x 3.20 x 0.25 x 0.098 x 2 =0.5 lb

4 Bail (2) I W4 : [(0.46(4) + 2.94(2))x 0.125) + 1.04xO.25]xO.O98x2 = 0.5 lb
This weight calculation conservatively neglects holes in the lids.

NAC-LWT MTR Plate Canister Stress Analysis

* The canister is evaluated for stresses developed during the normal (one-foot drop) conditions.

The empty canister weight is assumed to be 10 pounds and the loaded canister weight is assumed

to be 30 lbs throughout the calculations.

Side Drop

The canister is contained within the NAC-LWT MTR 42-element basket assembly in the side-

drop case. Because of the support provided by the basket, only the uppermost canister plate is

subjected to bending. Bending of the plate is analyzed by considering a 1-inch section as a

fixed-fixed beam equal in length to the width of the plate and uniformly loaded by the plate

weight times the appropriate acceleration (g).

Normal Operating Condition (1-foot drop)

With the 0.125-in, thick plate uppermost:

The maximum moment (Mrnax) is:

M ... wL2 -(0"30)(3"32 = 0.272 in-lb
12 - 12

McI - (122(.o63x 104 104 psi for the normal operating condition
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where: I
w=0.125 x 1.0 x 1.0 x 0.098 x 24.3g = 0.30 lb/in

I- bh3 ('1"0)[0"1253 ) -= 1.63x10-4 in4

12 12

With the 0.24-in, thick plate uppermost:

The maximum moment (Mmax) is:

M ....x wL2 -(0"57)(3"32)- 0.517 in-lb
12 12

Sb- Mc _ (0.517)(0.125)
I1.15xi10- 3  = 56 psi for the normal operating condition

where:

w =0.24 x 1.0 x 1.0 x 0.098 x 24.3g = 0.57 lb/in

I-bh3 ('1.0 0"243)-1.15x10-3 in4

12 12

The minimum margin of safety (MS) for bending is:

MS-l'5Ss 1 - (1 .5)(1 1,500) l= +Large_

Sb 104

Side Plate Buckling

The 0.125-inch-thick side plates are evaluated as axially loaded compression members.

Buckling of the 0.24-inch thick plates is based on this analysis. Considering a 1-inch section of

the plate, the slenderness ratio (Cc) is:
_Y /2it 29.6x 106 =8.

Cc =V2S-E V 27,900

The radius of gyration (r) is:

r = •/I- =0.036 in4

where:

bh3 
_1.0(0.125)3 -

1= - - 1.628x 10in4

12 12

A =0.125x1.0 =0.125 in2

0
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* For K =1,

KL _ (3.3) =9 1 .6 7

r 0.036

For KL/r --91.67 > Cc = 82.4, the allowable stress (Sa•) is:

_2nE -12ir2(9.6xlO6)=82 s

The allowable load (Pa) is:

Pa = Sa x A =5,882 psi x 0.125 in2 = 735 lbs

The load (P) imposed upon the 0.125-inch-thick side plate by the 0.24-inch-thick side plate in the

normal condition, one-foot side drop is:

P =0.24 x 1.0 x 3.3 x 0.098 x 24.3g 2 lbs

This 2-pound load is conservative because the load from the thicker plate is actually shared

between the two thinner plates.

The margin of safety (MS) is:

MS = P" -1 = 7355_1 =+Large
P 2

End Drop

For the end drop, the can weldment is loaded by its own weight. The canister contents bear

against the bottom or top of the canister, depending on drop orientation.

Under normal operating conditions the canister body weldment is evaluated for a 15.8g end drop

acceleration. The compressive load (P) on the tube is the combined weight of the lid and body

plates times the appropriate g factor.

The compressive stress (Sc) in the canister body weldment is:

P 158 Ib

A 2.4in.2
-

where:

A = (3.2 x0.24 +2.82 x0.125X2) =2.24 in2

P = 10 lb x 15.8g = 158 lb (Conservatively, the entire weight of the canister is used)

The margin of safety (MS) is then:

0
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S 11,500 psi ~ = ±Large
MS= mi ___

Sc 70.5 psi

Lifting Bail Compressive Stress

Under normal operating conditions, the lifting bail is evaluated for a 1-foot end drop (15.8g
acceleration). The compressive load (P) on the lifting bail is the combined weight of the canister

and its contents (30 Ibs) times the appropriate g factor.

The compressive stress (Se) in the canister body weldment is:

P 4741lb

CA 0.965 in2 =9 s

where:

A = (0.46 x 4 + 2.94 x 2)(0.125)=~0.965 in2

P =30Ib x 15.8g =474 lbs
The margin of safety (MS) is then:

MS=--i -1  -150pi1 = +Large_
Sc 491 psi

Canister Body Buckling

The canister body is evaluated for buckling during the end drop by using the Euler formula to
determine the critical buckling load (Pcr):

Kit2EI _0.7227r
2 (9.6 x 106 X2.98) _

P -L2 (25.85)2 305,073 Ibs, assuming lower end fixed, upper

end free

where:

E =9.6x10 6 psi

K = 0.722 (Reference Roark's Table 34, Case 3a)

I =/-33 3.3 1228 x 2953 =2.984, minimum moment of inertia

L = tube body length (25.85 in.)

Because the maximum compressive load (10 lbs x 60g = 600 lbs under the accident condition) is
much less than the critical buckling load (305,073 Ibs), the canister body has adequate resistance

to buckling.

S
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O As noted in the first paragraph of this section, the plate canister is only a handling fixture (not a

structural component) and only serves as a spacer once inserted into the basket. Thus,

retempering of the aluminum plates after welding is not required. The criticality evaluation

presented in Section 6.4.3.10 includes the hypothetical separation of the canister fixture.

0
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Figure 2.6.12-1 Cask Side Drop Fuel Tube Loading - MTR Fuel Basket
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Figure 2.6.12-2 Baseplate Supports for Cask End Drop Loads - MTR Fuel Basket
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2.6.12.7 TRIGA Fuel Basket One-Foot Drop Evaluation 0
This section evaluates the stresses in TRIGA fuel baskets as a result of the normal condition one-

foot drop. The basket assembly consists of 5 basket modules - a base module, a top module and

3 intermediate modules. During transport all 5 modules must be installed in the cask. The 3

intermediate modules are interchangeable, but the base and top modules are not. The top module

is sized to accept TRIGA Fuel Follower elements, which are longer than the typical element.

Two basket configurations are available, "nonpoisoned" and "poisoned," where the poisoned

basket configuration utilizes borated steel plates for additional criticality control. Each module

has up to 7 cells and each open cell holds up to 4 TRIGA fuel elements or up to 16 TRIGA fuel

cluster rods. The center cell of each module of the nonpoisoned basket configuration is blocked

by a solid 11-gage stainless steel plate that precludes fuel loading in the center cell. The

structural evaluation is based on the poisoned TRIGA basket configuration, so that the structural

evaluation bounds transportation of the nonpoisoned configuration with the center cell blocked.

Intact fuel elements are loaded directly into the module cells, while intact fuel cluster rods are

loaded into fuel rod inserts that are placed into the basket cells prior to fuel loading. For the

poisoned basket design, an alternative is provided that utilizes one base module and four

intermediate modules, along with a spacer to fill the space differential resulting from the use of

an additional intermediate module, rather than a top module.

The top and bottom modules are designed to hold up to 4 intact TRIGA fuel elements in

screened cans, or failed or damaged TRIGA fuel elements or fuel cluster rods in screened or

sealed cans in each of the open cells. Up to four intact fuel elements may be confined within a

screened failed fuel can. The screened can is a square tube of 14-gage Type 304 stainless steel,

closed on its bottom end with a screen to allow water draining. It is closed with a lid.

Up to two failed TRIGA fuel elements or up to 6 failed TRIGA fuel cluster rods may be

transported in a sealed failed fuel can. The sealed can has a circular cross-section and is

fabricated from Type 304 stainless steel tubing with a 0.065-inch thick wall. The bottom end

includes a check valve and drain plug to facilitate draining. The top end is closed with a metal

seal and a lid that is bolted in place.

Each basket module is a Type 304 stainless steel weldment made up of two 1/2-inch thick,

13.27-inch diameter, circular plates at each end of longitudinal divider plates. The divider plates

create seven compartments or cells. The outside wall of the four symmetric outermost fuel cells

is fabricated from 11- gage Type 304 stainless steel sheet. The 1/2-inch plate at the top end of

the module is welded to the exterior surfaces of the divider plates using a continuous 1/8-inch

weld on the under side of the top plate and a continuous fillet weld on the top side. The 1/2-inch

thick baseplate is continuously welded to the 1/2-inch thick divider plates and the 5/1 6-inch thick 0
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web plates. The top module has an additional 1 -inch thick support plate midway between the top

and bottom circular plates that has a continuous fillet weld on the bottom side and a continuous

seal weld on the top side. The 11-gage sheet metal, and the 5/16-inch thick (0.28-inches, min)

intermediate webs, end 1/2-inch above the top surface of the baseplate to provide for module

drainage. In addition, a 1-inch diameter hole is located in the module base plate, at the center of

each of the cells. The bottom module sits on a 1.5-inch section of 10-inch diameter, schedule

80S, pipe welded to the baseplate. The pipe carries the total weight of the TRIGA basket

assembly, and bears directly on the cask bottom forging. As previously noted, the center cell of

each nonpoisoned basket module is blocked with an 11 gage plate welded to the cell walls. This

plate prevents loading fuel elements in the center cell. The center cell is open at the bottom to

ensure water draining.

Four of the seven cells in each poisoned basket module have a plate of borated stainless steel

neutron absorber material on one side to ensure criticality control in transport. The borated plate

extends over the active length of the TRIGA fuel assemblies, and covers the width and length of

the cell face within the limits of the attachment welds. The configuration of the borated plate is

shown in the license drawings in Section 1.4.

The bottom and intermediate modules have guide pins fixed to the surface of the top support

plate. The pins fit into holes in the baseplate provided for that purpose to achieve alignment. A

cutout in the baseplate and top plate is provided for clearance of the cask drain tube, and for

circumferential alignment of the TRIGA basket assembly.

The weights of the TRIGA basket assembly and modules are shown below. The weight includes

the heaviest fuel element that could be installed in the module, and failed fuel containers in the

top and bottom modules. The calculated weight of each top and bottom module is increased by

70 lbs to account for the poison plates and to conservatively bound the structural analysis.

Similarly, the calculated weight of the intermediate module is increased by 140 lbs.

Weight of Weight of Length of
Fuel (Ib) Module(s)l Total Weight (Ib) Module(s)

Component 140 Elements (Ib) ________ (in)

Bottom Module 2472 356 603 34-.70
3 Intermediate Modules 7412 957 1,698 31.50

Top Module 3703 460 830 48.30
Weight of Empty Basket _ _______1,773 _______ _____

Loaded Weight of Basket I 3,131
Notes:
1. Includes the weight of failed fuel cans plus additional weight added for conservative design evaluation.

2. TRIGA fuel element design-basis weight is 8.82 pounds.

3. TRIGA fuel element design-basis weight is 13.2 pounds for top module.
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The weight of TRIGA fuel cluster rods in a basket cell, including the weight of the fuel rod

insert, is bounded by that of the TRIGA fuel elements. As reported in Section 1.2.3.1, the design

basis weight of a TRIGA fuel element is 8.8 lbs, while the design basis weight of a TRIGA fuel

cluster rod is 1 .4 lbs and the weight of the insert is 11.2 lbs. Thus, four fuel elements in a cell

weigh 35.2 lbs, while 16 fuel cluster rods and an insert in a cell weigh 33.6 lbs. Additionally, the

active fuel cluster rod length is slightly longer than the length of the fuel elements, producing a

smaller bearing load along the length of the fuel cluster rod and insert.

Therefore, the analyses of TRIGA basket modules and payload presented in the following

sections are bounding for both nonpoisoned and poisoned basket configurations, and for all

TRIGA fuel types.

2.6.12.7.1 NAC-LWT Inner Shell Bearing Stress Analysis

The nominal radial gap between the TRIGA fuel basket and the cask inner shell is 0.053 1 inch at

the calculated, steady state, normal conditions fuel temperature. As defined for other NAC-LWT

fuel specific basket designs, it is assumed that there is no relative motion between the basket and

the cask, and that the basket is in bearing contact with the cask cavity inner shell in the side drop.

Bearing loads of the intact fuel, and the screened and sealed failed fuel cans, are thus transmitted

directly to the inner shell and cask structure.

Bearing stress is calculated using Case 2C (Young) which models the cylindrical basket in a

circular groove. The maximum compressive stress, for two elastic bodies with a similar elastic

modulus, is:

•gp(D 1 - D 2 ) 71

So = 0.798{ D2- 1)-) =505 psi

L E J
where:

g = 24.3, Dynamic load factor for the one-foot side drop

p = 1,256 lb/in., 1 g bearing load

Di = 13.405 inches, Cask cavity diameter

D2 = 13.265 inches, Basket outside diameter.

v = 0.275, Poisson's ratio for SS 304

E = 28.3 x 106 psi, Elastic modulus (conservatively use E at 70°F)

0
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O The bounding bearing load, p, is determined using the weight of the bottom module bearing on

the inner shell of the cask at the top and bottom circular plates. The bearing surface considers

the chamfer at the edge of the circular plates.

The allowable stress Sy = 18,200 psi at 600°F. Therefore:

18,200~ 01
MS-1=+01

15,3 05

2.6.12.7.2 NAC-LWT Bottom Forging Bearing Stress

The TRIGA basket assembly, when in the vertical position, is supported by a 0.5-inch thick,

10-inch nominal diameter schedule 80S pipe. The 1.5-inch long pipe is welded to the baseplate

of the base unit. The compressive stress is:

gxW
SC A -=3,073 psi

where:

g --15.8 Dynamic load factor for the one-foot end drop

W --3,131 lbs, Total weight of the basket

A == 16.1 in2, Area of 10-inch diameter Schedule 80S pipe
O The allowable stress, Sy = 18,200 psi at 600 °F.

Therefore:

M -18,200 _- = +Large

3,073

2.6.12.7.3 TRIGA Basket Compressive Stress Analysis

The TRIGA fuel basket is designed to ensure that the longitudinal movement of the basket

relative to the cask inner cavity is limited. The fuel, and screened or sealed can contents are not

attached to the basket, and do not impart any longitudinal structural load on the basket body.

However, the basket must support itself during an end drop accident. The basket is analyzed as a

column, acted upon by a structural (weight) compressive load.

The compressive stress developed in the basket compartment wall is:

Sc-g xW _6,3 ps

C=A 6,3 ps

where:

g 15.8 Dynamic load factor for the one-foot end drop

0
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W = 3,131 ibs, Total weight of the basket

A = 8.20 in2, Total compartment cross-section area at base plate.

The allowable stress, Sm =16,400 psi at 600°F.

Therefore:

16,400 -I=+ 7
MS - - _=+17

6,033

The Euler elastic buckling load formulation is used to determine the critical buckling load (Pcr)

of the 1 0-inch diameter Schedule 80S pipe and the base module. The pipe and base module are

conservatively treated as simply supported, which results in an effective length that is twice the

actual length, reducing the critical buckling load by a factor of 4.0. For the 10-inch pipe, the

critical buckling load is:

r2 El
Pcr - = -5.88 x10 91lbs

where:

E = 25.3 x106 psi at 600°F

1 212 in4, inertia moment

Le = 2 x 1.5 = 3.0 in., effective length (2L)

The calculated compressive load is:

Pc=W xg=3,131 x 15.8 =49,4701lbs

where:

g = 15.8 Dynamic load factor for the one-foot end drop

W = 3,131 Ibs, Total weight of the basket

Therefore:

M.s.-PEc] 15"88x109 1l=Large

Pc 49,470

The critical buckling load for the base module is calculated using the same equation as above, by

applying the moment of inertia of the fuel support structure. The fuel web and divider support

structure is shown in the figure in the section titled "Baseplate Stress Due to End Drop."

The moment of inertia for the support structure is:
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Item (Io)yy A h Ah2 I (Io)xx

2-11.57" x 0.28" web plate { 0.0 6.48 1.86 22.42 72.28
2-3.44" x 0.25" divider plate { 1.7 1.72 3.72 23.80 j 0.0

Total 1.7 46.22 72.28

(]~y= Jo + X- Ah2 =1.7 + 46.22 = 47.92 in4

(I~x= Y• Io = 72.28 in4

Choosing the smaller moment of inertia, (I~y as I:

1 = 47.92 in4

2t2EJ rt2x25.3x106x47.92 l1  6b
Lo2 (2x33.2)2

where:

Le = 2 x 33.2 inches

Pc=Wxg=3,131 x 15.8--49,4701bs

where:
O g= 15.8, Dynamic load factor for 1 foot end drop

W = 3,131 lbs, Total weight of the basket

M.S=-Pc-l2"llxl0 6 1l=Large

Pc 49,470

2.6.12.7.4 TRIGA Basket Lateral Stress Analysis

The base plate at the end of a typical TR1GA basket module supports the weight of up to 28

TRIGA fuel elements, or the loaded screened or sealed failed fuel cans, when the cask is in the

vertical orientation (0 degree drop). With the cask in the horizontal orientation (90 degree drop),

the fuel cell divider plates support the entire length of the TRIGA fuel. The base plate and the

divider plates share in the support of the TRIGA fuel at drop orientations between 0 and 90

degrees.

Basep late Stress Due to End Drop

The support plate at the top end of the modules is continuously welded to the outside periphery

of the plates, including the support plates that form the fuel cells. The baseplate of the basket

module is continuously welded to the two 11 .57-inches wide, 5/1 6-inch thick (0.28-inch min)
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web plates, and to the two 3.44-inches wide, 1/4-inch thick divider plates as shown in the
following sketch.

•-- Divider

/ • -"• •'=028 Mni/ m~Web plus Divider Area =8.20 in2

The baseplate supports 28 TRIGA fuel elements and is conservatively assumed to be supported
by the main longitudinal support plates during a cask end drop. Two separate load cases are

evaluated. The maximum stress for each case is combined to obtain the total stress on the

baseplate.

The first case (Case I), evaluates a 3.44-inches square plate with adjacent sides fixed and the

other sides free. The applied pressure over the entire plate is uniform (Young, page 471, case
11). The second case, Case 11, examines a rectangular plate, 11.57 inches by 3.44 inches, fixed
along the long edges, free along the short edges and uniform pressure (Young, page 462, case 6).

For Case 1, the 3.44-inches square plate is analyzed as a cantilevered plate supported at two
adjacent sides with the other two sides free. Load is assumed uniform over the area of the plate.

The bounding fuel weight is applied. The maximum stress is expressed as (Young, page 471,

case 11):

S -gxB 1 xPxb 2
S•= x2 -=-8,944 psi

where:

g =15.8, Dynamic load factor for the one-foot end drop

B 1 =.769, Boundary condition stress factor

0

S
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O P 80 Ibs, Bounding module fuel weight

b 3.44 inches, Width of plate

A =-(3.44)2 sq. in., Plate area

t 0.5 in, Plate thickness

Case II, evaluates a plate 3.44-inches by 3.44-inches (width x length), fixed on two opposite

sides, with the other two sides free. The maximum stress is expressed as (Young, page 462, case

6):

S -gxB 1 1 xPxb2

SII Ax = -2,528 psi

where:

g 15.8, Dynamic load factor for the one-foot end drop

B 0.5, Boundary condition stress factor

P 80 Ibs, Bounding module fuel weight

b 3.44 inches, Width of plate

A •-(3.44)2 sq. in., Plate area

t 0.5 in., Plate thickness

~The total bending stress from Case l and Case II is:

Stotal = SI + Sll = - 11,472 psi < 1.5 Sm = 24,600 psi

Therefore:

S 24,6001=+.1

11,472

Support Plate Stress Due to Side Drop With Intact Fuel or the Screened Failed
Fuel Can

The maximum stress in the support plates that form the fuel cells occurs in the 0.12-inch thick 11

gage sheet metal tubes which support the entire length of the TRIGA fuel elements, or the length

of the loaded screened failed fuel can. The weight of the TRIGA fuel element is transmitted

through the can walls to the support plates that form the fuel cell. This load path creates a

uniform pressure load over the entire area as shown in the following sketch.
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q/L

4~VH4
L

As stated in Section 2.6.12.7, the loading of TRIGA fuel cluster rods is bounded by the TRIGA
fuel elements. The fuel weight per unit length for the bounding TRIGA fuel elements is:

Max. Weight,
W (lb)

Max. Length,
L (in)Fuel Type W/L (Ib/in)

Aluminum Clad 6.4 28.53' 0.22

Stainless Steel Clad 8.82 29.88" 0.30

Fuel Follower Control Element 13.2 45" 0.29

The intact fuel bounding load, qi, along the length of the tube is:

q- W--=1.850 lb/in

The uniform pressure load for the shorter (La) failed fuel in the screened can is:

q f - W- =1.950 lb/in

The uniform pressure load of the longer (LL) failed fuel in the screened can is:

qf = Wf =1.778 lb/in
LL

where:

Ls= 29.88 inches, length of short fuel element

LL = 45 inches, length of long fuel element

Weight of long failed fuel can =17 lbs

Weight of short failed fuel can = 13 lbs

Added weight for fuel can calculation = 10 lbs

S
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The weight calculation below includes 4 fuel elements, added weight, plus fuel can.

Wf= 58.28 lbs for fuel can with fuel elements having a length of 29.88 inches (La)

Wf= 80 lbs for fuel can with fuel elements having a length of 45 inches (LL)

Wi=55.28 lbs for fuel can with intact fuel

The bounding load for TRIGA fuel is 1.950 lb/in.

The maximum bending moment is:

(q f +w) xgL 2
M ...lax1. in-lb

8

where:

qf= 1.950 lb/in

g = 24.3, dynamic load factor for one foot side drop

t = 0.12-inches (11 gage)

L = 3.44 =width of side support plate (11 gage)

w = 0.288 x 3.44 x t =0.1185 lb/in, steel beam weight

6 = ax = psi.
S- - ~9,065ps

Therefore,

MS - 2,0-1 =+1.71
9,065

The 11 gage sheet metal is continuously welded to the adjacent divider plates with a 1/8-inch

fillet weld. This weld resists the shear developed in the simple beam analysis above.

V=(wr + wLs 51 b

2xLS

where:

Wr = 58.28 lbs

L•= 29.88 inches

V
S,, -210 psi

txl

The throat thickness of 1/8-inch fillet weld is 0.707 x 0.125 =0.088-inches. The square of the

ratio of the plate thickness (0.12-inch) to the weld throat thickness (0.088-inches) is 1.86.

ASME Code Subsection NG-3352 recommends that the calculated stress in a fillet weld be

increased by a factor of 1/0.35 = 2.86. The maximum weld stress is:
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Sw= Sv (1.86) (2.86) = 1,117 psi

The allowable stress is 0.dSm~= 9,840 psi at 600°F.

Therefore:

MS- 9,4 _-1=+Large
1,117

Support Plate Stress Due To Side Drop For the Sealed Failed Fuel Can

The total bounding weight of the long sealed can is 59.6 ibs, which includes 20 lbs for the can

and a bounding weight of 39.6 lbs for the follower control elements.

The maximum stress in the support plates occurs in the 0.12-inch thick (11 gage) sheet metal

tubes which supports the entire length of the sealed can. Since the sealed can is cylindrical, its

weight is transmitted as a line load over the length to the supporting plate. For a unit cross-

section of the supporting plate, the line load is treated as a concentrated load over the supporting

plate as shown in the following loading diagram.

P

,I ~Lp r

The load of the sealed can and its contents is represented by a uniformly distributed line load
along the basket length that is in contact with the sealed can. For a unit length, the concentrated

load due to the longer can is:

p-Wfrxg-_37.71 lb/in

L

where:

Wf = 59.6 Ibs, weight of the long sealed can (20 Ibs) and the follower control elements
(39.6 Ibs)

g -- 24.3, dynamic load factor for one-foot side drop

L = 38.41 inches, length of the longer body sealed can tube
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/ For the shorter can:

P Wfxg -45.24 lb/in.

L

where:

Wf= 43.4 lbs, weight of the shorter sealed can (17 ibs) and bounding fuel element
(26.4 lbs)

g = 24.3, dynamic load factor for one-foot side drop

L = 23.31 inches, length of the shorter body sealed can tube

The concentrated load from the shorter can, P = 45.24 lb/in., enveloping both the longer can and

short can, is used to calculate the maximum bending moment. The unit length of the basket

support plate with the 45.24 lbs concentrated force in the middle is treated as a simply supported

beam. The maximum bending moment is:

PxLp
M ...- 4 = 38.91 in-lb

where:

P = 45.24 Ibs, concentrated load

O Lp = 3.44 inches, width of the 11 gage support plate

The maximum bending stress is:

6 x Mm,,
S- t - 16,321 psi

where:

Mrnax 38.91 in-Ib, maximum bending moment

t= 0.12 in., thickness of the 11-gage support plate

The margin of safety is:

M.s. - I'5Sm-I24'6001+05

S 16,321

The 11 gage sheet metal is continuously welded to the adjacent divider plates with a 1/8-inch

fillet weld. This weld resists shear developed in the simple beam analyzed above.

P
S, = -378 psi

txl
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where:

P = 45.24 Ibs, load of unit length

t = 0.12 in, thickness of the 11 gage support plate

The throat thickness of 1/8-inch fillet weld is 0.707 x 0.125 =0.088 in. The square of the ratio of

the plate thickness (0.12 in) to the weld throat thickness (0.088 in) is 1.86. ASME Code

Subsection NG-3352 recommends that the calculated stress in a fillet weld be increased by a

factor of 1/0.35 = 2.86.

Maximum weld stress is the calculated stress in the material times the above factors.

Sw= Sv, (1.86) (2.86) = 378 x1.86 x 2.86 = 2,011 psi

The allowable stress is:

0.6Sm= 9,840 psi @ 600°F,

The margin of safety is:

9,840
MS= -' =+.

2,011

Maximum Basket Stress Due To Oblique Drop

As shown in the previous sections, the sealed can imposes the largest stress in the basket support

plate due to its cylindrical cross-section. Therefore, the maximum stress in the basket is bounded

by the stress induced by the sealed failed fuel can.

The maximum stress in the basket during oblique drop is found by combining the absolute value

of the maximum stresses found in the basket during side drop and end drop determined in the

previous sections. Although the stresses in the two different drop configurations do not occur in

the same location, the stress combination method conservatively envelopes the maximum

possible stress states during the oblique drop.

The maximum calculated stresses for the 1-foot end drop and the 1-foot side drop are:

Maximum stress = 6,033 psi for end drop

Maximum stress = 16,321 psi for side drop

Adding the two stress values to obtain the total oblique drop stress = 6,033 + 16,321 =22,354

psi.

Allowable stress 1 1.5 Sm = 1.5 x 16,400 = 24,600 psi @ 600°F,

24,600
MS- 1 _=0.1

22,354
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2.6.12.7.5 Screened Failed Fuel Can

This section evaluates the stresses in the screened failed fuel can as a result of the normal

condition one-foot drop. The screened failed fuel can is described in Section 2.6.12.7. The

screened failed fuel can is analyzed for side and end drops during transportation.

Screened Failed Fuel Can Compressive Stress Analysis

The fuel contents are not attached to the screened can and do not impart any longitudinal

structural load on the can. The screened can must support itself during an end drop accident.

The can is analyzed as a column acted upon by a structural (weight) compressive load consisting

of the weight of the can and its contents. The screened can for fuel follower control rods is used

since it is heavier, carries a heavier load and has the same properties as the screened can for the

fuel rods.

The compressive stress developed in the screened can wall is:

S = Wg/A = 1,145 psi

where:

W = 71 lbs, weight of screened can and contents

g = 15.8, dynamic load factor for one foot end drop (normal condition)

A = 0.98 in2, cross-section area of screened can

The allowable stress,

Sm=16,400 psi at 6000 F.

Therefore:

MS =(16,400/1,145) - 1 = +Large

Buckling of the screened failed fuel can is evaluated using hypothetical accident loading

conditions in Section 2.7.7.9.4. The loading conditions presented in that section bound normal

condition loads.

Screened Failed Fuel Can Plate Stress Due to Side Drop

The plate making up the sides of the screened failed fuel can is analyzed for bending as a result

of loads applied during a side drop. To bound the analysis, the weight of the longer failed fuel

can is used and this load is distributed over the length of the shorter fuel can to determine the

load acting on a one-inch wide strip (along the axial length of the can) of the fuel can cross

section. This total load on a one-inch strip is conservatively applied to the area between fuel

elements (1.5 inches), resting inside of the can. This is the longest span of plate subject to
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bending from a side drop and the 1 .5-inch long plate section (which is one-inch wide) is

considered to be simply supported.

The bending moment in the plate due to a uniform load is:

M = gPL/8 = 10.3 in-lb

where:

g = 24.3, dynamic load factor for one foot side drop

P = 2.26 lbs., Total load on one inch wide strip

L = 1.5inches, spacing between fuel elements

The section modulus, s, of the cross-section resisting the bending moment is:

s = t /6 =0.00093 in.3

where:

t = 0.0747 in, thickness of plate making up the screened failed fuel can

The bending stress is:

Sb = M/s =11,075 psi

The allowable stress is: 1 .5Sm =24,600 psi

Therefore:

MS =(24,600/11,075) - 1 = +1.22

2.6.12.7.6 Sealed Failed Fuel Can

This section evaluates the stresses in the sealed failed fuel can as a result of the normal condition

one-foot side and end drops. The sealed can is described in Section 2.6.12.7.

Sealed Failed Fuel Can Compressive Stress Analyses Due to End Drop

This section analyzes the compressive stress and buckling load in the fuel tube, bottom tube and

lifting lugs. The bounding weight of the sealed can used in this analysis is 59.6 lbs, which

includes 20 lbs for the can and conservatively 39.6 lbs for the follower control elements. Actual

operational capacity is controlled to the weight of two fuel elements.

Fuel Tube

The fuel elements are not attached to the round tube that forms the wall of the can. However, it

is conservatively assumed that the shell of the sealed can carries the entire weight of the can and

contents. The compressive stress is:

Wxg -I1,448 psi
A
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where:

W =59.6 Ibs, conservative weight of the can and contents

g = 15.8, dynamic load factor for one foot end drop

A = 7t(1.625 2 - 1.562) =0.6504 in.2 cross section area of the can

The margin of safety is:

M S=--~ 16,400 -1 =+Large

c•c 1,448

Bottom Tube

The compressive stress for the bottom tube is:

Wxg 1 0 0

C A

where:

W = 59.6 lbs, conservative weight of the can and contents

g = 15.8, dynamic load factor for one foot end drop

A = it(1.252 - 1.1252) = 0.9327 in.2 cross section area of bottom tube

The margin of safety is:

M S=Sn - 16,400 -1 = +Large

cYc 1,010

Lifting Lug

The sealed can lifting lugs may be subject to compressive or buckling loads in drop accident

events. The load is considered evenly distributed to both lugs.

The compressive stress for two lift lugs is:

Wx g
c-A - 3,657 psi

where:

W = 59.6 Ibs, conservative weight of the can and contents

g = 15.8, dynamic load factor for one foot end drop

A = 2 x 0.515 x 0.25 = 0.2575 in.2 smallest cross section area of the two lift lugs

The margin of safety is:
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MS- Smin- 16,400 -1 =+3.48 0
oc 3,657

Considering the lifting lug as a cantilever beam with a fixed end, the load is carried by an

equivalent moment, M:

M =(P/2) xd xg = 114.2 in-lbs

where:

g = 15.8, g load factor for the one foot end drop

P = 59.6 lbs, conservative weight of can and contents

d =0.2425 in, the length of moment arm, measured from the center of the section to the
point of load application (.5 - .515/2)

The total stress acting on the neck section is:

(Mxc)
o +o-rc=13,975 psi

where:

•c= compressive stress, 3,657 psi

W =114.2 in-Ibs, equivalent moment

c = 0.515/2 inches, distance from center of neck section to the edge0

I =0.25 x (0.5 15)3/12 = 2.85 x 10-3 in4, moment of inertia of the cross section

The margin of safety is:

MS-I5S' 124'600 1=0.76

•o 13,975

Buckling of the Sealed Failed Fuel Can

Buckling of the sealed failed fuel can, the bottom tube and the lifting lug is evaluated in Section

2.7.7.9.5. The loading conditions presented in that section bound the normal condition loads.

Sealed Failed Fuel Can Plate Stress Due to Side Drop

In the one-foot side drop, the sealed can supports the load applied by its contents.

The load applied to the can is considered as a linearly distributed load over the bottom 120° arc.

The radial pressure Wx varies linearly from 0 at the beginning, to w at the bottom point of the can,

as shown in the following sketch.

0
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w

The load is uniformly distributed along the length of the can. For a unit length it is calculated as:

For the longer can:

Wp- g-25.05 lb /in.
L

where:

Wf = 39.6 lbs, conservative fuel weight of three fuel follower control elements

g = 24.3, dynamic load factor for a one-foot side drop

L = 38.41 inches, length of the longer tube body

For the shorter can:

L

where:

Wf = 24.4 Ibs, conservative fuel weight of three fuel elements

g = 24.3, dynamic load factor for a one-foot side drop

L =23.31 inches, length of the shorter tube body

To bound both the longer can and short can, p = 27.52 lb/in, is used to calculate the maximum

distributed load.

Since (Young, 6th Edition, Table 17, Case 13):

p = 2wR(1 +C) /(fr- 0)
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pw ( -)= 17.73 lb /in
2R x (1 + C)

where:

p = 27.52 lbs, load on this unit length of the can tube

O 1200 = 2ir/3, angle

C = cos (0) = -0.5

R = 3.25/2, radius of the can

The bending moment occurring at location A and C are respectively (Young, 6th Edition, Table

17, Case 13):

Ma•r•-)2+2C-s(r-O)+k 21 I+C- ( 0) -=1.273 in-lb

-wR 2 F ( r-O)-2-2C-s0+k[I+C- =-6.57n-l
Mc - Z(r- 0 ) 2Jrs L=- .0 nl

where:

w = 17.73 lb/in, maximum distributed load

R = 3.25/2 - 0.625/2, curvature

0 = 1200 = 2it/3, angle

C ~=cos (0)=-0.5

s = sin(0) =0.866

1 2.289e- 5
k2 1 c =1andetAR2 -0.6504 x 1.5932 -1.388 x 10-5

1 x0.065 3
5.

I -=2.289 x 10- in4, moment of inertia of ring cross section
12

A = 7t(1 .6252 - 1.562) = 0.6504 in2

The bending stress at location C, for unit length, is:

0%C t2 /6 - 9,241 psi
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where:

Mc = 6.507 lb-in., bending moment at location C

t= 0.065 in., thickness of the can

Margin of safety is:

MS-m5 16,400 -1= +0.77

cyc 9,241

Sealed Failed Fuel Can Bolt Evaluation

The sealed failed fuel can bolts are evaluated using the worst case loading conditions. For

analysis purposes, the maximum differential thermal expansion (from accident conditions),

lifting loads, and bolt preload are combined to calculate the maximum bolt stresses.

Bolt Thread Stress

The shear stress caused by lifting is:

1.1 xW
"eL- As-l70psi

where:

1.1 = dynamic load factor for lifting

W =total weight of the canister and contents, 59.6 lbs

As= shear area of the external thread, 0.3 859 in.2

The load caused by pre-load on each bolt is:

FT =(ltX D xP)/4 =1,721 lbs

where:

P = 700 lb/in., conservative linear load required to crush the seal

D = 3.131 inches, diameter of the seal

The linear load, P, considers both the load to seat the metal seal as well as the internal pressure

of the gas in the failed fuel canister. The contribution of the pressure to the linear load is:

P, D_ (3 atm)(1 4.7 psi / atm)(3.1 31 in.)=345b/in

4 4

Three (3) atm is conservatively used for the internal gas pressure during the fire. The linear load

to seat the metal seal is 514 lbs. Combining the linear loads due to the pressure and seal gives a

total value of 548.5 lb/inch. For analysis purposes, a conservative value of 700 lb/in, is used.
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The shear stress caused by pre-loads in the bolts is:

Ft
i-I -A -4,460 psi

where:

Ft -- 1,721 lbs, bolt pre-load

As = shear area for 3/8 -16 UNC 2A thread = 0.3859 sq. inch

Total shear caused by lifting and pre-load is obtained by conservatively adding the shear stresses:

The margin of safety is:

MS= 0" 6 SmiO*1=0 6 x 4 5'2 00 1 +4.86

-c4,630

The average tensile stress due to pre-load in the bolts is:

S,- - 23,039 psi

where:
Ft= 1,721 lbs, bolt pre-load

At = tensile stress area for 3/8-14 UNC 2A thread =0.0747 in2

The tensile stress due to the differential expansion of the bolt and the top plate is:

Sdt =AT~(cL - C637 )E637 = 26,912 psi

where:

AT = (600 - 70)0 F =5300F (The actual maximum temperature of the can during the fire
accident is 551°F.)

cci. = 9.53 x 10-6 (in/in/0 F), coefficient of thermal expansion of top plate (S.S.304) at

6000F

GL637 = 7.67 x 10-6 (in/in/0 F), coefficient of thermal expansion of bolt (SB - 637) at
600°F

E637 = 27.3 x 106 psi at 6000F, bolt material elastic modulus at 6000F

The total stress due to pre-load and differential expansion of the bolt and the top plate is:

S =Sdt +St =49,951 psi

The margin of safety is:

0
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J ~ ~M.S- 2Sm 12x45,200O 1 +0 .

S 49,951

The relation between the torque value and tensile force is:

T =L•,•-• \ +.625 I-](ET)(d) (Machinery's)

T =(0.2096) × FT × d= 135 in-lb

where:

T =applied torque in inch-pounds

FT = pre-load force in pounds

d = 3/8 in, bolt diameter

tan X = L/(itdm)

L =1/16 in

d=0.3911 in, mean diameter of threads

ot= 300, one-half the thread angle

= 0.15, coefficient of frictionS The torque required to engage the bolt is 135 in-lb. However, the maximum torque is 160 in-lb.

The torsional stress due to this torque value is:

Txr 160 x0.1875
"C-J 1.94 x10-3 psi = 15,464 psi

where:

T = 1 60 in-lb, the torque on a bolt

r = (3/8)/2 = 0.1875 in, radius of bolt

J = (irr4)/2 = (7r x 0.18754)/2 = 1.94 x 10-3 in4, polar moment of inertia

The margin of safety is:

MS= 0"Sn-1=-0S -5201= + 1.34
z t 15,464

S
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Top Plate Thread Stress

The effect of Heli-Coil is conservatively ignored. The shear stress consists of two parts; one is

caused by the lifting load; the other is caused by the combination of pre-load P (700 lbs/in.) and

differential thermal expansion. The shear stress due to the lifting load is:

1.IxW_
tL . . . 118 psi

where:

1.1 = the dynamic load factor for lifting

W = 59.6 lbs, total weight of the canister and contents

An= 0.5548 in2, shear area of the inner thread

The shear stress due to pre-load and differential thermal expansion in the top plate is:

F,
= A - 6,725 psi

where:

Ft = 1,721+26,912 x 0.0747 = 3,731 Ibs, bolt pre-load

An=0.5548 in2, shear area for 3/8 -16 UNC 2A thread

Total shear caused by lifting, pre-load and differential expansion is obtained by conservatively

adding the separate shear stresses:

tTzL + S = 6,843 psi

The margin of safety is:

S-0.65m - 0.6X16,400 -1=04

-r 6843

Top Plate Bearing Stress

Top plate bearing stress is developed from the combination of pre-load and the differential

thermal expansion of the bolt and the top plate. The pre-load is I ,72 1 lbs on one bolt and thermal

load is 2,010 lbs (0.0747 in2 × 26,912 psi). The total bearing is 3,731 lbs. Then, the bearing stress

on the top plate is:

Pb 3731
Sb-Ab -0.2311-1,4 s
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where:

Pb = 3,731 Ibs, total bearing force

Ab = •t(0.68 2-0.412)/4 = 0.2311 in2, bearing area

The margin of safety for top plate is:

1.0S y 18,200
MS= - ' -1 ' -1 =+0.13

Sb 16,145

2.6.12.7.7 Borated Stainless Steel Plate Weld Stress

The borated stainless steel plate utilized in the poisoned TRIGA baskets is assumed to be welded

on two sides to the divider plates using a 1/16-inch fillet weld. This assumption is conservative

since the borated plate is welded completely around its periphery. For the end drop condition,

the only load applied on the weld is the self weight of the plate, which results in a shear stress.

For side drop, the load applied on the weld is the self weight of plate, which also results in shear

stress. The plate also carries the weight of the fuel, which results in compressive stress.

The welded area for one stainless steel plate is:

Parameter Base Module Intermediate Module Top Module

Weight of Plate (lb)* 14.44 13.64 21.61

Length of Plate (in) 30.45 28.75 45.55____

Cross Section Area (in2) 99.27 93.73 148.49

Weld Area (in2) 3.81 3.59 5.69

Using the smallest area, 3.59 in2 and largest weight, 21.61 lbs, the end drop shear stress is:

Sse- g xW _ 15.8x 21.61 -9.1psi

A 3.59

where:

g = 15.8 one-foot end drop load factor

W =21.61 lbs bounding poison plate weight

A =3.59 in2 bounding weld area

The allowable shear stress for normal condition is 0.6 Sm = 9840 psi. The margin of safety is:

Margin of Safety- 0"Sn-1 - -801= +Large
S~c 95.11

Using the smallest area, 3.59 in2 and largest weight, 21.61 Ibs, the side drop shear stress is:

S
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gxW _24.3x×21.61

Sss= A .9 = 146.27 psi

where:

g = 24•3 one-foot side drop load factor

W =21.61 lbs bounding poison plate weight

A --3.59 in2 bounding weld area

The allowable shear stress for normal condition is 0.6 Sm = 9840 psi. The margin of safety is:

0.6S 9840
Margin of Safety- -1-- - 1=+Largze

S ss146.27

The compressive stress is evaluated using a bounding fuel cell weight of 80 lbs. The minimum

cross section area is 93.73 in2`.

gxW _24.3 x80
A• -- -=20.74 psi

A 93.73

where:

g = 24.3 one-foot side drop load factor

W =80 lbs bounding fuel cell weight

A =93.73 in2 bounding cross section area

The allowable stress is 1.0Sin = 16,400 psi. The margin of safety is:

Margin of Safety= - -.S, 1 - 16401 =±+Large
Sc 20.74

This evaluation shows that the weld has large margins of safety for the stresses that could occur

in normai conditions.

2.6.12.7.8 TRIGA Fuel Spacer Evaluation

A spacer fabricated from Type 304 stainless steel is used in poisoned TRIGA basket

Configuration 2 (base module and 4 intermediate modules). The spacer consists of 8-inch

diameter pipe with a 1-inch thick plate welded to the bottom, and a 0.5-inch thick plate welded to

the top. The top plate is attached to the underside of the NAC-LWT cask lid using four 1/2-inch

diameter SA-193, Grade B6, bolts. It has a calculated weight of 85 lbs.

The spacer and bolts are analyzed for the effects of a normal condition 1-foot side and end drop.

The material temperatures and properties are the same as those imposed on the fuel baskets. The

compression load is calculated as 50,813 lbs, which results in a calculated stress of 6,049 psi
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(Margin of Safety = ±1.71). The stress on the bolts in combined shear and tension is 11,881 psi.

All margins of safety are positive with a minimum Margin of Safety of +0.21 for the bolts in

shear and tension as a result of the side drop condition.

2.6.12.7.9 TRIGA Fuel Cluster Rods Basket One Foot Drop Evaluation

The fuel cluster rod is restrained from motion by the aluminum tube, which has a 0.75-inch outer

diameter and a 0.62-inch inner diameter. An array of four by four is inserted into an aluminum

shell of 0.125-inch thickness, which is loaded into the stainless steel basket.

The bearing stress between the aluminum tubes is required to be less than the yield stress of the

606 1-T6 aluminum. The yield stress is evaluated at the maximum aluminum temperature of

300°F, corresponding to a yield stress of 27.5 ksi. The maximum bearing load would occur

between the aluminum tube and the 0.125 aluminum shell (Point 2 in the following sketch), but

the maximum bearing stress would occur between two adjacent cylinders (Point 1 in the

following sketch).

Insert Shell

t=-.125 in.

6061-T6 / / Point 1

Point 2

Using Roark, 6 th edition, Table 33, Case 2a, which is the bearing stress between two adjacent

cylinders, the bearing stress (Sbrg) iS:

Sbr -. 789 x

P = the line load = (3 tubes) 1.4+ 1(0.752 _-0.622)(0.098)1C.27.5 4

P = 0.198 lbs/in (for dead weight only)

where:

TRIGA fuel cluster rod weight = 1 .44 lbs

rod length = 27.5 inches
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aluminum density = 0.098 lb/in3

aluminum tube GD = 0.75 in

aluminum tube ID - 0.62 in

CE - 1-34• 3 - 1.937e--7

where for 606 1-T6 Aluminum at 300°F:

E =9.2x 106 psi

V = 0.33 and the subscripts 1 and 2 refer to each of the cylinders

where:

K D-DD 2  -. 37

D1 + 2

where D is the outer diameter of the tube, .75 in (the subscripts 1 and 2 refer to the individual

tubes). The bearing stress corresponding to 24.3 g is:

~brg .798 24.3x 0.198

-0.375 X 1.937e- 7 45s

27400
MS- -1= +3.21

6495

The bending stress in the aluminum insert tube is evaluated as a curved beam using the
diametrical point forces, as contained in Roark's, 6th Edition, Table 17, Case 1.

Conservatively using 400°F to evaluate the aluminum properties, and the weight of four tubes

(which results in a line load of 1.33 x 0.198 = 0.263 lbs/in), the maximum bending stress in the

aluminum tube is:

6M
Sb --2

Where b = 1.0 in, which is the axial length for the purpose of the calculation.

M =0.3183.P.R~k2

I
AR2

0
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S.75 - .62 0.0653 X 1_
t., -- --0.065in 1=- - 2.29e -S5in4 A = .065xl1 = 0.065 in2

ng 2 12

0.62 0.065 2.29e -5 =03 k=-.0=.9
R + = -0.343in x = =003 k .0 .

2 2 0.065 x0.34322

M = 0.3183 x (4 x 0.263) x 0.343 x 0.997 = 0.115 in - lb/in

Sb6x 0.115 x 24.3
S- 1X 0.0652 =3969 psi

MS- -'Sm 1-85 -1 =+1.07
Sb 3969

Where 24.3 g corresponds to the side drop accelerations.

This verifies that the aluminum insert tube is acceptable for the normal operational conditions.

2.6.12.8 DIDO Fuel Basket Construction

Th IOmodular basket asebyconsists of a tpmdlfour intermediate moueanda

base module. The top module is 29.8 inches long and the intermediate modules are each 29.3

inches long and all have an outer diameter of 13.27 inches. The base module has a length of 29.8

inches and an outer diameter of 13.27 inches. Each module is capable of holding seven DIDO

fuel assemblies. Each module is a weldment made up of a 13.27 inch diameter 1/2-inch thick

base plate and two 13.27 inch diameter 1/2-inch thick support plates scalloped on the inner

diameter to fit around six peripheral fuel tubes. The weldment structure, fuel tubes and base and

support plates are fabricated from Type 304 stainless steel. Each fuel tube has an inner diameter

of 4.01 inches and a wall thickness of 0.12 inches. The bottom of each fuel tube is welded to the

1/2-inch thick base plate. At the bottom of each fuel tube, whlere it is welded to the base plate,

there is a 0.3-inch slot to permit water to drain from the tube. The base plate supports the fuel in

the end drop orientation. The base module sits on a 0.5-inch long, 10-inch diameter schedule 80S

pipe that is welded to the base plate. The total weight of thle DIDO basket assembly bears

directly on the bottom forging of the cask through the schedule 80S pipe. The two scalloped 1/2-

inch thick support plates and the base plate of each basket module provide lateral support and

maintain the fuel configuration in the side drop orientation.

Heat rejection from the DIDO fuel and basket structure is augmented by six aluminum shunts

and two heat transfer shells. Each shunt is mechanically attached to thle center stainless steel fuel
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tube. The heat transfer shell wraps around the 6 outer fuel tubes and is mechanically attached to

the drain tube guide bars. The heat shunts are machined to match the outer diameter of the center

fuel tube and are held in place by two shunt posts and shunt retainers. The shunt post at the

bottom of each basket module is assembled with a tight fit between the shunt post, shunt retainer

and base plate to provide a good conductive heat transfer path. The shunt post at the top of the

basket is assembled with a slotted hole in the shunt to permit unrestricted differential thermal

expansion between the fuel tube and thermal shunt. The aluminum sheet heat transfer shell is

held in place against the outside fuel tubes by bolting the edge of the aluminum sheet to the drain

tube guide bars. The heat shunts and heat transfer shell are not structural components and are not

included in the structural analysis as load carrying components. The mass of the heat shunts and

heat transfer shell have been included as loads in the structural analysis.

2.6.12.8.1 DIDO Fuel Basket Cask Interface Analysis

Structural analysis of the DIDO modular fuel basket and the MTR modular fuel basket are

similar. DIDO fuel baskets and MTR fuel baskets are made from the same type of stainless

steel. The contact points between the basket structure and the cask inner shell and between the

basket structure and the cask bottom forging are similar. DIDO fuel baskets have an additional

lateral support ring, reducing the side drop bearing stresses. A loaded DIDO fuel basket base

module weighs approximately 250 Ibs, assuming each DIDO assembly weighs 15 lbs. Loaded
top and intermediate modules weigh approximately 247.4 lbs each. A full cask load of six DIDO

basket modules represents a total contents weight of 1,487 lbs. The weight of a loaded 28-

element MTR basket module is 289 lbs, which bounds the loaded weight of the loaded base

DIDO basket module. Therefore, the bearing stress between the basket and the cask inner shell

created by the DIDO basket module is bounded by the 28-element MTR fuel basket interface

analysis.

The cask contents weight for the loaded 42-element MTR basket is 2,262 lbs, which bounds the

cask contents weight of 1,487 lbs for the loaded DIDO basket. Therefore, the bearing stresses

between the basket and cask bottom forging and between the basket and the cask lid created by

the DIDO fuel baskets, are bounded by the 42-element MTR fuel basket interface analysis.

2.6.12.8.2 DIDO Fuel Basket Structural Analysis

Structural analyses of the DIDO fuel basket for the 1 -foot end drop and the 1-foot side drop are

performed using a finite element model of one basket module, as shown in Figure 2.6.12-1 and

Figure 2.6.12-2, and the ANSYS general purpose computer program. Eight node brick elements

(SOLID45) are used to construct the model. Each solid element has the material properties of

stainless steel. In each basket module, the elements representing the seven 4.01-inch inner

diameter tubes are joined to the base plate and to the two support plates at locations where the 0
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O welds are specified to connect the tubes to the plates. By design, the center tube is not connectedS to any of the six outer tubes. In this evaluation, the center tube is not considered to have any

interaction with the outer six tubes, which is conservative, particularly in the side drop

orientation where the tube is cantilevered from the base plate.

0100 Fuel Basket 1-Foot Side Drop Orientation Analysis

The 1 -foot side drop analysis of the DIDO fuel basket considers the weight of the center tube and

fuel to be transferred to the circular base plate. A bounding fuel assembly weight of 15 pounds

is used in the side drop analysis. To model the interaction of the two support plates and the base

plate with the 13.375-inch cask inner shell diameter, CONTAC52 elements are used. The

CONTACT52 element consists of two nodes, which corresponds to a 3D-line element, limiting

transmitted loads to compression. One node of the CONTACT52 element is located on a

circular plate, while the second node represents the inner shell, and is constrained in all three

degrees of freedom. This boundary condition is considered to be conservative, since it models

the inner shell as a rigid surface and minimizes the angle of contact between a circular plate and

the cask inner shell, resulting in a more concentrated load at the point of contact. The aluminum

heat shunts and aluminum heat transfer shell are not considered to be structural components.

The shunts and shells are represented as lumped masses using the MASS21 element. TheseO lumped masses are distributed along the outside of the center tube to represent the distributed
O weight of the heat shunt. The heat transfer shell is represented with lumped masses distributed

along the outer six fuel tubes at the points of contact with the heat transfer shell.

The 1-foot side drop normal condition event is analyzed using an acceleration of 24.3g applied in

each of three orientations: 0°, -60°, and -90° with respect to the model's X-axis. Maximum

primary membrane stresses for each of the side drop orientations are shown in Table 2.6.12-1.

The minimum margin of safety is calculated to be +2.5 for the 00 and 600 orientations. The

maximum primary membrane plus bending stresses for each of the side drop orientations are

shown in Table 2.6.12-2. The minimum margin of safety is calculated to be + 0.003 for the 600

orientation. Figure 2.6.12-3 presents the location of the maximum primary membrane and the

primary membrane plus bending stresses for the side drop load.

0ID0 Fuel Basket 1-Foot End Drop Analysis

For the end drop analysis, the finite element model load orientation and boundary conditions are

specified to represent axial loading and consideration of the base basket module supporting five

stacked modules above it. Equivalent pressure was applied to the area inside of the fuel tube at

the top surface of the base plate to represent the fuel in each of the fuel tube locations in each

basket module. The weight of the five loaded fuel basket modules, which rest on the base fuel

basket module, multiplied by the equivalent acceleration, is applied as an equivalent pressure to0
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the top edges of the fuel tubes in the base module. A bounding DIDO fuel assembly weight of 15

pounds is used in the end drop analysis. The bounding assembly weight accounts for the fuel

assembly and the tube spacer and variations in the weight of either. The total weight resting on

the top of the base module is approximately 1,237 pounds. This load was applied as a pressure

load on the ends of the fuel tubes.

Total end area of tubes = 7 x r4x (4.252- 4.012) = 10.9 in2

Equivalent pressure = 1237 lbs/i10.9 in2 =113.5 psi

The end drop finite element model reflects the base basket design shown on the drawings

provided in Section 1.0. The height of the base skirt below the bottom support is 0.5 inch. Four

full height drain slots are cut into the base skirt.

For the 1-foot end drop condition, the equivalent pressure load is increased to represent the

maximum acceleration of 15.8 g. The maximum primary membrane stress for the end drop

orientation is 11.4 ksi (shown in Table 2.6.12-1) resulting in a minimum margin of safety of

+0.75. The maximum primary membrane plus bending stress is 13.2 ksi (shown in Table

2.6.12-2) resulting in a minimum margin of safety of± 1.27. Figure 2.6.12-6 presents the

location of the maximum primary membrane and the primary membrane plus bending stresses

for the end drop load.

Based on these results, it is concluded that the DIDO fuel basket is structurally adequate for

normal transport conditions.

2.6.12.8.3 Fuel Assembly Spacer Structural Evaluation

During a top end drop, the spacer would be loaded by the weight of the fuel and the tube spacer.

A bounding analysis of the DIDO fuel spacer post and top disk, based on hypothetical accident

condition g-loads, is performed. The DIDO fuel assembly weight of 15 lbs is considered to

include the weight of the tube spacer. The post is analyzed by determining the membrane stress

due to the weight of the fuel assembly and tube spacer acting concentrically on the post. The top

disk of the spacer is analyzed as a circular plate with a uniform load acting over the entire

surface of the disk. The results, showing the spacer design is adequate to sustain the hypothetical

accident top end drop analysis, are:

Allowable
Primary Allowable Primary Stress (psi)

Membrane Stress (psi) Margin of Membrane + @ Temp. Margin of
Component Stress (psi) @ Temp. Safety Bending (psi ______ Safety

Pin 1,140 46,200 Large 5,082 66,000 12.0

Disk N/A 46,200 N/A 10,980 66,000 5.0
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Figure 2.6.12-3 DIDO Fuel Basket Module Structural Model - Top View
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Figure 2.6.12-4 DIDO Fuel Basket Module Structural Model - Bottom View I
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Figure 2.6.12-5 DIDO Fuel Basket Module Maximum Stress Locations for the Side Drop
Orientation
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Figure 2.6.12-6 DIDO Fuel Basket Module Maximum Stress Locations for the End Drop
Orientation
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Table 2.6.12-1 Maximum Primary Membrane Stress for the 1-Foot Drop
(DIDO Basket)

Load Case
1-ft drop

Membrane
(ksi)

Allowable
(ksi) 1

Margin of
Safety 2Location

FuiTb al Sd @, g 5. 20. 2.5
Fuel Tube Wall Side @ 60 Deg3 j 5.7 20.0 j 2.5

Fuel Tube Wall Side @ 90 Deg3 j 5.2 20.0 j 2.8

Fuel Tube Wall End drop 11 .44 20.0 0.75

Table 2.6.12-2 Maximum Primary Membrane Plus Bending Stress for the 1-Foot Drop
(DIDO Basket)

Load Case
1-ft drop

Membrane +
Bending (ksi)

Allowable
(ksi) 5

Margin of
Safety 2Location

Fuel Tube Wall Side @ 0 Deg3  29.66 30.0 0.01

Fuel Tube Wall Side @ 60 Deg 3 j 29.96 j 30.0 j 0.003

Fuel Tube Wall Side @ 90 Deg 3 j 24.46 j 30.0 j 0.23

0 Fuel Tube Wall End drop 1 3.24 30.0 1.27

2

3

4

5

6

Pm •-- SIT.
Margin of safety =(Allowable-Stress/Actual Stress) - 1.
Angle orientation shown on Figure 2.6.12-1.
The linearized stresses for the end drop case are scaled by the ratio of 360/178.65, which is
the full arc-to-arc length of the tube welded to the base plate.
Pm + Pb -• 1.5Sm.
These stresses are maximum local tube wall stresses and may be considered secondary
stresses. They are conservatively considered primary membrane plus bending stresses and are
located as shown in Figure 2.6.12-3.
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2.6.12.9 General Atomics IFM Basket Construction 6
The General Atomics Irradiated Fuel Material (IFM) basket consists of a top module assembly

designed to carry two IFM Fuel Handling Units (FHUs). Each IFM FHU is associated with

RERTR or HTGR fuel materials. A spacer assembly is used to permit the top module assembly

to be positioned next to the transport cask lid.

The top module is 43.7 inches long and is made up of two fuel tubes and three support plates.

All components are made from ASME SA240 Type 304 stainless steel. The fuel tubes have a

6.0-inch outer diameter and a 0.25-inch wall thickness. Two of the support plates are 0.50-inch

thick and the third, center plate, is 1.0-inch thick. The support plates are welded to the fuel tubes

with 1/8-inch bevel welds.

Two types of IFM FHU are carried by the top module. One FHU carries irradiated HTGR fuel

material and is 5.25 inches in diameter (0.12-inch thick wall) and 39.0 inches long. The other

FHU contains irradiated RERTR fuel material, is 4.75 inches in diameter (0.12-inch thick wall),

and is 37.25 inches long.

Each end of the FHU is comprised of a 0.25-inch thick plate welded to the container shell. The

weld connecting the end plate to the container shell is labeled as a full-penetration butt weld.

The dimensions of the end plate and the container shell provide a minimal gap (2 mils when

considering maximum tolerances) to permit the end plate to be inserted into the container end.
The close tolerances ensure that the two components are effectively in contact along the 0.5-inch

common interface length of the end plate and the container. Once the end plate is inserted, a

fusion weld procedure is employed to weld the lip of the end plate to the wall of the container.

The depth of the weld along the interface between the end plate and the container is equal to

approximately 70% of the thickness of the end plate lip or the container lip.

Due to the location of the weld for the end plate, the weld does not transfer any load for the drop

conditions. Additionally, since the heat loads are insignificant (13w) and the backfill for the

FT-U and the cask cavity are limited to atmosphleric pressure, the pressure differential across the

welded plates is insignificant. Each of these FHUs also has an additional smaller container,

which holds the fuel. In these evaluations, the inner container is neglected.

The spacer assembly is 133.0 inches in length, excluding guide pins. The assembly is

comprised of one spacer tube and five support plates. The spacer tube consists of a Type 304

stainless steel 8-inch Schedule 80S pipe. The tube has an outside diameter of 8.63 inches and a

wall thickness of 0.50 inch. The spacer plates are 1.0-inch thick and are welded to the tube with

1/8-inch bevel welds. Two guide pins are located at the top of the spacer assembly to facilitate

alignment with the top module. 0
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2.6.12.9.1 General Atomics IFM Basket Interface Analysis

The structural evaluation of the top module assembly is performed using classical hand

calculations. The weight of the top module is bounded by 200 Ibs, and the maximum weight of

one FHU and its fuel contents is 76 lbs. Therefore, the total weight of a loaded top module

system is 200 + 2(76) or 352 lbs. The weight of the spacer assembly is 760 lbs. The total loaded

system weight is 1,112 lbs, and this weight is bounded by the design basis contents weight for

the LWT system. Therefore, no analysis of the LWT cask body is required.

2.6.12.9.2 General Atomics Top Module Structural Analysis

Structural analyses for the top module for the 1-foot end drop and 1-foot side drop are performed

using classical hand calculations.

General Atomics 1-Foot Side Drop Analysis

Top Module:

During a 1-foot side drop, the distributed load on one fuel tube is:

r76+0.291 x x02~.5) 43.7j bi

where:

weight of fuel = 76 lbs

length of tube = 43.7 inches

outer diameter = 6.0 inches

inner diameter = 5.5 inches

The maximum bending moment in tube is:

3.lx 20.352
M - = 160in -lbs

8

The maximum bending stress in the fuel tube for 1Ig loading is:

64

160x3
Sb - -26 psi

18.7
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The margin of safety for tube bending for a 1-foot side drop (25g) is:

MS-I'*5Sm 1-1"5x193 50 ~l=+Large_

Sb 25x26

During a 1-foot side drop, the support plates bear up against the inner shell of the LWT cask.

The center plate will carry the maximum weight.. The bearing load on the center plate is:

10x [(2 x 76)+ 200]x 20.35

,L, _ 0.7_ )o IUo Ira• LZ77 tioo IviQ" a Ut ... A..f I Uii3-l Ljo,,t~Lijni

Z /-/-IJ IU•) [.t'iJ.•[• .d,-.•77• tl"l L) IYJ.O.llUd.l U| •JLk,¢I bUll;)[.l I.IL'LIUII]8

The bearing stress is maximum for the center disk.

The bearing stress is (Item 2c, Table 33, Young):

LWT cask cavity diameter, D1 = 13.375 inches

Support plate diameter, D2 = 13.265 inches

CD- D- D = 1,613

1-0.312 1-0.312 =.2-
Cr26.75e6 8.29e6

S= 0.798 KPc =0.798/13 x14e7220 -=782 psi, 1lg loading

where:

p = 220/(1.0) = 220 lbs/in

EB 26.75e6 psi @ 350°F

Effective 'B' of LWT shells with lead:

0.75 x 26.75e6 + 1 .25 x 26.75e6 + 5.75 x 1.87e6

E - = 8.29e6 psi

The margin of safety for bearing for a 1-foot side drop (25g) is:

MS- Sy _ 21600 -=01
25xSc 25x782

0
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During a side drop, the top and bottom support plate welds are in shear. The load on the weld

due to ig is:

3 x [(2×x 76) +200]x 20.35

W=40.7 = 66 lbs (Page 2-299, #12, Manual of Steel Construction)
8

The weld length is:

L = 2(id tube - rmbCO)

= 2(T x 6.0 -3.0 xl .57) = 28.3 inches

0 =non welded arc length = 90 deg = 1.57 radians

The support disk!/tube weld is a 1/8-inch bevel weld. The stress in the weld for Ig is:

S5= (28.3 x0.125 x0.7071) = 26.4 psi, 1 g loading

For visual inspection, the weld factor is 0.25 per ASME Section III, Subsection NG-3352. The

margin of safety for shear is:

MS 0.25×x0"6S ~l0.25×x0.6 x19350 -1=+.

25S 25x×26.4

Spacer Assembly:

During a 1-foot side drop, the distributed load on the tube is:

760
W - - 5.9 lb/in, use 6.0 lb/in

129.5

The maximum bending moment in tube, conservatively assuming a simply supported beam, is:

6x32.02_
M=- - 768 in-lbs

8

The bending stress in tube for a 1 g loading is:

1- •:8"634 -7"634 )-106 in4

64
Sb=768 x (8.63/2)=3ps

106

The margin of safety for bending in the 1-foot side drop (25g) is:

MS-I5Sm _ -1"x1 9 350l=+Large_

Sb 25 x31

NAC International 261262.6.12-65



NAC-LWT Cask SAR August 2015
Revision 44

During a 1-foot side drop, the support plates bear up against the inner shell of the LWT cask.

The maximum load on a support plate during a side drop is:

760
W = 1.143x x-x32.0 =217 lbs (Page 2-309, #39, Manual of Steel Construction)

128.0

The bearing stress is (Item 2c, Table 33, Young):

LWT cask cavity diameter Di = 13.375 inches

Support plate diameter D2 = 13.265 inches

K D- D 2~ -1,613
0 D -D 2

1-0.312 1-0.312 =.2-
C=26.75e6 8.29e6

Sc = 0.798 p~-: --0.798 21

where:

p =217/1.0 =217 lb/in

E = 26.75e6 psi @ 3500F

Effective 'E' of LWT shells with lead:

E=0.75 x 26.75e6 + 1.25 x 26.75e6 + 5.75 x 1.87e6
7.75 = 8.29e6 psi

The margin of safety for bearing is:

MS 5S 21600 1=01

25 xSc 25 x777

During a side drop, the top and support plate weld is in shear. The load on the weld is:

760W = 0.393x--32.0 =75 lbs
128.0 (Page 2-309, #39, Manual of Steel Construction)

The weld length is:
L = irx 8.63 = 27.1 inches

The weld between the support disk and tube is a 1/8-inch bevel weld. The stress in the weld for

1Ig is:

75
(27.1 x 0.125 x 0.7071) - 31 psi, lg loading
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* For visual inspection, the weld factor is 0.25 per ASME Section III, Subsection NG-3352. The

margin of safety for shear is:

MS0"25x0"6S 10"25x0"6x1935012.

25S 25x31

Fuel Hand line Units (FHU)

The FHUs are analyzed in accordance with ASME Section III, Subsection NG. The bounding

weight of a loaded fuel container is 76 lbs.

The side drop is analyzed assuming a circular ring under an external compressive load using

Roarks Table 17, Item 1 (Young). The stress in the container shell is:

I _ 7(2.1253) x (0.12)
AR 2 

- (2.1252 -2.02)x 2.1252 04

k 2 =1-ci=1-0.49=0.51

M= (0.5 -0.3183k 2 )WR=--[0.5 -0.3183(0.51)]--- 2.125 = 1.5in -l

S - 6(.5)'_ .35.5s

-0.122

O The margin of safety is:

1.5Sm 1.5x19.35 - 08
MS- 1n-I- =+8

25S 25x0.63

General Atomics 1-Foot End Drop Analysis

Top Module:

During an end drop, the stress in the fuel tubes is calculated as follows.

The cross-sectional area of a tube is:

a = ,4(6.02 -552 =4.52in 2

4

Using a top module weight of 200 Ibs, fuel weight not included, the stress in the two fuel tubes

is:

200
8- = 22 psi

2x4.52

The margin of safety is:

0
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M S-S -1 19350 -1 =+Larg.e

20S 20 x22

Since the axial compression stress in the tubes is minimal, no buckling evaluation is required.

The top end drop is the bounding end drop because the top end has significantly less bearing area

than the bottom end, and the weight of the spacer is included.

The bearing area for the top end is assumed to be the two fuel tubes, conservatively neglecting

the lifting components. The cross-sectional area is:

A = 2L-'d 6"0 -4-5"s) 3.22 x0.25] = 7.42 in2

where:

outer diameter =6.0 inches

inner diameter = 5.5 inches

cut out arc length = 3.22 inches

S = re = 2.875 x 1.12 = 3.22 inches

o0= 2x tan-l(1"72j"1 64.050 = 1.12 radians

The bearing stress, fuel weight not included, in the module for a 1ig loading is:

-2 0 0 +7 6 0 =19s

bg 7.42

The margin of safety is:

Sbrg = 20 x129 =2.58ksi

Sy 21.6
MS= - 1 -1 - 1=±+7.37

Sbrg 2.58

During an end drop, the self-weight of the center support plate has to be carried by the welds.

The weight of the center support plate is:

W=29{. [ x25 K 6 . . .~} 24 lbs (use 30 Ibs)

where:

0.291 lbs/in 3 is the density of 304 stainless steel

1 .0 inch is the disk thickness
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13.265 inches is the disk diameter

6.0 inches is the cutout diameter

The weld length is:

L = 2(7td tube -rImbCo)

= 2(irx 6.0-3.Ox 1.57) = 28.3 in.

0 = nonwelded arc length = 90 deg = 1.57 radians

The welds are 1/8-inch bevel welds on both sides of the disk. The stress in the weld for ig is:

30 -os
S=2(28.3 x0.125 x0.7071) =-. s

For visual inspection, the weld factor is 0.25 per ASME Section III, Subsection NG-3352. The

margin of safety for normal conditions is:

0.25x 0.6Sm 0.25 x0.6x 19350-1 +ae
MS = -1 =1+Lae

20S 20 x6

Spacer Assembly:

During an end drop, the stress in the tube is calculated as follows.

The cross-sectional area of a tube is:

A = Tt(8"632 -7.632) = 12.77 in 2

4

The stress in the tube is:

760 + 200 + 2 x 76
12.77 = 87 psi

The margin of safety is:

MS- Srn -1= 19350 -1 =+Large

20S 20 x87

Since the axial stress in the tube is minimal, no buckling evaluation is required.

For a top and bottom end drop, the bearing stresses for ig are:

A~p=2(9.9 x 0.3 125) = 6.19 in2

S brg 760 =-123 psi
6.19

Abot = rt(8"632 - 7"632)-(4 x1.OxO0.5)= 10.77 in 2
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10.770

The margin of safety is:

Sbrg =z20 x123 =2.46 ksi

Sy 21.6
MS=- 1' -1 - 1 =+7.78

Sbrg 2.46

During an end drop, the weight of a support plate has to be carried by the welds to the tube.

The weight of the support plate is:

W = 0*21~~(1.2 8.3)xl.0j •251lbs

The weld length is:

L = itx 8.63 = 27.1 inches

25
2(27.1 x 0.125 x 0.7071) =-5.2 psi

Since the weld stress is less than the weld stress in the support disks in the top module, no

additional analysis is required.

Fuel Handling Unit:

The maximum bearing stress occurs in the top end drop orientation. The bearing area for the

handle supports is:

A = 2x0.52 =O0.5in2

The bearing stress is:

76
Sbrg -- -- 152 psi

Sbrg = 20 x152 =3.0ksi

The margin of safety is M S 2 1 6 =+.

Sbrg 3.0

The top lid and bottom plates sit on a lip in the container shell. The cross-sectional area of the

lip is:

A- 7r4"1242-~4"02) = 0.79 in 2

4

Since the area is greater than the handle support area above, no additional analysis is required. ,
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D The cross-sectional area of the tube is:

A= 7r(4.252-4"02)- 1.62 in 2

4

For a 20g end drop, normal conditions, the stress in the tube is:

20 x76
S = - 0.94 ksi

1.62
M S =m1=-19.35-1=+agg

S 0.94

Since the axial compression stresses in the tube are minimal, no buckling evaluation is required.

2.6.12.10 TPBAR Basket Analysis

The TPBAR basket is a modified NAC-LWT PWR basket with increased free volume that is

fabricated from 6061-T651 aluminum alloy. Figure 2.6.12-7 shows the cross-section of the

TPBAR basket. A 13.25-inch outside diameter, 8.25-inch long stainless steel alternate upper

fitting is bolted to the top of the basket body. This fitting provides lifting points for removing

the basket from the cask. Additionally, this alternate upper fitting prevents the basket from

applying load to the TPBAR contents during the top-end drop. A stainless steel lower fitting is. bolted to the bottom of the basket body. The lower fitting assembly supports the fuel basket and

contents longitudinally. An additional spacer assembly is bolted to the cask lid to prevent the

TPBAR contents from shifting axially and rotationally within the basket. A groove on the

periphery of the basket body provides for the cask drain tube. The drain tube is connected to a

fitting on the cask body for draining or filling the cask during wet cask loading or unloading

operations.

The TPBAR basket accommodates two TPBAR content configurations. The first TPBAR

content configuration is the shipment of up to 300 production TPB3ARs (of which two can be

prefailed) contained in an open consolidation canister with optional top insert. The consolidation

canister body is fabricated from Type 304 stainless steel and the bail is fabricated from Type 7-4

precipitation hardened stainless steel. The consolidation canister is used to load and unload the

TPBARs into and from the NAC-LWT cask configured with a TPBAR basket assembly.

The second TPBAR content configuration is the shipment of up to 55 segmented TPBARs,

following post-irradiation examinations (PIE), contained in a welded sealed waste container.

The waste container is welded to an extension weldment to provide the identical length as the

consolidation canister to assure fit-up in the TPBAR basket assembly. The waste container and

extension are fabricated from Type 316L stainless steel.

0
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Following placement of the consolidation canister or the waste container with extension in the

TPBAR basket, and installation and bolting of the lid, the TPBAR basket and contents are

evaluated without consideration of the strength of the consolidation canister or waste container.

The TPBAR basket provides a boundary for support on all sides of the consolidation canister and

TPBARs for the full length of the canister. The cylindrical TPBAR waste container (external

diameter 8.6 inches) is sized to fit within the square cross-section (8.8 inches) of the TPBAR

basket. The TPBAR upper end-fitting spacer guides do not permit the consolidation canister to

be loaded by the TPBAR basket in any drop orientation. The TPBAR spacer assembly attached

to the bottom of the cask lid restricts the movement of the TPBARs in the axial direction and

prevents rotation of the TPBAR waste container. Therefore, no additional evaluations are

required for the TPBAR consolidation canister or TPBAR waste container and extension

weldment.

2.6.12.10.1 TPBAR Basket Body

Structural analyses of the TPBAR basket for 1-foot side and end drops are performed using

classical hand calculations. The analyzed weight of the loaded TPBAR consolidation canister is
1,0?00 lbs, which bounds the loaded weight of the TPBAR waste container and'extension of 700

lbs. Therefore, the analyses provided for the consolidation canister are bounding.

TPBAR Basket Body 1-Foot Side Drop Analysis

The TPBAR basket body is constructed of four machined segments held together with aluminum

bands at five locations along the axial length of the basket; as well as the top and bottom fittings,

which are bolted to the aluminum basket. During a side drop, the TPBAR basket is subjected to

bending and bearing stresses. The maximum bending stress occurs at Location 'A' as shown in

the following sketch and is due to the content weight. The maximum bending stress is calculated

using a cantilevered beam. This is conservative, since it neglects any support of the load due to

the edges of the basket being supported by the cask inner shell. The maximum bending stress is:

Sb-6M_ 6 x152 _36ki 8.87

Sb - - 36ks

,lprp.

,~ ,~ ' ~ ..

L

W x g _ 1000 x25_196pi[ [A

w -- Lb 144x8.87
(distributed load of the TPBAR K4-o
consolidation canister)

Ic = 1,000 lbs, bounding TPBAR canister weight (with TPBARs)
=144 inches, length of consolidation canister
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b =8.87 inches, TPBAR basket opening width

g =25g, bounding side drop acceleration

M = wx -! xi -i

-19.6 x~.8 •I~~ . 87- = 152 in-lb/in, the maximum bending moment

t =0.5 in, thickness of the flange

The margin of safety is:

MS= 1.S-1=- 1.5 x8.___4 -1= +2.5
Sb 3.6

where:

Sm =8.4 ksi, stress intensity of 6061-T651 aluminum @300°F

The bearing stress in the basket is:

P 47,500
Sbrg A. .. 016 .5 294 psi = 0.3 ksi

where:

p= g x (Wo + Wb) =25 x (1,000 lbs + 900 Ibs) = 47,500 lbs, total side drop load

Wb =900 lbs, the bounding weight of the TPBAR basket

A =is the minimum bearing area of the basket

The margin of safety is:

M S y 26.9

Sbrg 0.3-1±ae

where:

Sy =26.9 ksi, yield strength of 6061-T651 aluminum @300°F

TPBAR Basket 1-Foot End-Drop Analysis

During an end drop, the maximum compressive stress on the minimum cross-section of the

basket body is:

Scomp =- -gx b 2 90 - 558 psi 0.6 ksi
A 32.26
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where:

A =9.872 - 8.872 + 4(1.00 x (13.25 - 9.87)) = 32.26 in 2, the minimum cross-sectional

area of the basket (see Figure 2.6.1]2-7)

g =20g, bounding end drop acceleration

Wb = 900 Ibs, bounding weight of the TPBAR basket

The margin of safety is:

Sy 26.9
MS= '- 1 - - 1 = +Large_

Stomp 0.6

where:

Sy = 26.9 ksi, yield strength of 6061-T651 aluminum @3000 F

2.6.12.1 0.2 TPBAR Basket Upper Fitting

The upper fitting prevents the basket from loading the consolidation canister and TPBARs

during a top-end drop. Four (4) spacer guides of the upper fitting are provided for this purpose.

The spacer guides have a length of 7.63 inches, a width of 2.0 inches, and a thickness of 1.00

inch with a 450 x 0.25-inch chamfer. A bounding weight of 900 lbs is used for the TPBAR

basket analysis. The temperature of the lid and upper region of the NAC-LWT cask body during

TPBAR shipment is conservatively assumed to be 300°F. From Chapter 3, a temperature of

300°F bounds the maximum temperature of the upper LWT region for a maximum heat load of

1.05 kW. Since the maximum heat load for the TPBAR shipment is less than 1.0 kW, using

300°F for the analysis of the TPBAR upper fitting is conservative.

TPBAR Basket Upper Fitting 1-Foot Side Drop

During a side drop, the welds that hold the spacer guides to the top fitting are in shear and

bending. The shear load on the welds is:

P = (bxtxL)xpxg = (2.0xl.0x7.63)x0.Z88xZ5=ll01bs

where:

b = 2.0 inches, spacer guide width

t = 1.0 in, spacer guide thickness

L = 7.63 inches, spacer guide length

p = 0.288 lb/in3, density of Type 304 stainless steel

g = 25g, side drop acceleration

The welds for the spacer are 'A-inch fillet welds on three sides. The shear stress in the welds is:
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=• - 1 = 3llpsi=O.3 ksi
A 0.354

where:

A =0.125 x 0.707 x (2.0 + 2 x 1.0) = 0.354 in2, weld area

The bending moment is:

M -wL 2 - (bxtxpxg)xL2 
- (2xlx0.288x25)x7.632 _41inl

2 2 2

The stress in the weld due to bending is:

M _419

S - - = 8.5 ksi
tx SW (0.125 x 0.707)x 0.56

where:

SW - d2 (2b ±d 2) 12(2 x2+12) - 0.56 in2, section modulus of weld (Blodgett)
3(b +d) = 3(2 +1)

The maximum shear stress, "tmax, in the weld which, is equivalent to the stress intensity divided

by two is:

tmax = /S2 +4-c2  /8.52 +4x0.32 -. 6s

2 2

The margin of safety is:

0.6Sy 0.6 x22.5
MS- 1-i- -1= +2.17

.... 4.26

where:

Sy=22.5 ksi, yield strength of Type 304 stainless steel @300°F

TPBAR Basket Upper Fitting 1-Foot Top-End Drop

For a top-end drop the weight of the TPBAR basket will load the four spacer guides. The

membrane stress in the spacer guide is:

= Wb xg 900x 20

A (2.0xl.0)x4=2ks

where:

Wb = 900 lbs, bounding TPBAR basket weight

A = (2.0 x 1.0) x 4 = 8 in2, cross sectional area of the spacer guide
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g =20g, bounding end drop acceleration

The margin of safety is:

Sy 22.5
MS= 1 - 1 =±+8.8

S 2.3

where:

Sy = 22.5 ksi, yield strength of Type 304 stainless steel @300°F

The bearing stress is:

S-W~ -90x2-3.0ksi

A 6

where:

A = (2.0 x 0.75) x 4 = 6 in2, bearing area of the spacer guide

The margin of safety is:

Sy 22.5
MS= -- 1 - - 1 =+6.5

S 3.0

The critical buckling load for the spacer is determined by using Euler's buckling equation. The

critical buckling load is:

W ElK 24 27 x10 6 (0.1667) • 90.9kip
WL=Kc =2 .4 7"632

where:

E = 27 x 106 psi, modulus of elasticity of Type 304 stainless steel @ 300°F

Kc=2.47, buckling constant (Blake, Table 10.3)

bt 3
I - -_ 0.1667 in4, minimum moment of inertia for cross section

12

b = 2.0 inches, spacer guide width

t = 1.0 in, spacer guide thickness

L =7.63 inches, length of spacer guide

The margin of safety against buckling of the four spacer guides is:

MS- 190,900 1 = +Large_
20 x 900/4
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2.6.12.10.3 TPBAR Basket Lower Fittinq

The TPBAR basket lower filling is identical to the lower fitting of the PWR basket. The weight

of the loaded TPBAR basket is less than the weight of the loaded PWR basket. Therefore, no

further analysis is required.

2.6.12.10.4 TPBAR Spacer

The TPBAR Spacer is designed to limit the movement of the TPBAR contents during transport

and to prevent the consolidation canister from loading the TPBARs during a top-end drop. The

spacer is constructed of a circular base plate, two triangular spacer bases, two tubes, and two

triangular top plates. The circular base plate forms the attachment of the spacer to the lower

surface of the NAC-LWT cask closure lid. The circular base plate is attached with Type 304

stainless steel bolts. The two triangular spacer bases are bolted to the circular base plate. The

tubes, constructed of 3-inch schedule 80 pipes, are welded to the spacer base and the triangular

top plates that provide the interface with the TPBAR contents. The triangular top plates are

arranged to form a square with a gap that fits over the consolidation canister or waste container

bail and above the consolidation canister contents or the welded top of the waste container.

Figure 2.6.12-8 shows the top view of the triangular top plate and tube. The calculated weight of

the spacer assembly is 115 lbs. The analyzed loaded weight of the consolidation canister is

1,000 Ibs, which bounds the loaded weight of the waste container (700 lbs). During the top-end

drop condition, the weight of the consolidation canister is supported by the bail and directly

transmitted into the NAC-LWT cask lid. Therefore, only the weight of the TPBARs is supported

by the spacer for top-end drop conditions. The temperature of the lid and upper region of the

NAC-LWT cask body during TPBAR transport is conservatively assumed to be 300°F. From

Chapter 3, a temperature of 300°F bounds the maximum temperature of the upper LWT region

for a maximum heat load of 1 .05 kW. Since the maximum heat load for the transport of the

TPBAR consolidation canister shipment is less than 0.7 kW, using 300°F for the analysis of the

TPBAR spacer is conservative. The heat load of the TPBAR waste container is 0.127 kW and,

therefore, the evaluated temperatures for the consolidation canister are bounding.

TPBAR Spacer 1-Foot Side Drop

Bolts

During 1-foot side-drop conditions, the weight of the spacer applies a shearing and tensile load to

the bolts. The tensile load is due to the moment generated by the cantilever action of the spacer.

The shear stress is:

P 719
t - -- =5.1lksi

A - 0.1419
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where:

p- Wxg ll5x2__5_-7191lbs

4 4
W =115 ib, spacer assembly weight abbreviations

g =25g, side-drop acceleration

A .85D- . ..4~ 0.7854 0.5 - i73jJ = 0.1419 in 2 ,'tensile area of screw

thread with ultimate strength up to 100 ksi

For ½2-13UNC bolts (Machinery's Handbook)

n = 13, number of threads per inch

D = 0.50 in, bolt diameter

Knmax =0.434 in, maximum minor diameter of internal thread

Emn=0.4435 in, minimum major diameter of external thread

Enmax =0.45 65 in, maximum pitch diameter of internal thread

Dsmin =0.4876 in, minimum major diameter of external thread

Le = 1 .0 in, Thread engagement

=M 16,891
d - 2x-9 -1,706 lbs, the tensile load

d = 9.9 in, maximum distance between bolts

-xg = x25 =16,891in-lb
M = 2 2 , the prying moment generated by

the cantilever action of the spacer

The bolt tensile stress due to the moment, M, is:

s= P 1706
S A- - 0.49=12.0Oksi

The membrane stress intensity on the fastener is:

SI = 5!2 +4t 2 = /12.02 +4x5.12 =15.7ksi

The margin of safety is:

Sy 22.5
MS= L 1 - - 1 =+0.43

SI 15.7
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* where:

Sy= 22.5 ksi, yield strength of Type 304 stainless steel @300°F

The shear stress on the external threads is:

P 1706
A- - 0.78 2.2 ksi

where:

A= 3.1416nLoKn .... [ ±10-57735(Es min -Kn max)]

-3.1416(1 3)(1 .00)(0.434) 213) "735043 0.434)]213

-0.7789 in2, shear area of the bolt threads

The margin of safety is:

0.6ay 0.6x22.5
MS-1 -1 =+6.14

t 2.2

Spacer Welds

S Using a bounding weight (W) of 25 pounds for the tube and triangular plates, the shear load on

the welds is:

P =Wxg =25x25=6251bs

where:

g -- 25 g, side-drop acceleration

The welds for the spacer are 1A-inch fillet weld. The shear stress in the weld is:

P 625

tw 0.707itd 0.25 x 0.707 x (Tt x 3.5) 32ps

where:

tw=0.25 in, weld size

d = 3.5 inches, outside diameter of 3-inch schedule-80 pipe

The stress in the weld due to bending is:

M M _ 5,263 =31s

t xSw (0.25 x0.707)9.62-3ks

0
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where:

M = wL = 25 x 25 x 8.42 = 5,263 in - lb, the bending moment

Ttd 2 itx 3.52
Sw - - -- 9.62 in 2 , section modulus of the weld (Blodgett)

4 4

The maximum shear stress ('max) in the weld, which is equivalent to the stress intensity divided

by two, is:

/S2 ±+4- 2  •3.12 +4x0.32_
"tmax = - =l.6ksi

2 2

The margin of safety is:

0.6S5 0.6 x 22.5 - ±.
MS= . .. 1 _=-1+7.

tIma 1.6

where:

Sy = 22.5 ksi, yield strength of Type 304 stainless steel @3000 F

TPBAR Spacer 1-Foot Top-End Drop

When loaded in the consolidation canister, the TPBARs (held in the shape of a square) load the

spacer tubes via the triangular top plates during top-end drop conditions. The compressive load 1

applied to the tubes during the top-end drop is the weight of the TPBARs, 795 lbs (300 TPBARs
at a bounding weight of 2.65 lbs per TPBAR), times the bounding acceleration of 20g (actual

15.8 g). For this analysis, W=I,000 lbs, is conservatively used.

Tube

The compressive stress in the tubes is:

=W xg 1000 x20 = 3.3 ksi

where:

A =the cross sectional area of a 3-inch schedule-80 pipe with an outer diameter of 3.5
inches and a thickness of 0.3 inch

The margin of safety is:

M S=S 22.5
MS- 1-= +5.8

S 3.3

0
NAG International 261282.6.12-80



NAC-LWT Cask SAR August 2015
Revision 44

where:

Sy = 22.5 ksi, yield strength of Type 304 stainless steel @300°F

Triangular Top Plate

Referring to the dimensions provided in Figure 2.6.12-8, the pressure applied to a triangular plate

is

1 1000
PTp= -x x 20 =362psi

2 0.5 x7.43x 7.43

The bending moment in the top plate is (see Line A in Figure 2.6.12-6)

M = 362 x(0.5 x4.182 )xt-lx 4.18@ =4406 in-lb

The bending stress in the plate is:

6M 6 x 4,406
=bt= 4.18x 0.752 =12s

The margin of safety is:

MS= l5m -152"-1=+1.68
S 11.2

where:

Sm = 20.0 ksi, stress intensity of Type 304 stainless steel @300°F

TPBAR Spacer 1-Foot Bottom-End Drop

During the one-foot bottom-end drop, the inertial load of the spacer is applied to the bolts that

affix the spacer to the NAC-LWT cask lid and the welds used to fabricate the spacer assembly.

The maximum bottom-end drop acceleration is 20g.

Bolts

Four bolts (Y2-13UNC, Type 304 stainless steel) hold the spacer assembly to the bottom of the

NAC-LWT cask lid and six bolts hold the spacer base to the circular base plate. For this

evaluation, only the four spacer assembly bolts are considered since the individual bolt load is

higher and the thread engagement length is shorter. The Internal lid thread evaluation is not

required since high strength Helicoil inserts are utilized. Using the spacer assembly weight of

115 lbs and an acceleration of 20g, the critical bolt load is:

115x20 57lb

4
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The tensile stress is:

P 575
S - 4.1 ksi

A, 0.1419

The margin of safety is:

Sy 22.5
MS= ~1= -1 =+4.49

S 4.1

where:

Sy = 22.5 ksi, yield strength of Type 304 stainless steel @3000 F

The shear stress in the bolt thread is:

P 575
A - -0.74 ksi

As 078

The margin of safety is:

0.6Sy 0.6(22.5) 1+
MS= 1 - 1 = arge

"t 0.74

Spacer Welds

During a 1-foot bottom-end drop (20g), the spacer weld is loaded by the inertial load of the

spacer tube and the triangular top plate (25 lbs bounding). The weld is a 'A-inch fillet weld. The

weld stress is:

_ Wxg _ 25x20 =5 s . s
Sw t(0.707)(icd) 0.25x 0.707x (itx 3.5)25 -s " s

where:
d = 3.5 in, outside diameter of 3-inch schedule 80 pipe
t = 0.25 in, weld size

The margin of safety is:

0.6Sy .(25
MS - '1 0.(2.)1 = Larage

S~v 0.3
where:

Sy = 22.5 ksi, yield strength of Type 304 stainless steel @300°F
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Figure 2.6.12-7 Cross-Section of TPBAR Basket

013.25
4X 1.00

4X .50
TYP

8.87

(Unit = inches)
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Figure 2.6.12-8 TPBAR Spacer Schematic Triangular Top Plate and Tube

(Unit = inches)
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2.6.12.11 ANSTO Basket Analysis

The ANSTO modular basket assembly consists of a top module, four intermediate modules, and

a base module. The top and base modules are each 29.8 inches long; each of the four

intermediate modules is 29.3 inches long (not including guide pins); and all six modules have an

outer diameter of 13.27 inches. Each module is capable of holding up to seven spiral fuel

assemblies or MOATA plate bundles. Each module is a weldment made up of a 13.27-inch-

diameter, 1/2-inch-thick base plate and six 13.27-inch-diameter, 1/2-inch-thick support plates

scalloped on the inner diameter to fit around six peripheral fuel tubes. The weldment structure,

fuel tubes, and base and support plates are fabricated from Type 304 stainless steel. Each of the

seven fuel tubes in each module has an outer diameter of 4.375 inches and a wall thickness of

0.125 inch. The bottom of each fuel tube is welded to the 1/2-inch-thick base plate. At the

bottom of each fuel tube, where it is welded to the base plate, there is a 0.3-inch slot to permit

water to drain from the tube. The base plate supports the fuel assembly/bundle in the end drop

orientation. The base module sits on a 0.5-inch-high, 10-inch-diameter ring that is welded in

segments to the base plate. The total weight of the ANSTO basket assembly bears directly on

the bottom forging of the cask through the ring. The six scalloped 1/2-inch-thick support plates

and the base plate of each basket module provide lateral support and maintain the fuel

configuration in the side drop orientation.

2.6.1 2.11.1 ANSTO Basket Body 1-Foot Side Drop Analysis

Structural analyses of the ANSTO basket for 1-foot side and end drops are performed using

classical hand calculations.

The inertia load of the LWT cask for a 1-foot side drop is 25g. A conservative loading condition

of a diametrically loaded ring (Table 17, Case 1, Roark) is considered, which neglects any load

distribution. Also, it is conservative to assume that there are three loaded fuel tubes acting on the

top of a fuel tube since, in reality, there are only two of them. The stresses in the circumferential

direction and in the longitudinal direction are added without regard to their signs. Since the

circumferential direction and the longitudinal direction also correspond to the direction of the

principal stresses, the addition of the two magnitudes reflects the possibility of the principal

stresses being of opposite signs.

The maximum applied load to a fuel tube for the circumferential bending stress is:
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Ps = (3WFT + 3W)x 25 = 2,415 lbs

where:

WFT = 14.2 lbs, maximum fuel tube weight

W -- 18.0 Ibs, maximum average fuel assembly weight

The bending moment in the fuel tube is:

wRk2 84 x2.13 x1.00
M -- =57 in-lb/in (Table 17, Case 1, Roark )

where:

w =- P-=84lb/in

Lt= 28.81 inches, shortest fuel tube length

R = 2.13 inches, mean radius of fuel tube

k2 = l-c~l.00

I bt3 /12
cL= - -2.87 x10-4

AxR 2  bxtxR2

b = 1.0 in, unit length

t= 0.125 in, tube wall thickness

The circumferential bending stress in the fuel tube is:

6M 6x57

=c bt 2 -lx0.1252 -21"9ksi

The stress in the fuel tube in the longitudinal direction is calculated assuming the fuel tube acts

likce a beam. The maximum bending moment occurs at the top of the basket where the fuel tube

acts like a cantilever beam. (The maximum moment for a cantilevered beam with a uniform

loading of w (lb/in) and length (1) is w12/2, as compared to the maximum moment w12/8 for a

simply supported beam.) The bending moment in the tube is:

wl 2  84 x4.02

M = -=67inl
2 2 -67inl

where:

1= 4.0 inches, the length of the tube extending beyond the support plates
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* h bending stressis

FMc 672x 2.19
Fj • -I.1 ksi

1 3.77

where:

c -- 2.19 inches, distance to extreme outer fiber of tube from centroid of tube

I =-3.77 in4, tube moment of inertia

F 2.725, factor to account for the effect of the small diameter-to-length ratio on
bending for a cantilevered tube. This is obtained for a uniformly loaded
beam in Article 7.10 in Roark.

The maximum stress in the tube is:

GYb 21.9+1.1=23.0 ksi

The margin of safety is:

MS = -5~ 1 ~=+0.26
G5b

* where:

Sm= 19.4 ksi, design stress intensity, Type 304 stainless steel, 350°F

The bearing stress on the support plate is calculated using Table 33, Case 2c from Roark.

The maximum weight of a loaded module is the weight of the base module, WBM =280 lbs. The

weight of the loaded basket is supported by the six support plates and the base plate (i.e., total of

seven). The bearing stress on a support plate is:

0.591 pE
GYbrg = KD =3.6 ksi

where:

W 280
p g - x 25 = 2,000 lb/in, bearing load for 25g side drop

7 td 7 x0.5

td ---0.5 in, support disk thickness

g -- 25g, side drop inertia load

Ko-- DID 2  = 1,366.81

0I-D
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Di 13.395 inches, LWT cask inner diameter

D2 =13.265 inches, support disk diameter

E = 25.7 x 106 psi, modulus of elasticity, Type 304 stainless steel, 350°F

The margin of safety is:

MS= -y1 =+±5.06

("brg

where:

Sy = 21 .8 ksi, yield strength, Type 304 stainless steel, 350°F

2.6.12.11.2 ANSTO 1-Foot End Drop Evaluation

The inertia load for the LWT for a 1-foot end drop is 20g. The applied load to the ANSTO

basket is:

P = Wtota1 x20 = 35,400 lbs

where:

Wtotal = 1,770 lbs, total weight of loaded basket, which bounds the calculated weight of
1,667 lbs

The minimum cross-sectional area is at the base of the fuel tubes where the cutouts for water

drainage are located. The cross-sectional area is:

A= (D2oD) 6D)6l} ~ 59 n

where:

Do 4.375 inches, tube outer diameter

Di= 4.125 inches, tube inner diameter

ic = 1 .00 in, cutout length in center tube

tt = 0.125 in, tube wall thickness

The membrane stress in the basket is:

P 35,400
G - -=- 5.97 ksi

A 5.93

The margin of safety is:
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MS= --m- =+2.2

where:

Sn= 1 9.4 ksi, design stress intensity, Type 304 stainless steel, 350°F

The support plates are welded to the fuel tube with 1/16-inch bevel welds on both sides of the

plate. The area of the weld is:

Aw =6(7D°0) 2 t w= 5.15 in2

2

where:

Do = 4.375 inches, outer diameter of tube

twv = 1/16 in, weld thickness

The bounding weight of the support plates is 20.1 lbs; and the bounding g-load factor is 60. A

weld quality factor of 0.25 for a surface visual examination is divided into the calculated stress.. This factor corresponds to the largest stress reduction factor in Table NG-3352-1 of the ASME

Code. Therefore, the stress in the weld is:

20.1x60
Gw~ - -=936 psi

Aw (0.25)

The margin of safety using normal conditions allowable is:

MS- 0."6S'-1 =+Larg~e

where:

S,• = 1 9.4 ksi, design stress intensity, Type 304 stainless steel, 350°F

2.6.12.11.3 ANSTO Thermal Stress Evaluation

Thermal stress caused by a temperature gradient in the basket is calculated in this section. The

thermal stress is minimal since the basket is free to expand. The thermal stress occurs as the

hotter tubes expand radially against the basket support plates, which are at a lower temperature.

0
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Th axmm hrmlstress of the fuel tube is back-calculated from the displacement computed

using equations for circular rings from Table 17, Case 1, Roark.

The diametrical displacements caused by the thermal expansions for the center tube (Ai) and the

tube adjacent to it (A2) are calculated as:

A1 =ctx ATxR, =4.58x 10-3 in

where:

a =9.1lx 10-6 /IF, coefficient of thermal expansion, Type 304 stainless steel, 350°F

AT= 230°F (300-70), Tmax of the basket is conservatively considered to be 300°F

70°F is room temperature

Rt = 2.19 inches (4.375/2), radius of the fuel tube outer surface

A2 =a xAT xDt =9.17 x10-3 in

where,

a = 9.1 x10-6 /°F, coefficient of thermal expansion, Type 304 stainless steel, 350°F

ATh 230°F (300-70), Tmax of the basket is conservatively considered to be 300°F
70°F is room temperature

Dt =4.3 75, diameter of the fuel tube

The displacement caused by the thermal expansions for the outer surface of the support plate (As)

is calculated as:

As=ct x AT x Rs =8.58 x 10-3 in

where,

a = 9.1 x10-6 /°F, coefficient of thermal expansion, Type 304 stainless steel, 350°F

AT= 144°F (214-70), Tmnax of the inner shell

70°F is room temperature

Rs = 6.55 inches (13.1/2), radius of the support plate

Note: 214°F is conservatively used to result in a minimum As in order to maximize the thermal

stress.
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The deformation that results in thermal stress is -5.17x 10-3 inch (As - Ai - A2). Therefore, the

fuel tube will experience a reduction in diameter due to the differential thermal expansion of the

fuel tubes and support plates. It is conservative to assume that all deformation occurs at the

center tube. Using Case 1 in Table 17 of Roark, the change in the diameter of the circular ring,

Dv, and the moment, MA, are given by:

WR 3  WR xk2
Dv ~=0.1488x - and MA- 2

therefore:

Dv XEI k2

0.1488xR

where:

W is the load due to differential thermal expansion

Dv = 5.17x10-3 inch, change in the diameter due to thermal stress

R =2.13 inches, mean radius of fuel tube

E = 25.7 x 106 psi, modulus of elasticity, Type 304 stainless steel, 350°F

1 = bt3/12, inertial of the cross-section

b = 1.0 in, unit length

t = 0.125 in, tube wall thickness

k2= 1-cu=I.00

I bt3 /12

Ax R2 - b xt xR 2 28xI0

The thermal stress is:

6M _ DvEtk _ 5.17 x10-3 x25.7 x106 xO0.125 x1.0 -,1 s
c=bt2  - 0.29767rtR= 0"2976xr1x2"132=3,6ps

The maximum P+Q stress in the basket is conservatively calculated by combining the bending

stress and thermal stress in the basket. The P+Q stress is:

Gpq = Ob + O'h = 2 3 .0 + 3 .9 = 26.9 ksi
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The margin of safety is:

MS-- 3mi 1=+1.16

a'pq

where:

Sm = 19.4 ksi, design stress intensity, Type 304 stainless steel, 350°F

2.6.12.12 TPBAR Basket with the PWR/BWR Rod Transport Canister

This section provides the structural analysis for the shipment of up to 25 individual TPBARs in

the PWRIBWR Rod Transport Canister, the PWR insert and the TPBAR basket. Section

2.6.12.10 provides the structural evaluation of the TPBAR basket, with 300 TPBARs,

considering a slightly lower contents weight (1800 lbs) than the TPBARs in the PWRIBWR Rod

Transport Canister configuration (1901 Ibs). The effects of the increased weight loading for the

TPBAR basket are addressed in this section. The structural evaluation of the PWRIBWR Rod

Transport Canister and the PWR insert is performed in Section 2.6.7.10.

TPBAR Basket Body 1 -Foot Side Drop Analysis - Normal Condition

The TPBAR basket body is constructed of four machined segments that are held together with

aluminum bands at five locations along the axial length of the basket, as well as the top and

bottom fittings, which are bolted to the aluminum basket. During a side drop, the TPBAR basket

is subjected to bending and bearing stresses. The maximum bending stress occurs at Location

'A' in the following figure and is due to the content weight. The maximum bending stress is

calculated using a cantilevered beam. This is conservative since it neglects any support of the

load due to the edges of the basket being supported by the cask inner shell. The maximum

bending stress is:

6M 6x 226_5.2si"887-
Sb - t_ - 0.52 w54ki88

where:o~1~~
-W x g I,650 x25 I

w-z29.2 psi, •,A

the distributed load transfer by the
PWR insert on the TPBAR basket ["4 " 100
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We= 1 ,650 lb, bounding TPBAR contents weight (with TPBARs, PWR/BWR Rod
Transport Canister and the PWR insert)

L = 159.5 in, loadable length of the TPBAR basket

b = 8.87 in, TPBAR basket opening width

g -- 25g, bounding side drop acceleration

M = wx k•-•) 2k22J

= 29.2x (8•71 x2\1K8 "-72 -1J=226 in-lb/in, the maximum bending moment

t= 0.5 in, thickness of the flange

The margin of safety is

MS - -15S 1-15x8"4 -1=+1.32
Sb 5.42

where:

Sm = 8.4 ksi, stress intensity of 6061-T6 aluminum @ 300°F

The bearing stress in the basket is

where:

Sbrg

P

Wb

A

P 63,750= -- -395 psi =0.4 ksi
A 1.00x161.5

= g x (Wo + Wb) ---25 x (1,650 lb + 900 Ib) = 63,750 Ib, total side drop load

= 900 lb, the bounding weight of the TPBAR basket

= is the minimum bearing area of the basket

The margin of safety is

Sy 26.9 1+ag
MS - _ - -=+ag

Sbrg 0.

where:

Sy =26.6 ksi, yield strength of 6061-T6 aluminum @ 300°F
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TPBAR Basket - End Drop

In an end drop scenario, the basket is only loaded by its own weight. The TPBAR basket weight

is bounded by what was considered for the end drop analysis of the TPBAR basket in Section

2.6.12.10. Additionally, the assumed component temperatures remain conservative. Therefore,

the results of section 2.6.12.10 are bounding and no further analysis is required.

TPBAR Basket Upper Fitting

The TPBAR basket upper fitting is identical to what was analyzed for the TPBAR basket in

Section 2.6.12.10. The TPBAR basket weight and component temperatures considered in

Section 2.6.12.10 are conservative. Therefore, the results of the Section 2.6.12.10 are bounding

and no further analysis is required.

TPBAR Basket Lower Fitting

The TPBAR basket lower fitting is identical to the lower fitting of the PWR basket. The weight

of the loaded TPBAR basket is less than the weight of the loaded PWR basket. Therefore, no

further analysis is required.

PWR Insert

The PWR insert contains the PWR/BWR Rod Transport Canister assembly for insertion into the

TPBAR basket. The PWR insert is not a structural component and, therefore, an analysis of its

performance under normal conditions is not required.

PWR/BWR Rod Transport Canister Assembly Analysis

The PWR/BWR Rod Transport Canister is identical to the configuration analyzed in Section

2.6.7.10. The fuel weight considered in the Section 2.6.7.10 analysis for the PWR/BWR fuel

(350 lbs) bounds the fuel weight of 25 TPBARs in the PWR/BWR Rod Transport Canister (66

lbs). Therefore, no further analysis is required for the canister.

Internal Spacer

The internal spacer for the PWR/BWR Rod Transport Canister is identical to what was analyzed

in Section 2.6.7.10. The fuel weight considered in the Section 2.7.1 .7 analysis for the

PWR/BWR fuel (350 lbs) bounds the fuel weight of 25 TPBARs in the PWR/BWR Rod

Transport Canister (66 lbs). Therefore, no further analysis is required for the internal spacer.

4x4 and 5x5 Inserts

The 4x4 and 5 x5 inserts for the PWR/BWR Rod Transport Canister are identical to what was

analyzed in Section 2.6.7.10. The fuel weight considered in the Section 2.7.1.7 analysis for the

PWR/BWR fuel (350 lbs) bounds the fuel weight of 25 TPBARs in the PWR/BWR Rod
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Transport Canister (66 Ibs). Therefore, no further analysis is required for the 4x4 and 5x5

inserts.

2.6.1 2.13 SLOWPOKE Fuel Canister Assembly

Evaluation of the SLOWPOKE fuel canister assembly components for normal conditions of

transport includes longitudinal (end) and lateral (side) 1-foot drop evaluations. The 'g' loads of

20 g's and 25 g's (Table 2.6.7-34) are conservatively assumed for a 1-foot end drop and a 1-foot

side drop, respectively. Evaluation of all the assembly components for the normal condition of

transport is given below. Table 2.6.12-3 gives the summary of weights and other dimensions of

the SLOWPOKE fuel canister assembly components.

Table 2.6.12-3 Summary of SLOWPOKE Fuel Canister Assembly Component
Dimensions and other Inputs

Component Canister Weldment Canister Insert Fuel

Weight, W, lbs (6) 12.3+1.6=13.9(') 7.(4 3.5(5)

Length, L, in 39.81 9.25 x4=37( 2 ) 8.66 x4=34.64(2 )

Outer Dimension/Diameter, D, in 3.3 0.50 0.206

Inner Dimension/Diameter, d, in 2.8 0.402 0.166

Number of Component, n 1 25 25

Area of Each Tube, A, in2  2.(3 6.943 x10-2 1.169 x10-2

Stiffness K= (BAIL), lbs/in 670,987 447,517 80,464
6061 -T6 6061 -T6

Material 606 1-T6 Aluminum Almnmluim

Elastic Modulus, xl10 6 psi (7) 9.54 9.54 9.54

Note:
1)

2)
3)
4)
5)

6)
7)

The weight of the canister weldment is conservatively assumed as12.3 lbs instead of the estimated
drawing weight of 11 lbs.
Total length of four sets arranged in the canister assembly.
Maximum canister weldment cross sectional area.
Weight of four 5x5 inserts.
Weight of 100 fuel rods and each fuel rod weighs 15.659 grams is 3.445 which is conservatively
rounded up to 3.5.
The total weight of the SLOWPOKE fuel canister assembly is 25.0 lbs (13.9+7.6+3.5).
Elastic modulus is taken at 2000 F.
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Canister Weidment

The canister weldment is a square tube made of four quarter inch aluminum plates welded along

their lengths. The canister weldment is evaluated for longitudinal (end) and lateral (side) drops

for normal conditions of transport. For stress analysis, the area of the canister weldment is

calculated near the lid where the cross sectional area is smallest. The detailed analysis of the

canister weldment is given below.

Evaluation of the canister weldment for the 1-foot end drop:

The compressive stress on the canister weldment is calculated as:

WGEI 12.3 x20 12.ps

C2(A1+A2) -2(0.5225+0.4975)

where:

W = 12.3 lbs, Weight of the canister weldment

GEl = 20 g, 1-foot end drop 'g' load

Al = (2.8-0.71) x0.25=0.5225 in2, Cross sectional area of Side wall-A

A2 = (2.8-0.8 1) x0.25=0.4975 in2, Cross sectional area of Side wall-B

Margin of safety is:

Membrane Allowable 10500
MS =- 1 - -1= +Large

Compressive Stress 120.5

Buckling analysis of canister weldment:

Column slenderness ratio separating elastic and inelastic buckling:

C=2__2__ 954-06=77.65

]F,, 3.12x10 4

Slenderness ratio K1/r:
1.0xl 1.0x 39.44 =94

kl/r- • - /.620-94

where:

E =9.54x 106 psi, Elastic modulus of aluminum at 200°F

Fy= 3.12x104 psi, Yield strength of aluminum at 200°F

1= 39.44 in, Length of canister weldment wall

I= 2 r.x 0.2s +2X22.8 )x+~ 0.25x• +2 x 2 =8 -3.66 in4 , Moment of
•, 12 2) 12

inertia
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A =2 x (0.523 + 0.498) = 2.04 in2 , Cross sectional area of weldrnent

If K1/r < Cc, then

Allowable compressive stress on the tube:

1 -lr) iF 11 (2942) 2 i0
2C2  jY [ 2x77.652 j.2 o

Fa -= =:16,089
5 3(kl/r) (kl/r)3  5 3(29.42) (29.42)3

+--3 8Cc 8Cc 3 8 x77.65 8 x 77.653

Margin of safety is:

MS=Allowable Comp Stress _1-16089 1=+ag

Maximum Comp Stress 120.5

For the 1-foot side drop, the weldment wall is assumed to be fixed at all the corners.

The bending stress on the canister weidment wall is calculated as (Roark's, 7 th Edition, Table

11.4):

-/31 qb 2  -(0.5x0.696x2.82) -- 36
- t2 0.252

where:

1 = 0.5, Parameter for a/b = c

q = W-1 12.3 _-___25__ - 0.696 psi , Uniformly distributed load
4 A 4 39.44x 2.8

W =12.3 lbs, Weight of the canister weldment

Gsi = 25 g, 1-foot side drop 'g' load

A =39.44x2.8 =11 0.43in2, Area of the weldrnent wall

Margin of safety:

MS=Bending Allowable 1-15750 1=+ag

Compressive Stress 43.65

Canister Lid

The canister lid is a one-inch aluminum plate which covers the top end of the canister weldment.

The lid assembly includes the lid plate, handle, housing, latch, and handle cap screw. For the

normal conditions of transport analysis, the lid is assumed to be simply supported at the outer

edges and the total weight (inertial load) is assumed to act at the central rectangular area. The

total weight of the SLOWPOKE fuel canister assembly with fuel is 25.0 pounds.
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For the 1-foot end drop:

The bending stress on the canister lid is calculated by assuming the inertial load acts at the center
of the lid and is simply supported at all edges (Roark's, 7 th Edition, Table 1 1.4).

,/3W 1.28x W, xG Gr 1.28× 25.0x 20=40s
'b id - t2 - t2= 1.02

where:

f3 =1.28, Parameter for ai/b = a/b1 = 0.2

Wt =25.0 Ibs, Weight of the canister weldment assembly with fuel

Gzl = 20 g, 1-foot end drop 'g' load
t = 1.0 in2, Thickness of the lid

Margin of safety is:

MS=Bending Allowable 1-15750 1=+ag

Bending Stress 640

During the 1-foot end drop, the lid handle can shear or puncture the canister lid. The shear stress

on the lid due to the handle is:

W;IGEI - J'GEI 25.0 x20 757ps
r/h A1  2(w1 +±t1) x2 -2(1.0±+0.65)x 7.7ps

where:

wl= 1.0 in, Width of the handle

tl= 0.65 in, Thickness of the handle

Margin of safety is:

Shear Allowable 15615
MS~ = 1 - 1=+L arg e

Shear Stress 75.76

During the 1-foot end drop, the canister weldment can shear the lid. The shear stress on the lid

due to canister weldment is:

W/GaI J4,GE _ 25.0 x20A... - - _______ _= 73.31psi
A2 4w2t2  (4x 2.75x (1- 0.38))

where:

w2 2.75 in, Width of the lid at the canister weldment seating

t2 =1-0.38=0.62 in, Thickness of the lid at the canister weldment seating

Margin of safety is:

Shear Allowable 15615
MS = - 1= -- -1=±+L arg e

Shear Stress 73.31
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The aluminum lid handle is 0.65" thick and 2.5" tall and is fastened to the lid plate using two

socket head cap screws. For the end drop, the entire end drop load is transferred through the lid

handle.

For 1-foot end drop:

The membrane or compressive stress on the lid handle is calculated as:

=I4/VGEI WGEI 25.0 x20 =8. s
O-h=A 3  2xw~t3  2xl.0x0.65=346s

where:

Wt = 25.0 lbs, Weight of the canister weldment assembly with fuel

GEl = 20 g, 1-foot end drop 'g' load

w3= 1.0 in, Width of the lid handle

t3 = 0.65 in, Thickness of the lid handle

Margin of safety is:

Membrane Allowable 10500
MSz= -1 - -1 =+Larg e

Membrane Stress 384.6

O The bearing stress on the lid handle during end drop is calculated as:

T'/•G• W, Gm 25.0 x20
O-bH . . ..- 205.1lpsi

A4  Lh x t3  3.75 x0.65

where:

Lh=3.75 in, Length of the lid handle

t3 = 0.65 in, Thickness of the lid handle

Margin of safety is:

MS=Bearing Allowable 1-31230 _1=+ag

Bearing Stress 205.1

Housingi

The housing supports the latch and the spring mechanism; these three components maintain the

position of the lid. Figure 2.6.12-9 shows the housing with dimensions and critical locations for

evaluation. On the housing, compressive or membrane stresses are evaluated at Location MN,

bearing stresses are evaluated at Location RS, bending stresses are evaluated at Location A and

shear stresses are evaluated at Location A.

0
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For the end drop, the canister insert along with fuel contacts the housing at Location RS

(Figure 2.6.12-9). The weight of the insert and th~e fuel transferred to the housing is 11.1 pounds.

The membrane stress on the housing Location MN (Figure 2.6.12-9) is calculated as:

W, GF, WGEI (7.6±+3.5) x20 40ps

,no-A 5  -2(w 5 - d)t5  2(0.75 -0.38)0.75

where:

Wt=7.6+3.5 = 11.1 lbs, Weight of the canister insert and fuel

GEl = 20 g, 1-foot end drop 'g' load

W5-d = (0.75-0.3 8) = 0.37 in, Width of the housing at Location MN

t5 =0.75 in, Thickness of the housing at Location MN

Margin of safety is:

Membrane Allowable 10500
MS = -1- -1 = Large

Membrane Stress 400

The bearing stress on the housing Location RS (Figure 2.6.12-9) is calculated as:

W, xGE I , - XGEI (7.6±+3.5) x20 =173s
O'bH° --- 197.3ps

A6 2x×w 5 ×xt5  2 x0.75 x0.75

where:

Ws = 0.75 in, Width of the housing at Location RS

t5= 0.75 in, Thickness of the housing at Location RS

Margin of safety is:

MS=Bearing Allowable- -31230 1=+ag

Bearing Stress 197.3

The shearing stress on the housing Location A (Figure 2.6.12-9) is:

WYGE, (R) W, JYGE,(R)- (7.6 +3-5)x20x (0.380.5 =10 ps

A7  2h1 x 2t 2x×0.25 x2 x0.75

where:

R =Ratio of load on the curved section

Thickness of curved section (Length AA) _0.38
- =0.51

Thickness of housing (Length RS) 0.75

(Note: R =0.51, Half of the load on the housing is conservatively applied on the

curved section of the housing)

hi 0.25 in, Height of the housing at Location A

t = 0.75 in, Thickness of the housing at Location A
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Margin of safety is:
Shear AllowableMS = -1

Shear Stress
15615- - 1 = ±Large

150

The bending stress on the housing Location A is (assumed as beam fixed at two ends):
=MY WL 2 y W,GJJR L2 Y

I 12 I L 121I
(7.6±35) 20(0.3 2 0.252

0.38 12 9.77x10-4

where:

I = (bhi 3/12) =(0.75x0.253/12) = 9.77x10-4 in4, Moment of inertia at Location A
Y =0.25/2 in, Height of the housing from mid point at Location A

L =0.38 in, Length of the housing (Length AA)

The stress intensity on the housing Location A is:
-o~s=4. +4rA = /455"72 +4x1502 =546psi

Margin of safety is:

MS=Bending Allowable _1-15750 _1=+ag

Stress Intensity 546

Location B:

The shearing stress on housing Locati

WE()W,GC,(R)_
AB 2(h2 xt)

(7.6 + 3.5) x 20 x (0.380.75)
= 1,250 psi

2(0.06 x 0.75)

where:

hz = 0.06 in, Height of the housing at Location B (Figure 2.6.12-9)
t = 0.75 in, Thickness of the housing at Location B (Figure 2.6.12-9)

Margin of safety is:
MS = Shearing Allowable

Shearing Stress
156151- -1=±+Large
1250
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Figure 2.6.12-9
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SLOWPOKE Fuel Canister Assembly Housing

.SD -_ " .75 -R 450 j50 X .06 TYP
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~Canister Insert

The fuel tubes are placed inside the aluminum canister insert (four inserts per canister) during

transportation. The canister insert tubes are arranged in a 4x4 or 5x5 matrix on a base plate. The
canister insert is evaluated for normal conditions of transport only. Conservatively for analysis

purposes, the fuel weight is added to the canister insert weight. Both the 4x4 and 5x5 matrix
insert tubes have the same thickness (0.1"), but the 5x5matrix insert tube is smaller than the 4x4

matrix insert tube. Therefore, only 5x5 matrix insert is evaluated because the 5x5 matrix insert
has a lower moment of inertia and area, and weighs more than the 4x4 matrix insert.

For the 1-foot end drop:

The compressive or membrane stress on the canister insert is calculated as:

WifGEi W>.X GFr1  (7.6±+3.5) x20 l8s
Oci- 25X A 25x 2r(D

4 -d 4 )4 25x r(0.5 2 -0.402 2)/• 2 s

where:

Wif 7.6+3.5 = 11.1 Ibs, Weight of the canister insert and fuel
GEl = 20 g, 1-foot end drop 'g' load

D = 0.5 in, Outer diameter of the 5x5 insert tube
d=0.402 in, Inner diameter of the 5x5 insert tube

O Margin of safety is:

Meminbrane. Allowable 10500
MS = -1 - - 1 =+Larg e

Compressive Stress 12 8

Buckling Analysis of canister weldment:

Column slenderness ratio separating elastic and inelastic buckling:

C=E - /2ff 2z x 9"54x_10 6 -76

Slenderness ratio KI/r:
1.Ox l 1.0 x9.25 =76

kl/r=-1•A- r(0.54_~0.4022)//6=76

where:

E = 9.54x 106 psi, Elastic modulus of aluminum at 2000 F
Fy= 3.12x104 psi, Yield strength of aluminum at 200°F

0
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1= 9.25 in, Length of canister insert tube

1 = r(054 -0"424)64 = 1.*79× 1 0-3 in-3, Moment of inertia of insert tube

A = ,r(0"52 -0"4022)4 = 0.069 in2, Cross sectional area of the insert tube

If K1/r < Cc, then

Allowable compressive stress on the tube:

[ 2Ci/i2 ]Fy [1 2;65]3.12x104

a, = 3(kl/r) (kl/r)3 
=5 3(57.67) (57.67)3 =11,942

3 8Cc 8Cc 3 8x77.65 8x77.653

Margin of safety is:

MS=Allowable ComnpStress 1-11,942 1=+ag

Maximum Comp Stress 128

For the 1-foot side drop, the insert is assumed to be simply supported at the ends and the weight

is acting along the length of the insert.

The bending stress on the insert is calculated as (Roark's, 7 thi Edition, Table 8.1):

W_ I ___2 WufsI l2 D/ _ (7.6±+3.5)x 25 9.252 052 =,9 s
I 8 I 25xl 8 I 25x9.25 8 1.79x10-3

where:

Gsi = 25 g, 1-foot side drop 'g' load

Margin of safety is:

MS=Bending Allowable 1-15750 1=77

Bending Stress 1793

Lid Latch and Plunger

For the 1-foot top end drop, the load path through the lid, does not contain the lid latches or the

plungers.

For the 1-foot side drop analysis of latch and plunger, the accident condition loads (60 g's) are

used with normal condition allowables. This bounds both the normal and accident conditions of

transport.

During the side drop, the latch experience 60 g's and the maximum shear stress occur at

Location SA.
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* The shear srsonthe latch at Location SA (iue261-0 s

W__s_ 0.05 x60
TSA -ASA 0.5 x (0.76- 2 x 0.3)x tan(30) -65 psi

where:

Wp= Weight of the latch = Volume xDensity of Aluminum

-~0.5x0.5x (1.13+0.31) x0.1 = 0.036 -0.05 lbs
Gsi 60 g, 30-foot side drop 'g' load

AsA =Q.5x (0.76-2x 0.3) x tan (30) =0.046 in2, Area of the latch at Location SA

Margin of safety is:

Shear Allowable 15615
MS = -1=- - 1= +Large

Shear Stress 65

Shear stress on the steel plunger is:

Wpasl WpGs! 0.05 x60
A. ,.. - 49 psi

VPL p •/4 xd 2  /4 x 0.162

where:

d = 0.16 in, Diameter of the plunger nose

S Margin of safety is:
Shear Allowable 6250

MS - -1 - 1=+Lz arg e
Shear Stress 149

0
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Figure 2.6.12-10 SLOWPOKE Fuel Canister Assembly Latch and the Free Body
Diagram

SB

Y Tz
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2.6.12.14 NRUlNRX Fuel Basket

The NRU/NRX fuel basket assembly consists of a top basket weldment, lid assembly and a
basket spacer assembly. The basket weldment is 122.25 inches long and consists of 18 fuel tubes
with a 2.5-inch outside diameter with a 0.12-inch wall thickness. Each fuel tube is capable of
holding a single NRU/NRX fuel assembly or equivalent fuel rod quantity. NRU/NRX fuel
assemblies/rods may be placed inside of an aluminum caddy. NRX fuel assemblies/rods shall be
placed into a caddy. The total weight inside each fuel tube is limited to 20 pounds, which

includes the weight of the aluminum caddy and NRU/NRX fuel assembly/rods. The 6 center
tubes are supported by a center tube assembly which consists of 1.5-inch Schedule 80 pipe with

6 equally spaced scalloped center locators. The lower end of the center tube assembly is welded
to the bottom support disk and the top end is bolted to the lid assembly. The 12 outer tubes are

supported by 7 scalloped, circular support disks. There is a top support disk, 5 center support

disks and a bottom support disk. These support disks have an outer diameter of 13.27 inches and

are ½2 inch thick. The 12 outer tubes are welded to these support disks on the outside of the tubes.

The spacer assembly is 51.8 inches long and consists of a center tube with an outside diameter of
8.0 inches and a wall thickness of 0.12 inches. This center tube is welded to 3 circular support
disks. The spacer assembly rests on a base tube that consists of a 10-inch Schedule 80 pipe. The

base tube is welded to the base disk. The total weight of the NRU/NRIX basket assembly plus the
spacer assembly bears directly on the bottom forging of the cask through the base tube.

The basket assembly, basket spacer assembly and lid assembly are fabricated from SA 240, Type
304 stainless steel. The lid assembly attachment bolts are made from SA564, Type 630 (17-4PH).

2.6.12.14.1 NRU/NRX End Drop Analysis for Normal Conditions of Transport

This section includes the evaluation of the NRU/NRX basket and spacer assembly components
for lateral (side) and longitudinal (end) 1-foot drops. The acceleration load of 25 g's is
conservatively assumed for end and side drops for normal conditions of transport.

Basket/Lid Assembly

Basket assembly consists of 18 cylindrical tube assemblies with a center tube assembly and 7

outer support disks. The center tube assembly is not attached to the 6 tubes in the middle of the
basket but the outer 12 tubes are welded to the outer support disks. All 18 tube assemblies are
welded to the bottom support disk. The basket lid assembly is attached to the top support disk

and the center tube assembly with 7 lid bolts with a 3/8-16 UNC thread. One bolt attaches the lid
to the center tube assembly and 6 bolts attach the lid to the top support disk. The bottom support
disk is attached to the center tube assembly by two 1/4 inch fillet welds around the entire
circumference and the outer tubes by a 1/16 inch fillet weld spanning 60 degrees.
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2.6.12.14.1.1 Top End Drop

The acceleration for a 1 foot top end drop is 25 g.

Fuel Tube Assembly

The compressive stress on the fuel tube assembly is calculated as:

coc = Wg/1 8(Atube) = 1.86 ksi for 25 g

August 2015

where; W = Weight of (basket assembly + 18 fuel assemblies ± spacer assembly)
= 695 lbs + 30 ± 18(201bs) + 115 lbs = 1,200 lbs

Note: This is conservative since the weight of the top disk (5 Ibs) is not carried by the fuel tubes
in a top end drop.

and

Atube = ir/4(OD2 -ID2) = 0.897 in2

OD =2.5 in
ID =2.26 in

Margin of safety:

MS =(1.0Sin/oc).-I = 9.0

where Sm = 18.6 ksi for SA240, Type 304 at 400 °F

Fuel tube buckling analysis

The column length to radius ratio is;

L/rm--20.5/1.19 =17.2

where;

L= distance between disks --20.5 in
rm = mean radius of fuel tube =1A(OD+ID) = 1.19 in

This means that the tube will not buckle as a classical Euler column, instead the buckling mode
would be localized buckling (bellows or diamond pattern). For this mode of buckling, the critical

compressive stress is given by Blake;
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0.605 -m 2 xl0-7  26.ks
Scr =E=26.ks

m(1 + 0.004q5)

where;

E = 26.5x106 psi for SA240, Type 304 at 400 0F

Sy=20.7 ksi for SA240, Type 304 at 400 0F

0 =E/Sy =1280

m= rm~/t =9.92
rm = l/2(OD/2+ID/2) =1.19 in
t = I/2(OD-ID) = 0.12 in

Margin of safety:

MS =(Scr!/c•)-1 = large

Note: All margins of safety greater than 10 are reported as large.

Support Disk to Tube Welds

The welds for the middle 5 support disks only carry the disk self-weight in a top end drop. The
middle support disks are attached to the outer 12 tubes with a 1/16-inch fillet weld on each side

of the support disk. Due to lack of access, these welds only extend 60 degrees in the

circumferential direction around each tube.

The primary stress in these attachment welds is shear.

"r = Wg/Aerr = 0.09 ksi for 25 g

where;

W =middle disk weight =5 lbs
Aetr= 12[2(60/360)(ltDtube)(teff)1 = 1.39 in2

Dtube =2.5 inch
teff = 0.7071(1/16) = 0.0442 in

Margin of safety:

MS = (0.6Sin/"0-1) = large
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where Sm = 18.6 ksi for SA240, Type 304 at 400 °F

Center Tube to Bottom Disk Weld

The fuel tube assembly consists of a cylindrical tube attached to a tube cap on the bottom of the

fuel tube. This cap is then welded to the bottom disk to form part of the center tube assembly.

This attachment weld is a full circumference double sided 1/8-inch fillet weld. This weld does

not support the full weight of the center tube assembly since the center tube assembly is also

bolted to the basket lid assembly at the top of the basket. For the weld calculation, it is

conservatively assumed that this weld will carry the full weight of the center tube assembly.

The primary stress in these attachment welds is shear.

S= Wg/Aet-f = 1.32 ksi for 25 g

where;

W -- center tube assembly weight =56 lbs
Aefr = 2 (2tDcenter tube)(teff) = 1 .06 in2

Dtube =1.9 inch
tef= 0.7071(1/8) = 0.0884 in

Margin of safety:

MS = (0.35 x 0.6Sin/z)-I = 1.96

where Sn = 18.6 ksi for SA240, Type 304 at 400 0F

0.35 = weld quality factor for visual inspection, ASME Section III Subsection NG, Table

3352-1.

Basket Tube End Cap to Bottom Disk Weld

The basket tube end cap is welded to the base disk with a 1/4-inch fillet weld around the

circumference. However, the end cap fits inside of a hole in the base disk so this weld would not

be loaded significantly by the top end drop. The reaction load for the top end drop would be

carried primarily by bearing between the end cap and the base disk.

Bearing stress between the fuel tube end cap and the base disk
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Gb = Wg/1 8Aend cap = 0.479 ksi for 25 g

where;

W = Weight of (basket+lid+l18 fuel assemblies-base disk)
= 695 lbs + 30 lbs + 18(20 Ibs) - 20 lbs = 1,065 lbs

Aend cap = 7t/4 [(ODend cap) 2_ (IDbotton, disk opening) 2] = 3.09 in2

ODend cap = 2.5 in
IDbottom disk opening = 1.52 inl

Margin of safety:

MS = (1.0Sy/ cb)-l --- large

where Sy = 20.7 ksi for SA240, Type 304 at 400 °F

Basket Lid Assembly

The basket lid assembly is a 1/2-inch stainless steel plate which covers the top end of the basket

assembly. The lid assembly includes the lid plate, lid collar, collar cover plate, and lifting lugs.

For the analysis, the lid is assumed to be simply supported at the location of the lid collar tube

and the total weight (impact load) is assumed to act on the bottom face of the lid. The total

weight of the NRU/NRX basket assembly, spacer assembly plus 18 fuel assemblies is 1,170 lbs.

Since the basket lid plate is not a solid disk, due to the presence of several holes in the lid plate,

the bending stress on the canister lid is calculated with a finite element analysis model (FLA). A

quarter symmetry model of the lid plate was constructed. The following depicts the FEA Model.
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au• 1• 2ox•
a•=ll,4v

Qoartlo lyo.ltry 1T~dQ1 Of 00. 2.1000 Lid for 01.. NRU~01X bauket

The linearized membrane stress and membrane plus bending stress for a 1 g load are 281 psi and
676 psi, respectively. Since this is a linear model, these stresses can be scaled. Therefore, for a

25 g load;

Pm = 7.03 ksi

Pm +Pb =16.9 ksi

Margin of safety:

MSm =(1.0Sm/Pm) -1 = 1.65

MSm+b =(1.5Sin/Pro+ PB) -I = 0.65

where Sm 1 18.6 ksi for SA240, Type 304 at 400 0F

Lid Collar Tube

The lid collar tube is attached to the top of the basket lid. The lid collar tube is also subjected to

compressive stress in the top end drop:

5c= Wg/Aconlar tube = 10.1 ksi for 25 g

where;

W = Weight of (basket assembly + basket lid assembly + 18 fuel assemblies + spacer assembly)
= 695 lbs + 30 lbs + 18(20 lbs) + 115 lbs =1,200 lbs

Acoliar tube 21r/4(OD 2-ID 2) = 2.97 in2
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for

OD =8.0 in
ID =7.76 in

Margin of safety:

MS =(1 .0Sn/ cYc) -1 = 0.84

where Sm =18.6 ksi for SA240, Type 304 at 400 0F

Bearing Stress between the Basket Lid Assembly and the LWT Cask Lid

cyb =Wg/Acoiiar+cover piate = 0.781 ksi for 25 g

where;

W =1,200 lbs

0
Acollar~cover plate = t/4(OD2) - A2 = 38.43 in2

OD =8.0 in

A = Width of opening in collar cover plate = 3.44 in

Margin of safety:

MS (I (.0Sy/ b) -1 = large

where Sy = 20.7 ksi for SA240, Type 304 at 400 0F

Bottom Support Disk

This disk will only support the weight of the spacer assembly (115 ibs) for the top end drop

whereas it will support the total weight of the basket assembly, the basket lid assembly and the

18 fuel assemblies (1,085 Ibs) in the bottom end drop case. Therefore, the bottom end drop will

be controlling for the bottom support disk.
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Spacer Assembly
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For the top end drop, the spacer assembly is only subjected to its own weight. However, in the
bottom end drop the spacer assembly will have to carry the weight of the basket assembly and
the fuel assemblies. Therefore, the bottom end drop will be controlling for the spacer assembly.

Fuel Caddy

The fuel assembly/rods may be contained in an aluminum caddy. The caddy consists of a
cylinder with an end cap on the bottom. The cylinder has a 2.0-inch outer diameter and a 0.065-
inch wall thickness and is constructed from 606 1-T6 aluminum.

The only loading that the caddy will experience is its own weight of 5 lbs during the top end
drop.

The compressive stress on the fuel caddy is calculated as:

•c=Wg/Anet = 0.374 ksi for 25 g

where; W = Weight of fuel caddy =5 lbs

Anet = it/4(OD2-1D2) [3 60-20)/360] 0.3 34 in2

GD = 2.0 in
ID = 2.0-2(0.065) =1.87 in

and

0 = 2 Sin-1 (L/2r) =53.50

where; L=0.9i n (lateral width of cut-out in caddy wall) and r = OD/2
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Margin of safety:

August 2015

MS = (1.0Sin/ ac)-I = large

where Sm = 5.6 ksi for 6061-T6 aluminum at 400 0F

2.6.12.14.1.2 Bottom End Drop

The acceleration for a 1-foot top end drop is 25 g.

Fuel Tube Assembly

The compressive stress on the fuel tube assembly is less than the top end drop since only the

weight of the basket assembly and the basket lid assembly is supported in this case.

W --Weight of basket assembly + Weight of basket lid assembly =695 lbs + 30 lbs = 725 lbs

Since this is less than the weight of 1,200 lbs supported by the tubes in the top end drop, the top

end drop is controlling.

Sunport Disk to Basket Tube End CaD Welds

The load on these welds is the same for the bottom end drop as the top end drop; therefore, the
shear stress would be the same.

Center Tube to Bottom Disk Weld

The fuel tube assembly consists of a cylindrical tube attached to a tube cap on the bottom of the

fuel tube. This attachment weld is a full circumference 3/16-inch fillet weld. This weld would

not support the full weight of the center tube assembly since the reaction load would be through

the basket lid assembly. For the weld calculation, it is conservatively assumed that this weld will

carry the full weight of the basket plus the lid and fuel assemblies.

The primary stress in these attachment welds is shear.

S=Wg/1 8Aerr = 2.35 ksi for 25 g

where;

0
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W = basket + lid + fuel assemblies - bottom disk
= 695 lbs + 30 lbs +18(20 Ibs) - 15 lbs = 1,070 lbs

Aeff =(itObottomn disk opening)(teff) = 0.633 in2

Dbottom disk opening = 1 .52 inch
teff =0.7071(3/16) = 0.1326 in

Margin of safety:

MS -(0.35 X 0.6Smtin)-= 3.75

where Sm = 18.6 ksi for SA240, Type 304 at 400 °F

0,35 = weld quality factor for visual inspection, ASME Section III Subsection NG, Table

3 352-1.

Basket Lid Assembly

The basket lid assembly will not experience any significant loading in the bottom end drop.

Bottom Support Disk

The bottom support disk is a 1/2-inch stainless steel plate which covers the bottom end of the

basket assembly. The bottom support disk is part of the center tube assembly which includes the

center tube center locators and the center bolt insert. For the analysis, the bottom disk is assumed

to be simply supported at the location of the lid collar tube from the spacer assembly below the

basket assembly and the total weight (impact load) is assumed to act on the top face of the

bottom support disk.

Since the bottom support disk plate is not a solid disk due to the presence of several holes in the

lid plate, the bending stress on the canister lid is calculated with a finite element analysis model

(FEA). A quarter symmetry model of the lid plate was constructed.

The FEA model of the basket lid plate is shown as follows:
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The linearized membrane stress and membrane plus bending stress for a 1 g load are 351 psi and
960 psi, respectively. Since this is a linear model, these stresses can be scaled. Therefore, for a

25 g load:

Pm = 8.78 ksi

Pm+ Pb =24.03 ksi

Margin of safety:

MSm = (1.0Sm/Pm)-I = 1.11

MSm+b =(1.5Sin/Pro+Pb) -1 = 0.16

where Sin 18.6 ksi for SA240, Type 304 at 400 0F

Spacer Assembly

The spacer assembly will be subjected to its own weight plus the weight of the basket, lid and

fuel assemblies.

Spacer Tube

The spacer tube will experience a compressive stress due to the bottom end drop. The
compressive stress is given by;

O-c = Wg/Aspacer tube = 9.93 ksi for 25 g

0
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W = Weight of (basket assembly + basket lid assembly + 18 fuel assemblies + spacer
assembly- base disk)

-- 395 lbs + 30 lbs + 18(20 Ibs) + 115 lbs - 20 lbs =1,180 lbs

Aspacer tube = ir/4(OD2-ID2) =2.97 in2

for

GD = 8.0 in
ID = 7.76 in

Margin of safety:

MS = (1.0Sin/oo) = 2.0

where Sm = 18.6 ksi for SA240, Type 304 at 400 °F

Spacer tube buckling analysis 0
The column length to radius ratio is:

L/m=23.5/3.94 = 5.96

where;

L= distance between disks = 23.5 in
rm =mean radius of spacer tube = ¼A(OD+ID) = 3.94

This means that the tube will not buckle as a classical Euler column, instead the buckling mode
would be localized buckling (bellows or diamond pattern). For this mode of buckling, the critical

compressive stress is given in Blake:

St=E0.605-m 2x10-7 =-79.8 ksi
m(1 + 0.004¢)

0
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where;

E = 26.5x 106 psi for SA240, Type 304 at 400 °F

Sy= 20.7 ksi for SA240, Type 304 at 200 °F

0 =E/Sy = 1280
m=rm/t =32.83
rrn --- 1/2(OD/2+ID/2) = 3.94 in
t = 1/2(OD-ID) =0.12 in

Margin of safety:

MS =(Scr/ac) -1 =7.04

Base disk

Since there is only a small offset between the spacer tube GD and the ID [1/2(9.56-8.0) =0.78]
of the base ring below the base disk, there will not be any significant bending of the base disk in

the spacer assembly.

Spacer base

The spacer base is a cylindrical tube beneath the base disk of the spacer assembly. This tube will
be subjected to a compressive stress due to the total weight of the basket, lid, fuel and spacer

assemblies.

•c= Wg/Aspacer base = 2.05 ksi for 25 g

where;

W =Weight of (basket assembly + basket lid assembly + 18 fuel assemblies + spacer

assembly)
=695 lbs + 30 lbs + 18(20 lbs) = 115 lbs = 1,200 lbs

Aspacer base = ir/4(OD2-1D2)-2(slot width)(tube thickness) = 14.6 in2

OD = 10.75 in
ID = 9.75 in
Slot width = 0.75 in
Tube thickness = '/2(OD-ID) =0.5 in
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Margin of safety:

MS = (1.0SmI/cc) -1 = 8.07

where Sm = 18.6 ksi for SA240, Type 304 at 400 0F

Fuel caddy

The fuel caddy will only experience the self-weight of the aluminum cylinder for the bottom end
drop. This weight is less than the total weight of the cylinder plus the bottom plate. Therefore,
the top end drop is controlling for this component.

2.6.12.14.1.3 Side Drop

The acceleration for the 1 foot side drop is 25 g. For the side drop, the reaction loads will be
carried by the support disks. The fuel tubes will be subjected to bending between the support

disks.

Fuel Tube Assembly

The fuel tube assemblies are supported by five middle support disks plus a top disk and a bottom
disk. The fuel tubes are unsupported between the support disks. To calculate the bending stress,
the fuel tube section between the support disks will be assumed to be a simply supported beam.
This is a conservative approach since the presence of the support disk and the continuity of the
tube will add stiffness at the point where the fuel tube passes through the support disk.

Mmax = w12/8 = 23.74 in-lbs

where;

W -- (Wtube + Wfuel)/L = 0.452 lbs/in
Wtube = 32 lbs

Wfuel = 20 lbs
L =length of fuel = 9'7" =115 in
1= disk spacing = 20.5 in

Then the bending stress is given by;

c5b =Mc/l 1.17 ksi for 25 g
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where;

c= ODtube/2 = 1.25 in
I = 2t/64(OD4-1D4) = 0.636 in4

ODtube = 2.5 in
IDtube = 2.26 in

Margin of safety:

MS =(1.5Sm/ cyc) -1 = large

where; Sm = 18.6 ksi for SA240, Type 304 at 400 0F

Support Disk Bearing Stress

From Roark, Table 33, Case 2c

•Max = 0.591 (pE/KD)'/ 2 =6.52 ksi for 25 g

where;

KD = DID2/( DI-D2) = 1690

Di = ID of LWT Cask = 13.375 in
D2 = GD of Support Disk = 13.27 in

p = gW/L
W =(basket lid assembly + weight of fuel assemblies) = 725 lbs + 18(20 Ibs) =1,085 lbs

L = total thickness of support disks =7(1/2) = 3.5 in

Margin of safety:

MS =(1.0Sy/c•) -1 =2.17

where; Sy = 20.7 ksi for SA240, Type 304 at 400 0F
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Center Tube Assembly

The fuel tube assemblies are supported by five center locators plus a top support disk and a

bottom support disk. The center tube is unsupported between the center locators. To calculate the

bending stress, the fuel tube section between the support disks will be assumed to be a simply

supported beam. This is a conservative approach since the presence of the support disk and the

continuity of the tube will add stiffness at the point where the fuel tube passes through the

support disk.

Mmax = g(w12/8) = 407.5 in-lbs for 25 g

where;

w = pA =0.3103 lbs/in
p 0.29 lbs/in3

A = •r/4(OD 2 -ID2) =1 .07

ODtube =1.90 in

IDtube =1.50 in
1= length of between center locators = 20.5 in

Then the bending stress in the center tube assembly is given by;

0% b Mc/Il 0.99 ksi for 25 g

where;

c =ODtubc/2 = 0.95 in
I = t/64(OD4-ID 4) = 0.391 in4

Margin of safety:

MS = (1.5Sin/ Gc) -1 -- large

where; Sm= 1 8.6 ksi for SA240, Type 304 at 400 0F
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2.6.12.14.1.4 Thermal Stress

The thermal stress in the basket assembly is determined from a finite element model and the
temperature distribution from a corresponding thermal model. A complete description of the

thermal model is given in Chapter 3. The structural model for thermal stress evaluation was

derived from the thermal model by deleting the elements associated with modeling of the gas

conduction and radiation effects. Then, the remaining thermal conduction elements were

converted to the corresponding structural elements. The temperature distribution was applied to

the structural model by reading the temperature from the thermal results. The structural FEA

model is shown below.

1

LW~-NRX Thermal Stress Model

Structural Model Used to Evaluate Thermal Stresses

Standard symmetry boundary conditions were applied to the two cut planes (XY plane and XZ

plane) and all of the nodes at the cut end of the fuel tubes were coupled in the UZ degree of

freedom. To prevent rigid body motion, all nodes on the YZ plane were constrained in the UX

direction. A plot of the calculated thermal stresses is shown as follows.
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A.2i08.944 C=452. 204 E=795. 463 G=I139 0=2402
B=280.575 D=623.833. 0=969.092 4=2310

L08G-N~x Thermal Stress Model

Thermal Stresses

The maximum peak thermal stress in the model is 1.6 ksi as shown in the stress plot. These

stresses are conservatively combined with the maximum calculated stress from the drop cases for

normal conditions of transport and compared to the primary plus secondary allowable of 3.0Sin.

Pm+b + Qmax = 24.95 ksi + 1.5 ksi = 26.45 ksi

Margin of Safety

MS = [3.0Sm/(Pm~b +Qmax)] -1 =1.11

where; Sm = 18.6 ksi for SA240, Type 304 at 400 °F
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2.6.1 2.15 HEUNL Container

0 There will be a total of 4 HEUNL containers in the LWT cask. A support spacer will be located
at the bottom of the LWT cask between the bottom container and the bottom forging of the LWT

cask. The HEUNL containers and the support ring are structurally evaluated with a combination

of standard handbook formulas and finite element models.

The weight of each container is 350 lbs and the weight of the HEUNL fluid was calculated to be

176 lbs which gives a total of 526 lbs. A partially filled container would weigh less but it is

conservative to use the weight of a fully filled container.

2.6.12.15.1 Finite Element Models

HEUJNL Container FEA Model

The finite element model (FEA) was constructed of ANSYS SOLID45 3D elements and

CONTAC52 gap elements. Both the HEUJNL container and contained fluid were modeled. There

0
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are CONTAC52 elements between the outside surface of the fluid region and the inner surface of
the container to model the compression only loading by the liquid. For the side drop case,
CONTAC52 elements were added to the outer surface of the guide rails to determine the load

distribution between the HEUJNL container and the inner surface of the LWT cask. The HEUJNL

container FEA model is shown in the Figure 2.6.12-11 through Figure 2.6.12-13.

Figure 2.6.12-11 HEUNL Container - Outside View

Figure 2.6.12-12 HEUNL Container - Inside View
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Figure 2.6.12-13 HEUNL Container - Gap Elements Shown

Support Ring Model

The support ring is a flat annular, machined ring. The support ring is constructed from SA-240,

Type 304. An axisymmetric FEA model of the support ring was constructed for the bottom drop

structural evaluation. Gap elements were placed at the bottom edge of the ring to account for

possible lift-off of one edge. The support ring is not loaded significantly by the side drop or the

top end drop. The FEA Model is shown in Figure 2.6.12-14. Vertical constraints were applied to

the lower end of the gap elements and a pressure load was applied to the model top surface for

the inertial load of the containers.
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Figure 2.6.12-14 HEUNL Container Support Ring - Axisymmetric Model

Closure Assembly Model

The closure lid is a circular flat plate which is attached to the container head with six ½2 inch-I 3
UNC cap screws. There are two 0-rings under the closure lid for sealing purposes. A quarter
symmetry model is used for the closure assembly. The closure lid, the 0-rings, a portion of the
container head and the liquid region are modeled with ANSYS SOLID45, 3D solid elements.
The bolts are modeled with ANSYS BEAM4, 3D beam elements. The beam elements
representing the bolts are connected to the 3D solid elements with a spider array of rigid,
massless beam elements. The FEA model is shown in Figure 2.6.12-15 and 2.6.12-16.

Figure 2.6.12-15 Closure Assembly Model
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Figure 2.6.12-16 Bolt Modeling

Fill/Drain Port FEA Model

0

The fill/drain port model is shown in Figure 2.6.12.17. The geometry was imported into the
ANSYS software from AutoCAD and meshed with SOLID 186, 3D solid elements. Due to the
complexity of the geometry, tetrahedral elements are used. This is an acceptable approach since
the elements have mid-side nodes. Note that the fluid region is included in the model for
evaluation of freezing of the HEUNL fluid due to cold conditions. In the model, the fluid region

extends up to the bottom edge of the counter-bore which neglects the presence of the quick

disconnect. This is a conservative approach since it produces more expansion in this region.

Also note that a mesh sensitivity study was conducted to arrive at the mesh density shown below.

Figure 2.6.12-17 Fill/Drain Port Model

0
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2.6.12.1 5.2 HEUNL Container 1-Foot Drop Cases and Pressure Cases
The HEUNE container is evaluated for both end drops (top and bottom drops) and a side drop.

An equivalent acceleration of 25 g is used to evaluate the 1-foot drops.

For each drop case the FEA model is utilized. The linearized stresses are checked at 14 section

locations. These sections used are shown in Figure 2.6.12-18 and Figure 2.6.12-19.

Figure 2.6.12-18 HEUNL Container - Section Locations

Figure 2.6.12-19 HEUNL Container - Section Locations
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Sections P6, P7 and P13 are not shown in the figures but are located at the center of the container

shell halfway between the bottom end cap and the top end cap.

The allowable stress Sm for SA-240, Type 304 at 200 °F is 20 ksi.

Design Pressure Case

As identified in Section 8.1.4.4 the canister is to be hydrostatically tested to 140 + 10/-0 psig.

This condition is treated as a normal condition, which bounds the maximum pressure expected

during normal operational conditions identified in Section 4.5.6. A pressure case of 150 psig was

evaluated. For this case a 300 sector of the 1800 model was used and the liquid region of material

was eliminated.

The maximum membrane stress intensity from the 14 section cuts was 3.24 ksi and the

maximum membrane plus bending stress intensity was 4.83 ksi. For the Normal Conditions of

Transport, the margin of safety is 4.67 for the membrane stress and 5.21 for the membrane plus

bending stress.

1 Foot Side Drop

For the side drop each container rests against the inner shell of the LWT cask. The gap elements

on the outside surface of the guide bars have two nodes. The outermost nodes are constrained in

the radial, tangential and axial direction. This boundary condition represents the inner surface of

the LWT cask as rigid, which is a conservative approach since this produces higher loads on the

container guide rails.

For the side drop case an acceleration of 25 g is applied in the lateral (X) direction.

The maximum membrane stress intensity from the 14 section cuts was 2.58 ksi and the

maximum membrane plus bending stress intensity was 4.77 ksi. For the Normal Conditions of

Transport, the margin of safety is 6.75 for the membrane stress and 5.29 for the membrane plus

bending stress. For additional details refer to item 1 in Section 2.6.12.15.5.

The bearing stress between the guide rail and the inner surface of the LWT cask was also

computed. Assuming that the entire weight of the filled container is supported by one guide rail,

the bearing stress is 0.322 ksi. This gives a margin of safety greater than 10. For additional

details refer to item 1 in Section 2.6.12.15.5.

1 Foot Bottom End Drop

For the bottom end drop case an acceleration of 25 g is applied in the vertical (Z) direction. The

lowest container rests on the spacer ring, which rests on the bottom forging of the LWT cask.

The vertical acceleration accounts for the weight of the lowest container; however, the remaining

3 containers are stacked on the top of the lowest container. To account for the weight of the other
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three containers an equivalent pressure load is applied to the top of the FEA model for the

bottom container.

The maximum membrane stress intensity from the 14 section cuts was 4.44 ksi and the

maximum membrane plus bending stress intensity was 6.52 ksi. Comparing this to the allowable

stress gives a margin of safety of 3.50 for the membrane stress and 3.60 for the membrane plus

bending stress. For additional details refer to item 1 in Section 2.6.12.15.5.

The bearing stress between the lowest container and the top surface of the support spacer was

computed. The bearing stress is 5.82 ksi. This gives a margin of safety against the yield strength

of 3.30. The bearing stress between the bottom of the support ring and the bottom of the LWT

cask was also checked. This bearing stress is 2.0 ksi, which gives a margin of safety of greater

than 10. For additional details refer to item 1 in Section 2.6.12.15.5.

The container wall was also evaluated for potential buckling with a standard closed form

solution. The calculated critical buckling stress calculated was 131 ksi. Compared to the

S calculated compressive stress in the container wall of 5.96 ksi, the margin of safety is greater

than 10. For additional details refer to item 1 in Section 2.6.12.15.5.

The revised support ring FEA model was utilized to evaluate this case. The maximum membrane

stress intensity calculated was 6.70 ksi and the maximum membrane plus bending stress intensity

was 17.54 ksi. Comparing this to the allowable stress gives a margin of safety of 1.99 for the

membrane stress and 0.71 for the membrane plus bending stress. For additional details refer to

item I in Section 2.6.12.15.5.

1 Foot Top End Drop

For the top end drop case an acceleration of 25 g is applied in the vertical (-Z) direction. The

topmost container rests on the closure lid of the LWT cask. The vertical acceleration accounts for

the weight of the lowest container; however, the remaining 3 containers are stacked on the top of

the lowest container. To account for the weight of the other three containers, an equivalent

pressure load is applied to the bottom of the FEA model of the top container.

The maximum membrane stress intensity from the 14 section cuts is 5.01 ksi and the maximum

membrane plus bending stress intensity is 5.96 ksi. Comnparing this to the allowable stress gives a

margin of safety of 2.99 for the membrane stress and 4.03 for the membrane plus bending stress.

For additional details refer to item 1 in Section 2.6.12.15.5.

The bearing stress between the topmost container and the bottom surface of the LWT cask
closure lid was also checked. The bearing stress is 1.76 ksi, which gives a margin of safety

greater than 10. For additional details refer to item 1 in Section 2.6.12.15.5.
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The container wall was evaluated for potential buckling with a standard closed form solution.
The calculated critical buckling stress calculated was 131 ksi. The calculated compressive stress
in the container wall is 5.96 ksi; therefore, the margin of safety is greater than 10. For additional
details refer to item 1 in Section 2.6.12.15.5.

Pressure Case Combined with Drop Cases

The maximum stress intensities for the pressure case are added absolutely to the maximum stress
intensities for the drop cases to get the combined stress intensity. The maximum combined
membrane stress intensity is 7.13 ksi and the maximum combined membrane plus bending stress
intensity is 9.74 ksi. Comparing this to the allowable stress gives a margin of safety of 1.81 for
the membrane stress and 2.08 for the membrane plus bending stress. For additional details refer

to item 1 in Section 2.6.12.15.5.

Liq~uid Sloshin2

Thermal Stresses

Since the heat load for each HEUNL container is less than 5 Watts, there will not be any
significant thermally induced stresses for the Normal Condition of Transport.

Extreme Cold Ambient Conditions (-40 °F)
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2.6.12.1 5.3 Closure Assembly Model

The closure assembly model is evaluated for the conditions of bolt preload, normal pressure
loading and cold conditions. The bolt preload requirement was determined by the maximum load
required to resist the blow-off load for maximum pressure or the maximum load required to

compress the 0-rings to the point of metal-to-metal contact between the closure lid and the top of
the container. The compression load required to compress the seals was larger than that required

to resist the blow-off load. The bolt preload requirement was determined to be 18,000 lbs or

3,000 lbs per bolt.

The bolt preload for the FEA model was achieved by specifying as an initial strain for the beam

elements representing the bolts.

Normal Condition Pressure Case

The stresses are linearized through the closure lid at two locations; 1) the center of the lid and 2)

at the location of the maximum stress which is from the bottom of the counter-bore to the bottom
of the lid. These paths are shown in Figure 2.6.12-20.

Figure 2.6.12-20 Stress Linearization Paths in Closure Lid 0

The normal condition pressure of 100 psi was applied to the lower surface of the closure lid from
the center out to the inner diameter of the inner 0-ring. The maximum stress occurs at the

counter-bore for the cap screws in the lid. The linearized stresses at the two locations were

checked. The maximum membrane stress was 12.2 ksi and the maximum membrane plus

bending stress was 18.46 ksi. Comparing these stresses to the allowable stress gives a margin of

safety of 0.64 for membrane stress and 0.63 for membrane plus bending.
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*The contact pressure on the inner seal is checked to ensure that full contact between the closure

lid and the inner seal is maintained. This validates the assumption that the pressure load only

extends to the inner radius of the inner seal.

The maximum axial bolt load calculated for the 100 psi case was 3,162 lbs. Using the thread

tensile area, the bolt tensile stress calculated was 22.98 ksi. The maximum bolt moment

calculated was 133.6 in-lbs. This produces a bending stress of 18.52 ksi. The combined axial

plus bending stress is 41.5 ksi.

Bolt Stresses

Using an allowable stress of (Sin)BM --- 36.85 ksi for SA 705, Type 630 (17-4 PH) at 150°F gives

a margin of safety of 2.21 for the axial stress and 1.66 for axial plus bending stress.

Thread shear stress

The shear stress for the internal threads in the container is limiting since the bolt is SA 705, Type

630 and the container is SA 240, Type 304. The internal thread shear stress for a bolt load of

3,162 lbs is 3.48 ksi. Using the allowable for shear stress gives a margin of safety of 2.45.

For additional details refer to item 1 in Section 2.6.12.15.5.. Cold Conditions

Since the pressure in the container for cold conditions is 38.2 psig (52.9 psia), it is assumed that

this pressure exists underneath the closure lid also. The 100 psig normal condition pressure load

is applied from the center of the lid out to the inner radius of the inner seal.

The maximum stress occurs at the counter-bore for the cap screws in the lid. The linearized

stresses at the two locations were checked. The maximum membrane plus bending stress was

28.86 ksi. Since this is a displacement controlled load, the allowable stress for membrane plus

bending is 3Sin. For SA 240, Type 304 at -40 0F, Sm is 20 ksi. Therefore the margin of safety is

1.08 based on the linearized membrane plus bending stress.

0
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The contact pressure on the inner seal is checked to ensure that full contact between the closure

lid and the inner seal is maintained. This validates the assumption that the pressure load only

extends to the inner radius of the inner seal.

The maximum axial bolt load calculated for the cold condition case was 5,921 lbs. Using the

thread tensile area, the bolt tensile stress calculated was 43.03 ksi. The maximum bolt moment

calculated was 470.9 in-lbs. This produces a bending stress of 65.27 ksi. The combined axial

plus bending stress is 108.3 ksi.

Bolt Stresses

Using an allowable stress of (Sin)BM = 38.3 ksi for SA 705, Type 630 (17-4 PH) for less than

100OF gives a margin of safety of 0.78 for the axial stress and 0.06 for axial plus bending stress.

Thread shear stress

The shear stress for the internal threads in the container is limiting since the bolt is SA 705, Type

630 and the container is SA 240, Type 304. The internal thread shear stress for the bolt load of

5,921 lbs is 6.52 ksi. Using the allowable for shear stress gives a margin of safety of 0.84.

For additional details refer to item 1 in Section 2.6.12.15.5.

2.6.12.1 5.4 Fill/Drain Port Model

To evaluate the stresses due to cold conditions, two paths are defined along the inner radius of
the port passage. These paths are shown in Figure 2.6.12-21.
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Figure 2.6.12-21 Stress Linearization Paths in Fill/Drain Ports

....... , • - ;:•N

The maximum linearized stresses at these two locations are 16.78 ksi for membrane stress and
20.16 ksi for membrane plus bending stress. Since this is a displacement controlled load, the

allowable stress for membrane plus bending is 3Sin. For" SA 240, Type 304 at -40 °F, Sm is 20

ksi. Therefore the margin of safety for the membrane plus bending stress is 1.98.

For additional details refer to item 1 in Section 2.6.12.15.5.

2.6.12.15.5 HEUNL Structural Calculations

1. 65008500-2010 "Canister Structural Evaluations for HEUNL in the NAC-LWT"

NAC International 261-32.6.12-137



NAC-LWT Cask SAR August 2015
Revision 44

2.6.12.16 SLOWPOKE Fuel Core Basket 0
The SLOWPOKE fuel core basket assembly consists of the basket weidment, lid assembly

weldment and an internal spacer assembly weldment. The basket weldment is 26.05 inches in

length and consists of a circular cylinder which has an outer diameter of 10.75 inches with a

0.5-inch wall thickness. A base plate is welded to the bottom end of the cylinder and an annular
ring with a 13.27-inch outer diameter and 0.75-inch thickness is welded to the top of the

cylinder. A second annular ring with a 13.27-inch outer diameter and 0.5-inch thickness is
welded near the midpoint of the cylinder. The lid assembly weidment is bolted to the top annular

ring with six cone head bolts. The internal spacer assembly weldment fits inside of the basket

and is bolted to the lid assembly with six socket head screws. The spacer assembly is 15.75

inches long and consists of a cylinder with two end plates attached. The outer diameter of the

spacer cylinder is 8.0 inches and has a wall thickness of 0.38 inches. A shield plate, which has an
outer diameter of 9.5 inches and is 1.5 inches thick, is welded to the lower end of the spacer

cylinder and a base plate, with an outer diameter of 9.5 inches and 2.5 inches thick, is welded to
the top end of the spacer cylinder.

The axial stack up of the basket, lid assembly and spacer leaves an axial gap of 9.8 inches

between the end of the spacer assembly and the top of the basket base plate for the SLOWPOKE
fuel core assembly. This space is sufficient to contain the SLOWPOKE fuel core assembly.

Due to the relatively small length of the SLOWPOKE basket as compared to the internal length
of the LWT cask, five empty MTR basket assemblies are used as spacers between the lower end

of the SLOWPOKE basket and the bottom forging of the cask. There are four intermediate MTR

basket assemblies and one MTR base basket assembly between the SLOWPOKE basket and the

bottom of the LWT cask.

The basket assembly, lid assembly and spacer assembly are fabricated from either SA-240/SA-
269, Type 304 stainless steel or SA-269, Type 304 stainless steel. The cone head bolts are
fabricated of SA-240, Type XM-19 stainless steel and the socket head screws are fabricated from

SA-193, Grade B8S stainless steel.

2.6.12.16.1 SLOWPOKE Drop Analysis for the Normal Conditions of Transport

This section includes the evaluation of the SLOWPOKE basket, lid and spacer assemblies for
longitudinal (end) and lateral (side) drop cases. The accelerations for the 1-foot drop cases are:

an acceleration of 20 g for the end drop cases and 25 g for the side drop case.

The structural evaluation of the SLOWPOKE basket utilizes classic hand calculations.

0
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Top End Drop

The acceleration used for the 1-foot top end drop is 20 g. The components which resist the load

in a top end drop are; the lid assembly which is subjected to the weight of the loaded

SLOWPOKE basket plus the 5 MTR spacers. For conservatism a bounding weight of 350

pounds is used for the loaded SLOWPOKE basket weight. The MTR basket assemblies have a

bounding weight of 200 pounds each. The actual weights of these components are less.

A summary of the calculated stresses and margins of safety for the top end drop case are given in

Table 2.6.12-4. Details of the calculations are given in Item 1 of Section 2.6.12.16-2.

Table 2.6.12-4 Stress Summary for Top End Drop Case

Assembly Component Stress Category Calculated Stress Margin of Safety
(ksi)

Basket Base Plate Bearing 1.08 19.0
Shell Compression 1.49 11.9

Lid Collar Compression 9.09 1.12
Collar cover Bearing 0.87 23.8

plate
Spacer Shell Compression 0.22 86.7

Spacer/lid( 1) Bearing 0.034 633
Spacer/lid( 1) Shear 0.16 70.9

Note:
(1) The spacer assembly bears against the base plate of the lid assembly for the top end

drop case.

Bottom End Drop

The top end drop is the limiting case for the SLOWPOKE basket assembly since the basket

components are only subjected to the weight of the loaded basket and will not be subjected to the

weight of the empty MTR basket assemblies used as spacers below the SLOWPOKE basket.

There is an increase in the bottom end drop bolts loads for the bolts attaching the basket lid

spacer to the lid. However the bolt loads for the basket lid spacer are bounded by the side drop

case.

Side Drop

The acceleration used for the 1 foot side drop is 25 g. The components which resist the load in a

side drop are; the basket base plate and annular rings. In addition the spacer assembly is

cantilevered from the lid assembly in the side drop case which produces bending and shear

stresses in the spacer shell. This load case also results in bounding bolt loads for both the socket

head screws and the cone head bolts.
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A summary of the calculated stresses and margins of safety for the side drop case are given in

Table 2.6.12-5. Details of the calculations are given in in Item I of Section 2.6.12.16-2.

Table 2.6.12-5 Stress Summary for Side Drop Case

Assembly Component Stress Category Calculated Margin of
Stress (ksi) Safety

Basket Shell Bending 1.42 19.4
Shear 0.212 20.8

Base plate/rings Bearing 5.25 3.14
Spacer Shell Bending 0.9 31.2

Shear 0.2 56.6
Lid Socket head Tensile 6.11 2.42

screws
Thread shear 0.93 5.74

Lid Cone head bolts Tensile( 2 ) 14.21 1.17
_________ _________Thread shea r( 1) 8.48 2.05

Notes:
(1) Bounding thread shear stress for external/internal shear
(2) For the reduced section of the cone head bolt

2.6.12.16.2 SLOWPOKE Structural Calculation

1. NAG Calculation 50026-2001, "Structural Evaluation of the SLOWPOKE Fuel Core

Basket."

2.6.12.17 Conclusion

Loads generated during normal operations conditions for each basket assembly design result in

total equivalent stresses, which each basket body can adequately sustain. Analyses show that all

basket-bearing stresses during a side drop are much less than the material yield strength.

Column analyses demonstrate that each basket assembly is self-supporting during an end drop.

The minimum Margin of Safety, for all basket designs, is +0.10 as reported in Section 2.6.12.7.4

for the TRIGA basket; +0.003 as shown in Table 2.6.12-2 for the DIDO basket; +0.10 as

reported in Section 2.6.12.9.2 for the GA fuel basket; +0.26 as reported in Section 2.6.12.11.1 for

the ANSTO basket, +7.78 as reported in Section 2.6.12.13 for the SLOWPOKE fuel canister

assembly; and +1.12 as reported in Section 2.6.12.14 for the NRUiNRX basket and 1.12 as

reported in Section 2.6.12.16 for the SLOWPOKE fuel core. The HEUJNL container has a

minimum margin of safety of +0.06 as reported in Section 2.6.12.15.3. Therefore, it can be

concluded that all basket designs have sufficient structural integrity for adequate service during

normal conditions of transport.
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S2.7 Hypothetical Accident Conditions

The 1 0 CFR 71.73 requires the NAC-LWT cask to be structurally adequate for the free drop,

puncture, fire and water immersion hypothetical accident scenario. In the free drop analyses, the

cask impact orientation evaluated is that which inflicts the maximum damage to the cask. The

10 CFR 71.73 also requires the cask accident assessment to be at the most unfavorable ambient

temperature in the range from -20°F to 1 00°F. The NAC-LWT cask is evaluated for structural

integrity for the hypothetical accident conditions in this section.

0
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2.7.1 Free Drop (30 Feet)

The NAC-LWT cask is required by 10 CFR 71.73(c)(1) to demonstrate structural adequacy for a

free drop through a distance of 30 feet onto a flat, unyielding, horizontal surface. The cask

strikes the surface in an orientation that inflicts maximum damage. In determining which

orientation produces the maximum damage, the NAC-LWT cask is evaluated for impact

orientations in which the cask strikes the impact surface on its top end, top end oblique, side,

bottom end, and bottom end oblique. The impact limiters and the impact limiter attachments are

evaluated in Section 2.6.7.4 for all loading conditions.

Impacts with the maximum and minimum weights of contents are considered. The

environmental temperature for the drop is between -20°F and I100°F. Internal heat generation

from the contents and insolation are also considered. Regarding internal pressure, the maximum

or minimum normal operations pressure is applied to produce the critical stress condition in

conjunction with the other loads previously discussed. Closure lid bolt preload and fabrication

stresses are also considered. The analyses for the end and oblique drop accidents are

conservatively based on a cask outer shell thickness of 1.12 inches. The side drop analyses are

based on the cask outer shell thickness of 1.20 inches.

The following method and assumptions are adopted in all of the drop analyses:

1. The finite element method is utilized to do the impact analyses. The analyses are
performed by the ANSYS computer program.

2. The analyses assume linearly elastic behavior of the cask.

3. The impact loads calculated in Section 2.6.7.4 are statically applied to the impact surface
of the cask. The dynamic wave propagation produced by the impact is assumed to spread
throughout the cask body simultaneously.

4. The finite element model of the NAC-LWT cask includes only the major structural
components of the cask body; thus, the weight of the modeled cask body, 37,519 lbs,
does not include the weight of the neutron shield material, the neutron shield shell nor the
contents. However, the applied loads on the cask model are based on a cask design
weight of 52,000 lbs.

5. To account for the lead slump during the drops and the differential thermal expansion
between the cask stainless steel shells and lead shell, gap elements are used in the finite
element model.

6. Although the 10 CFR 71.73 only requires the cask accident drop assessment to be at the
most unfavorable ambient temperature in the range from -20°F to 1 00°F, the
NAC-LWT cask is conservatively evaluated in all cases except the side drop for the
ambient temperature in the range from -40°F to 1 30°F. The side drop evaluation uses an
ambient temperature range of-40°F to 100°F.
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Four accident conditions were identified for a detailed finite element stress presentation:

1. A 30-foot top end drop (drop orientation =4() = Q0 , where 4) is defined as the impact
orientation; that is, the angle between the impact direction and the cask centerline), 130°F
ambient temperature, maximum decay heat load.

2. A 30-foot top corner drop (drop orientation 4) = 15.74°'), 130°F ambient temperature,
maximum decay heat load.

3. A 30-foot top oblique drop (drop orientation = 4I) = 60°), 130°F ambient temperature,
maximum decay heat load.

4. A 30-foot side drop (drop orientation = 4) = 90°), 100°F ambient temperature, maximum
decay heat load.

The top end (4) = 00), top corner (4) = 15.74°), top oblique (4) 600) and side (4) = 90°) drops

envelope all of the drop orientations.

The types of loading involved in the four accident conditions include: (1) thermal, (2) internal

pressure, (3) closure lid bolt preload, and (4) impact and inertial loads resulting from the impact

event. These loadings and the boundary conditions, used in the finite element analyses, are

discussed in Sections 2.7.1.1.2 through 2.7.1.3.2. Appendix 2.10.10 gives a thorough look at the

procedures, analysis and stress results for the 30-foot drop accident conditions. The stress

results, calculated for each individual loading at the 123 nodal points on the cask, are tabulated in

Tables 2.10.10-6 through 2.10.10-15. Both the stress components and the principal stresses are

included.

Note that the fabrication stresses are considered negligible as explained in Section 2.6.11. The

puncture analysis is performed using classical hand calculations, as shown in Section 2.7.2.

2.7.1.1 End Drop

2.7.1.1.1 Discussion

The NAC-LWT cask is evaluated for the hypothetical accident end drop conditions to

demonstrate its structural adequacy in accordance with the requirements of 10 CFR 71.73. The

event scenario is that the NAC-LWT cask, equipped with impact limiters, falls through a

distance of 30 feet onto a flat, unyielding, horizontal surface. The cask strikes the surface in a

vertical position and, consequently, an end impact on the bottom or the top of the cask occurs.

The types of loading involved in an end drop accident include (1) closure lid bolt preload,

(2) internal pressure, (3) thermal, (4) inertial body load, and (5) impact load due to the end drop.

There are six credible end impact conditions to be considered, according to Regulatory

Guide 7.8:

NAC International2712 2.7.1-2



NAC-LWT Cask SAR August 2015
Revision 44

O 1. Bottom end drop with 1 30°F ambient temperature and maximum decay heat load

2. Bottom end drop with -40°F ambient temperature and maximum decay heat load

3. Bottom end drop with -40°F ambient temperature and no decay heat load

4. Top end drop with ]130°F ambient temperature and maximum decay heat load

5. Top end drop with -400 F ambient temperature and maximum decay heat load

6. Top end drop with -400 F ambient temperature and no decay heat load

The finite element analysis method is utilized to perform the end drop stress evaluation for the

NAC-LWT cask.

2.7.1.1.2 Analysis Description

The detailed geometry and finite element model of the NAC-LWT cask are thoroughly described

in Section 2.10.2. The cask is modeled as an axisymmetric structure assembly of ANSYS

STIF42 isoparametric elements.

The dynamic wave propagation produced by the impact is assumed to spread throughout the cask

body simultaneously. In addition, the equivalent static method is adopted to do the impact

evaluations. The analyses assume linearly elastic behavior of the cask and that the fabrication

stresses are negligible.

O Based on the previous assumptions and discussions, the applied loads on the finite element

model are as follows:

1. Closure lid bolt preload

The required total preload of 250,000 lbs, as calculated in Section 2.6.7.6, is converted to

an initial strain of 0.0021361 inch/inch/radians and is applied to the bolt, which is

modeled as a vertical beam element.

2. Internal pressure

The cask internal pressure is temperature dependent and is evaluated in Section 3.4.4.

Pressures of 50 psig and 12 psig are applied on the interior surfaces of the cask cavity for

the hot ambient and cold ambient cases, respectively.

3. Thermal

There are three thermal conditions.

A. The heat transfer analysis performed in Section 3.4.2 determined the cask

temperatures for the hot environment (130°F temperature) with maximum insolation

and maximum decay heat load. See Section 2.10.3.1 for the resulting isothermal

temperature plot.
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B. Similarly, the heat transfer analysis performed in Section 3.4.3 calculated the cask

temperatures for the cold environment (-40°F ambient) with maximum decay heat

load and no insolation. See Section 2.10.3.2 for the resulting isothermal temperature

plot.

C. The third thermal condition evaluates the cask subjected to an ambient temperature of

-40°F with no decay heat load and no insolation.

4. Inertial body load

Applying D'Alembert's principle, the inertial effects created by an impact can be

represented by equivalent static forces. In the analyses, a 76.8 g inertial load is vertically

applied on the mass of the cask modeled. The 76.8 g value is derived from the

multiplication of 60 g (shown in Table 2.6.7-34) and the factor of '48,00where 48,000
37,519

lbs is the cask body design weight and 37,519 lbs is the finite element model weight (The

60-g value is conservatively based on a 3,850-psi maximum crush strength of aluminum

honeycomb, although the design maximum crush strength is only 3,675 psi).

The inertial load resulting from the 4,000-pound contents weight is simulated as an

equivalent static pressure load (1,708 psi) uniformly applied on the interior surface of the

cask impact end.

5. Impact load

The impact load is assumed to be uniformly applied over the impact surface of the cask.

A uniform pressure of 4,852 psi is applied on the model. This pressure is obtained by

dividing the total impact load (60 x 52,000 lb = 3.12 x 106 Ib) by the impact area, 643 in2

which is the bottom (or top end) surface area of the cask (Refer to note in 4).

Boundary conditions that are imposed on the model of the cask to restrain rigid body motion

include: (1) the nodes located on the vertical centerline are restrained from moving radially, and

(2) vertical restraints are imposed on the edge nodes located on the free surface; that is, the

nonimpact end.

2.7.1.1.3 Results and Conclusions

The stresses throughout the finite element model are calculated for the combined load conditions.

Based on the design criteria presented in Section 2.1.2 and Regulatory Guide 7.6, the calculated

stresses are categorized into Pm , Pm + Pb, and total stress categories. The secondary stresses

(thermal) are conservatively included in the primary stress categories and the margin of safety

calculations.
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O As demonstrated in Section 2.10.3.3, procedures have been implemented to determine the critical

Pm, Pm + Pb, and total stresses for each cask component. The calculated stresses are

conservatively based on an outer shell thickness of 1.12 inches, although the design outer shell
thickness is 1 .20 inches. The most critical sections for each component during a particular

loading condition are shown in Figure 2.7.1-1 through Figure 2.7.1-5. The critical Pmo, Pm + Pb,

and total stresses for each component are documented in Table 2.7.1-1 through Table 2.7.1-15.

Additionally, the stresses at representative sections throughout the cask are presented in the

tables in Section 2.10.7. These tables document the maximum stress locations tabulated for each

component. Appendix 2.10.10 presents tabulated detailed stresses for the individual load

conditions for the stress points at each section selected for analysis. Tabulations are also

presented for the various combinations of the individual load cases.

The allowable stresses for the cask components are determined based on 3000F. Note that the

maximum cask temperature is below 300°F for all of the conditions considered and the allowable

stresses are, therefore, conservative.

Comparing the analyses results from loading condition 2, as documented in Table 2.7.1-4
through Table 2.7.1-6 and in Table 2.7.1-10 through Table 2.7.1-12, it is evident that the most

critical Pmo, Pm + Pb, and total stresses are comparable for the bottom and the top end drops.
Furthermore, the margins of safety are very large. It is, therefore, expected that the top end drop

* under loading condition 3will produce results similar to those for the bottom end drop under

loading condition 3. Thus, analyzing the top end drop under loading condition 3 is considered to

be unnecessary and is not performed.

The analyses demonstrate that all margins of safety are positive for all of the end drop accident

conditions.

The documentation of the NAC-LWT cask adequacy in satisfying the buckling criteria for the

stresses of the end drop conditions is presented in Section 2.10.6. The NAC-LWT cask

maintains its containment capability and satisfies the 10 CFR 71 requirements for the end drop

accident condition.

2.7.1.2 Side Drop

2.7.1.2.1 Discussion

This section presents the evaluation of the structural adequacy of the NAC-LWT cask for the

hypothetical accident, 30-foot drop, side impact condition. The event scenario is that the
NAC-LWT cask, with an impact limiter attached over each end, experiences a free drop through
a distance of 30 feet onto a flat, unyielding surface and strikes the surface in the horizontal

S position. The types of loading involved in a side drop accident are similar to those discussed in
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Section 2.7.1.1 for the end drop accident condition. However, for the side drop accident

condition, both the inertial load and the side impact load are nonaxisymmetric and require

special consideration for them to be applied on an axisymmetric model using the ANSYS

harmonic elements.

There are three credible side impact conditions to be evaluated and discussed: (1) side drop with

1 00°F ambient temperature and maximum decay heat load, (2) side drop with -40°F ambient

temperature and maximum decay heat load, and (3) side drop with -40°F ambient temperature

and no decay heat load. Finite element analyses were performed for these side impact

evaluations.

2.7.1.2.2 Analysis Description

The NAC-LWT cask is modeled as an axisymmetric structure utilizing the ANSYS STIF25

elements. The finite element mesh is illustrated in Section 2.10.2.

The analyses utilize linearly elastic structural behavior of the cask and the fabrication stresses are

negligible.

There are five loads applied on the finite element model - closure lid bolt preload, internal

pressure, thermal, inertial body load and impact load. The first three loads are the same as those
described in Section 2.7.1.1. The inertial body load and the side impact load are

nonaxisymmetric and require further discussion.

The 63.5 6-g inertial load is transversely applied on the mass of the cask model. The 63.56 g is

determined from the side impact acceleration 49.7 g (determined in Section 2.6.7.4) multiplied

by the weight factor of 48,000 / 37,519, where 48,000 lbs is the cask body design weight and

37,519 lbs is the cask finite element model weight.

The inertial load produced by the contents is applied as an equivalent static pressure (177.1 psi)

on the interior surface of the cask; to be specific, the pressure is uniformly distributed along the

cavity length with a circumferential variation. The method used to calculate the pressure of the

contents is identical to that for the determination of the impact load pressure.

The impact load applied on the finite element model is nonaxisymmetric and localized.

Consequently, it requires special consideration. The cask body (excluding the neutron shield

shell) is conservatively assumed to resist the entire impact load due to the side drop accident.

This impact load is calculated as 49.7 X 52,000 = 2.58 x 106 pounds, where the factor 49.7 g was

previously explained. The impact load is applied to the finite element model as a distributed

pressure over the impact surface of the cask. The distribution of impact pressure is assumed to

be uniform, in the longitudinal direction, but sinusoidally varied in the circumferential direction.

A cosine-shaped pressure distribution is selected, which is peaked at the center and spread over a •
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90-degree arc in the circumferential direction as shown in Figure 2.7.1-6. The region of the

applied pressure (a 900 arc) is defined based on the "crush" geometry of an impact limiter

designed to limit the impact force for a 30-foot drop. The assumption of a "peaked" pressure

distribution is a conservative, classical, stress analysis procedure. Variations in the shape and/or

magnitude of the applied pressure distribution are expected to produce a localized stress

variation in the pressure-applied region. Since the cask body is massive in this region, the

variation in stress level is negligible.

Based on the previous discussion, a cosine-shaped pressure distribution, p(O), in the

circumferential direction (Figure 2.7.1-6) is selected as:

{ p cos 20, for -450 < 0 _< 450°

cr)= 0 , for 3150 > 9 > 450°

(1)

where p represents the peaked value at the 0-degree orientation and is determined from the

following equation,

P= [s•r p(0) cos0 r dO]

=0.5 (2.58 x 106) = .9x16lb

(2)

where:

outs=.6-i~de: ;tadius .of out.e~r Shlel .- , 14.230.75- in

;-: iiita~rf.ce-a Ieng~ths be~tween tehe ceask .and. the ,impact. 1imiter~s,,

1-l-.!8!8: '•ind~ies •are act•ually :enga~ged ,with both -the• bottom, and, the

th~p :imiact- l~imit-ers-. In. the ca'l.culation, i1, 25 in~he~s is con-

.ser.rat~ivelIy used. for ... ..... the hottom enagageme~nt and. 11.'00 inchbes• ' is

c ensex-y~ative'.y USed '.for .the. top.

P = side drop impact force at each end of the cask

Thus, the impact pressures, p, applied on the finite element model are 8,498 psi near the bottom

end and 8,691 psi near the top end. These pressures are uniformly distributed element pressures

along the longitudinal direction.

In order to use an axisymmetric finite element model to analyze a nonaxisyminetric loading, it is

necessary to use the ANSYS harmonic element and harmonic function capability. This is
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achieved by defining the pressure distribution, as shown in equation (1), in terms of a Fourier

series of harmonic functions, as:

p() A lO0+Aco ~ 2cs20 + A3 cos3O + A cos40 + A cos50 (3)

Note that, since the impact load is centered at the 0-degree orientation, all loading terms are of

the form cos i0. Each term of the series represents an individual axisymmetric load mode and is

defined by the load coefficient (Al), the number of harmonic waves in the mode shape, and the

symmetry condition (cos iO). The analytical results for the defined nonaxisymmetric loading are

the summation of the results of each of the individual axisymmetric load term analyses. The

load coefficients, Ai, are determined by the ANSYS PREP6 routine, and equation (3) becomes

p(0) = p [0.1590 + 0.2999 cos0 + 0.2498 cos2O (4)

+ 0.1799 cos3O + 0.1059 cos49 + 0.0427 cos5O]

Equations (1) and (4) are illustrated in Figure 2.7.1-7. The figures indicate that the Fourier series

function contains six terms. The combination of these six terms adequately represents the

desired impact pressure distribution. Consequently, six loading mode analyses are required to

evaluate the effect on the cask body resulting solely from the impact load during the side impact
event.

In summary, the finite element analysis of the side drop condition considers the combined loads

resulting from internal pressure, bolt preload, thermal, inertia and impact. Nine loading mode

analyses are developed such that their combination evaluates the effects previously mentioned.

Table 2.7.1-16 summarizes the load analyses and their descriptions.

To combine the stress results produced by the nine loading mode analyses; the following steps

are performed:

I. Utilize the Fourier series coefficients, as reported in equation (4), to multiply the results
obtained from load mode analyses 4 through 9. This provides the stresses that result from
the impact load.

2. Combine the results obtained from Step 1 and load mode analyses 1 and 3. This provides
the stresses caused by the combined effects of internal pressure, bolt preload, inertial, and
impact. The resulting stresses are used to calculate the Pm stress intensities and the
Pm~ + Pb stress intensities.

3. Combine the results from Step 1 and load mode analyses 2 and 3. This provides the
results to be used to calculate the total stress intensities.

The boundary conditions imposed upon the model of the cask to restrain rigid body motions are

defined as follows:
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~1. The top node located on the vertical centerline is restrained from moving radially.

2. The bottom node located on the vertical centerline is fixed completely.

3. A displacement constrained condition is imposed on the interface surface at the bolt
location between the lid and the upper ring. This constrained condition is only imposed
for the analysis of the impact load case and the inertial body load case.

2.7.1.2.3 Results and Conclusions

To balance the demands of analytical accuracy and computational efficiency, it is conservatively

assumed that the sliding coefficient is zero between the lead/steel interface in the finite element

analysis. This significantly minimizes the total number of iterations required for the analysis to

converge; yet, it provides conservative analysis results because the horizontal shear resistance at

the lead/steel interface is ignored, making the cask structure more flexible under bending. The

stresses calculated by the finite element analysis are compared with the hand-calculated stress

results. The finite element method indicates that the maximum bending stress, 1,373 psi, occurs

at the midpoint of the cask outer shell due to a 1 g inertial load. The hand calculation considers

the cask structure as a hollow, circular cross section beam, simply supported at each end, which

gives 1,353 psi at the midpoint of the cask outer shell for a 1 g inertial load. The finite element

and hand-calculated results agree extremely well. The hand-calculated results are presented inS Table 2.10.11-2.

Since the material properties of the cask structure are temperature-dependent, varying

environmental temperatures will produce changes in the calculated stresses in the cask for the

thermal load cases; but they will not change the calculated stresses in the cask produced by the

other types of loads. This is verified by comparing the finite element results for the NAC-LWT

cask subjected to a gravity load for different temperature conditions. Also, the stress levels

produced by the following different thermal conditions were evaluated: (1) 100°F ambient

temperature with maximum decay heat load, (2) -40°F ambient temperature with maximum

decay heat load, and (3) -40°F ambient temperature with no decay heat load. The combination

effect of the thermal loads with other load types (e.g., inertial body load) has also been studied.

It is determined that the side drop event with 1 00°F ambient temperature represents the worst

case for the 30-foot side drop accident condition. Therefore, only the stress results produced by

a 30-foot side drop with l00°F ambient temperature are reported.

Stress components and stress intensities are calculated throughout the finite element model for

the combined loads due to internal pressure, bolt preload, thermal, inertial, and impact.

The critical sections for each cask component are shown in Figure 2.7.1-8. Table 2.7.1-17

through Table 2.7.1-19 report the Pm stress intensities, the Pm + Pb stress intensities, and the total

stress intensities for each cask component, which are obtained from the finite element side drop

0
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analysis. The total P1m and Pm~ + Pb stresses at representative sections throughout the cask are

presented in the tables in Appendix 2.10.7. These tables document the maximum stress locations

tabulated for each component. Appendix 2.10.10 presents tabulated detailed stresses for the

individual load conditions for the stress points at each section selected for analysis. Tabulations

are also presented for the various combinations of the individual load cases.

As mentioned previously, the finite element cask model conservatively ignores the effect of the

neutron shield shell on the overall bending of the cask structure.

The margins of safety in Table 2.7.1-17 and Table 2.7.1-18 are positive for all cask components.

The documentation of the NAC-LWT cask adequacy in meeting the buckling criteria for the

stresses of the side drop is presented in Section 2.10.6.

It has been demonstrated that all margins of safety are positive for the 30-foot side drop

conditions. The NAC-LWT cask maintains its containment capability and satisfies the

10 CFR 71 requirements for the 30-foot side drop accident condition.

2.7.1.3 Oblique Drops

2.7.1.3.1 Discussion

This section presents the structural evaluation of the NAC-LWT cask for the hypothetical

accident 30-foot oblique drops. In this event, the NAC-LWT cask, equipped with an impact 0
limiter over each end, falls through a distance of 30 feet onto a flat, unyielding surface.

According to NRC Regulatory Guide 7.8, "The center of gravity is usually considered to be

directly above the impact area; however, evaluations of other oblique drop orientations are

requested 'when appropriate'." An impact at an orientation angle of 15.74 degrees is defined as

a comner impact, i.e., the center of gravity of the cask is vertically above the impacting edge of

the cask. The NAC-LWT cask is evaluated for four oblique drop orientations (15.74, 30, 45, and

60 degrees) under varying ambient conditions. The types of loading involved in an oblique drop

accident are similar to those described in Sections 2.7.1.1 and 2.7.1.2; the inertial loading and the

impact loading are nonaxisymmetric and must be applied to the axisymmetric finite element

model using the ANSYS harmonic elements. This method is similar to that used for the side

drop analyses.

Four credible oblique impact orientations (15.74, 30, 45, and 60 degrees) are considered. For

each oblique impact orientation, four combinations of ambient temperature, decay heat load, and

cask end loading are evaluated:

1. Top end oblique drop, 1 30°F ambient temperature, maximum decay heat load.

2. Top end oblique drop, -40°F ambient temperature, maximum decay heat load.
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3. Top end oblique drop, -40°F ambient temperature, no decay heat load.

4. Bottom end oblique drop, 130°F ambient temperature, maximum decay heat load.

The finite element analysis method is used for the oblique impact evaluations.

The hypothetical accident oblique drop initial impacts are followed by a secondary impact or

"slapdown" of the cask on the end opposite the initially impacted end. The secondary impact is

addressed in Section 2.10.4; the energy dissipation requirements for slapdown are shown to be

well within the energy absorption capabilities of the NAC-LWT cask impact limiters. Thus,

slapdown is not a limiting case for the cask and is not considered any further.

2.7.1.3.2 Analysis Description

Similar to the side impact analysis, the ANSYS ST1F25 element is utilized to model the

NAC-LWT cask. The finite element model is illustrated in Section 2.10.2.

The oblique drop analyses assume that the cask exhibits linear elastic behavior and that the

fabrication stresses are negligible. There are five loads applied on the finite element model -

closure lid bolt preload, internal pressure, thermal, inertial body load and impact load. The first

three loads are the same as those described in Section 2.7.1.1. The inertial body load and the

oblique impact load are nonaxisymmetric and require further discussion.

The inertial body load is the same as that discussed in Section 2.7.1.2, with an additional

consideration in the oblique impact analysis. Both lateral and longitudinal inertial loads are

applied on the cask. Unique g loads are applied on the mass of the cask model. Table 2.7.1-20

summarizes the applied g loads and their components (lateral and axial) for the different drop

orientations. Refer to Section 2.6.7.4 for the detailed calculations of the g loads for the different

oblique drop orientations. The g loads are conservatively based on a 3,850-psi maximum crush

strength of aluminum honeycomb, although the design maximum crush strength is only 3,675

psi.

The cavity contents force components are applied to the inside of the cask body finite element

model. The lateral component of the inertial load produced by the contents is applied to the cask

model similarly to the side impact analysis, i.e., uniformly along the cavity length with a cosine-

shaped distribution over a 20 arc (the same sector of the cask on which the lateral impact load is

applied) in the circumferential direction. The axial component of the inertial load due to the

contents is applied on the end of the cavity of the cask mode] with the same cosine-shaped

distribution over a 20 arc as that described previously, and with a uniform distribution in the

radial direction from the inside diameter of the cask cavity to its axial centerline. Table 2.7.1-21

summarizes the applied contents pressures used in the analyses.
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The impact load condition is applied to the cask model similarly to the inertial body load. The

lateral component of the impact load is applied to the side of the cask model at the impacting

end, uniformly over the 11.25-inch long impact limiter region with a cosine-shaped distribution

in the circumferential direction along a 20 arc. The axial component of the impact load is

applied to the impacting end of the cask model with a cosine-shaped distribution in the

circumferential direction along an arc of 20 (the same sector of the cask on which the lateral

impact load component is applied) and with a uniform distribution in the radial direction from

the outside diameter of the end of the cask to its axial centerline. Table 2.7.1-21 summarizes the

pressures produced by the impact loads, which are calculated using the same method as

presented in Section 2.7.1.2.

These load distributions of the impact force components and the cavity contents force

components on the cask model are selected as being realistic, yet conservative, representations of

the actual loadings on the cask for an oblique impact. Variations from actual load distributions

are expected to be negligible. In addition, at locations on the cask away from the loading region,

the stress results are not affected by the shape of the load distributions.

As shown in the side drop analysis (Section 2.7.1.2), six loading mode analyses are adequate to

evaluate the effect on the cask body of the impact load during the oblique impact event. The

modal coefficients for the oblique impact are determined by the ANSYS PREP6 routine and

reported in Table 2.7.1-22.

In summary, the finite element analyses of the oblique drop conditions consider the combined

loads due to internal pressure, bolt preload, thermal, inertia, and impact. Sixteen loading

analyses are developed such that the various combinations of the defined load conditions are all

considered. The sixteen loading combinations are summarized in Table 2.7.1-23.

To combine the analysis results produced by the sixteen loading mode analyses, the following

steps are performed:

1. Utilize the Fourier series coefficients, as reported in Table 2.7.1-22, to multiply the
results obtained from load analyses 5 through 16. This provides the stress results due to
the oblique impact load.

2. Combine the results obtained from step 1 and load mode analyses 1,3, and 4. This
provides the stresses due to the effects of internal pressure, bolt preload, inertia, and
impact. The resulting stresses are used to calculate the PIm stress intensities and the
Pm + Pb stress intensities.

3. Combine the results from step 1 and load mode analyses 2, 3, and 4. This gives the
results which are used to calculate the total stress intensities.

The boundary conditions that are imposed upon the model of the cask to restrain rigid body

motions are defined as follows:
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~1. On the vertical centerline of the cask, the node on the end opposite the impact isS completely fixed.

2. On the vertical centerline of the cask, the node on the end near the impact is restrained
from moving radially.

3. On the outside radius of the model, the node on the end opposite the impact is fixed in the
radial direction to prevent rigid body rotation, but it is free to move axially.

4. A displacement constrained condition is imposed on the interface surface at the bolt
location between the lid and the upper ring. This constrained condition is only imposed
for the analyses of the impact load case and the inertial body load case.

2.7.1.3.3 Results and Conclusions

Similar to the discussion presented in Section 2.7.1.2.3, the friction coefficient at the interface

between the lead and the stainless steel shells is conservatively assumed to be zero. The stress

results produced by the following three oblique impact conditions are reported:

1. Top end oblique drop, 1 30°F ambient temperature, maximum decay heat load.

2. Top end oblique drop, -400 F ambient temperature, no decay heat load.

3. Bottom end oblique drop, 130 0 F ambient temperature, maximum decay heat load.

These three oblique drop conditions represent the bounding cases for all of the 30-foot oblique
~drop accident conditions. Four oblique orientations of the cask (15.74, 30, 45, and 60 degrees)

0 are analyzed for each of the ambient temperature/heat load bounding conditions.

The stresses throughout the cask body are calculated for the combined load conditions. Based on

the design criteria presented in Section 2.1 .2 and Regulatory Guide 7.6, the calculated stresses

are categorized into Pro, Pm + Pb, and total stress categories.

As demonstrated in Section 2.10.3.3, procedures have been implemented to detelrmine the critical Pro,

Pm + Pb, and total stresses for each cask component. The most critical sections for each component

during a particular loading condition are shown in Figure 2.7.1-10 through Figure 2.7.1-21. The

critical Pmo, Pm + Pb, and total stresses for each component are documented in Table 2.7.1-24

through Table 2.7.1-59, with the following additional considerations: (1) the boundary effect on

the finite element analysis results; and (2) the boundary effect on stress results. The calculated

stresses are conservatively based on an outer shell thickness of 1.12 inches, although the design

outer shell thickness is 1.20 inches. Additionally, the stresses at representative sections

throughout the cask are presented in the tables in Section 2.10.7. These tables document the

maximum stress locations tabulated for each component. Appendix 2.10.10 presents tabulated

detailed stresses for the individual load conditions for the stress points at each section selected

for analysis. Tabulations are also presented for the various combinations of the individual load

cases.

0
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Boundary Effect on Finite Element Analyses Results

As discussed previously, the oblique drop condition induces an eccentric (angular) momentum,

which causes a rigid body rotation of the cask and a slapdown onto the unyielding surface. To

eliminate this rigid body rotation in the oblique drop evaluation, certain displacement restraints

are imposed on the finite element model. These restraints cause localized peak stresses in the

immediate vicinity of boundary conditions. This boundary effect attenuates very rapidly at

locations slightly away from the boundary region. Component 7 (bottom closure plate) exhibits

this boundary effect; refer to Pm and Pm + Pb stress intensities reported in Table 2.7.1-51, Table

2.7.1-52, Table 2.7.1-54, Table 2.7.1-55, Table 2.7.1-57 and Table 2.7.1-58. The case reported

in Table 2.7.1-58 is selected to illustrate the attenuation of the boundary effect, because the

stresses produced by the 60 degree oblique drop condition are most critical. Figure 2.7.1-22

shows the plot of the sectional stresses versus radial location with respect to the axial centerline

of the cask. It is obvious that the structural behavior of the bottom cover plate is disturbed in the

region from node 1 to node 3, because the calculated Pm + Pb stress intensity is less than the Pm

stress intensity. Consequently, these stresses are considered to be unrealistic and are

disregarded.

This decision is justified by observing the stress plots shown in Figure 2.7.1-23 and Figure

2.7.1-24. In Figure 2.7.1-23, three curves are shown for the cask bottom (refer to Figure 2.7.1-25

for the location) for the 30-foot bottom oblique drop condition:

1. Curve 1 represents the Pm stress intensities versus the radial location, which are produced
by the total loading, i.e., the combined result from load analyses 1 and 3 through 16. (See
Table 2.7.1-23 for load analyses identification.)

2. Curve 2 is similar to curve 1, but is produced by a partial loading, i.e., the combined
result from load analyses 3, 4, 5, 6, 11, and 12 only.

3. Curve 3 is identical to curve 2, except that the boundary restraint is moved to node 3; it
was at node 1 for curves I and 2.

The close agreement between curves 1 and 2 indicates that the partial loading case is adequate to

simulate the structural behavior of the cask produced by the total loading case. Comparing the

stress values represented by curves 2 and 3, the curves clearly indicate that the stresses are

greatly reduced in the vicinity of the boundary by changing the location of the displacement

restraint from node 1 to node 3. This documents the statement that the stresses in the vicinity of

the boundary restraint are unrealistic and are disregarded. Similarly, the plot of Pm + Pb stress

intensity (Figure 2.7.1-24) indicates the stress reduction, which results from shifting the location

of the boundary restraint. Consequently, the stress results (excluding the boundary effect region;

i.e., from section cut d through the rest of component 7; Figure 2.7.1-25) obtained from the finite

element analyses are evaluated and reported. This criterion is applicable to all of the other drop

orientation cases.
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Figure 2.7.1-26 and Figure 2.7.1-27 show the same boundary effect on the stress results for the

30-degree and 45-degree impact orientations (in the vicinity of the boundary in the bottom

closure plate of the cask) as is indicated in Figure 2.7.1-25. Thus, the criterion developed for the

60 degree orientation is applicable.

The following tables report the stress results excluding the boundary effect: Table 2.7.1-5 1,

Table 2.7.1-52, Table 2.7.1-54, Table 2.7.1-55, Table 2.7.1-57 and Table 2.7.1-58.

Boundary Effect on Stress Results

The stresses reported in Table 2.7.1-49 indicate that the maximum Pm + Pb stress intensity of

component 1 is 69.74 ksi. Again, this is as a result of the boundary effect at this section cut

(node 2561). This value of 69.74 ksi is unrealistically high. The next highest Pm + Pb stress

intensity for component 1 is 6.79 ksi, located at the section next to the section containing the

boundary restraint. (Note that the stress value is one order of magnitude lower).

The method described in Section 2.7.1.3.2 to determine the stresses in the vicinity of the free end

of the NAC-LWT cask for the oblique drops is conservative. Inertia loads on the cask, which are

responsible for dynamic equilibrium during an oblique drop impact, consist of translational

deceleration, the angular deceleration and the centrifugal deceleration. The crushing force

generated by the limiter and the translational decelerations are determined from RBCUBED

(Section 2.10.1.2) for the particular drop of interest. Results from RBCUBED are used to

determine the input into ANSYS for the deceleration of the cask body and the pressure load for

the contents. The remaining inertia forces representing the angular deceleration and the

centrifugal deceleration are established by the imposed displacement boundary conditions at

node 1 (at the center line of the model at the bottom end) and node 2561 (at the center line at the

top end). While the actual physical loading is distributed over the body, the analysis procedures

cause the boundary restraint to behave as a point load. This produces a concentration of the load

in the free end of the cask and results in unrealistically large stresses in this region.

The stresses in the end region can also be determined by using the analysis results from the end

drop and the side drop. In each case the effect of the geometrical discontinuities are present

since the physical boundaries coincide. The manner in which the forces are developed in an

oblique drop can be expressed as a combination of the end drop and side drop. The end drop

represents the loads generated by the axial translational deceleration. The load path of the axial

load in the end drop is the same as for the oblique drop. In the side drop, the loads generated by

the cask body and contents must be reacted by the impact limiter crush forces. In the oblique

drop, however, the lateral angular deceleration balances the translational deceleration. This

represents some conservatism since the limiter load is concentrated in the end region (for the side

drop), while the angular deceleration is not (for the oblique drop).
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The actual superposition of the side drop results and end drop results is accomplished by

applying a separate factor to the component stresses for each load case prior to thle algebraic

combination.

The factor for the end drop results is the ratio of the axial translational decelerations which is the

only nonhomogeneous boundary condition applied to the model. This factor is expressed as:
Aao

KI Aae (1)

where:

Aao =axial deceleration component for the oblique drop

Aae = axial deceleration for the end drop

The factor for the side drop results is the ratio of the lateral translational decelerations, which

again is the only nonhomogeneous boundary condition applied to the model. This factor is:

Al o
K2-= Als (2)

where:

Alo = lateral deceleration component for the oblique drop

Als = lateral deceleration for the side drop

Since superposition requires the stress components to be added, the stress intensity (maximum

principal stress difference) must be recomputed once the component stresses have been

determined for the combined case. Thus for each "superimposed" stress component,

Sij = K1(S'ij) + K2(S'ij) (3)

where:

S'ij the stress component for the end drop (i = x, y, z, xy)

S"ij the stress component for the side drop (i --x, y, z, xy)

The stresses are to be evaluated for the end region and for portions of the cask shell itself. The

factors for the different angles are specified below.

Angle of
Drop(degrees) K1 K2

15.74 (corner) 0.970 0.330

30 0.785 j0.547
45 0.517 j0.624
60 0.370 0.775
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These factors are applied to the Pm+± Pb stresses, the Sn stresses, and stress ranges on a stress

component level. This implies that the factors are applied to thermal stresses in the stress

summaries. Since KI + K2 is greater than unity for any angle, this method will provide some

conservatism. All principal stresses and stress intensities are based on the revised stress

components. For the critical stress summaries, the maximum stress components listed for the

side drop (for the affected cask components only) are combined with the maximum stress

components listed for the end drop. This ensures that the maximum stress for the oblique drops

is truly the maximum for the component listed in the critical stress summary.

A measure of how far the combined stress methodology should extend axially along the cask

shell is given by a fraction of the shell wave length. The formula used is:

C'= 2.4 (rt)°~5  (4)

where:

r = mean radius

t =thickness

The value of r for the NAC-LWT cask is taken to be 14.5 inches. The outer shell comprises

approximately 80 percent of the effective cross-sectional bending rigidity (See Section 2.10.11

for this computation). For computational purposes the thickness for the outer shell, which is 1.2

inches, is used. The estimated distance along the shell is determined to be 10 inches. This

corresponds to a position between section cut "J" and section cut "L" of the cask shell in Figure

2.10.7-1 for the top end drop. For the bottom drop, this places the boundary of the re-evaluated

stresses near section cut "T" for the top. It should be noted that the section cuts identifiers start

with A at the center line of the bottom end and progresses to Z at the center line at the top end.

The node numbers begin with "1", at the center line of the cask at the bottom and monotonically

increase to 2561 at the center line at the top center line. This nodal numbering pattern allows the

region of affected stresses to be identified by a node number. The location of the stresses to be

revised by the superposition method for the top end drops and the bottom end drops are

identified on the following page.

Impact End Section Cuts1  Node Numbers 2

Top A through J 1 through 698

Bottom S through Z 1481 through 2561

SThe section cuts are identified in Figure 2.10.7-1 and their coordinates are listed in
Table 2.10.7-1.

2 The node numbers versus nodal coordinates are specified in Table 2.10.2-1.
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Conclusion

The documentation of the NAC-LWT cask adequacy in meeting the buckling criteria for the

stresses of the oblique drop is presented in Section 2.10.6.

It has been demonstrated that all margins of safety are positive for the 30-foot oblique drop

conditions. The NAC-LWT cask maintains its containment capability and satisfies 10 CFR 71

requirements for the 30-foot oblique drop accident condition.

2.7.1.4 Shielding for Lead Slump Accident

Following the 30-foot free drop, the lead region may experience slumping resulting in a

reduction in the shielding capabilities of the cask. The shielding evaluation of the lead slump

accident was performed in a series of steps. Initially, QAD-CG was used to model the cask

without any lead to see if this simple model would give a reasonable dose rate. It was

determined that a more detailed analysis was required. This included calculating the lead gap

that was formed because of contraction following the lead pour. The HEATING5 computer

program (Turner) is used to calculate the temperatures throughout the cask assuming no gap. The

resulting maximum temperature of the lead was 245°F. The gap was calculated based on this

temperature. This gap value is then used to find the amount that the lead slumps at either the top

or the bottom, depending on the cask drop orientation. The calculation is performed as follows:

VI lr[(ro- s)2 r- h

V2 = lr[r2 r2]h2

Setting Vi = V2 and solving for h2:

[ rs2 2
h [(- s) - ri]h1

h2 2 2

o 1

[(13.19 - .0417)2 - (7.45)2](175.0)

(13.19)2- (7.45)2

= 173.37 in

therefore:

Ah = h, - h2 = 175.0 - 173.37 = 1.63 inches
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where:

Vi volume of the lead after contraction (in3)

V2 = volume of the lead following the pour (in3)

ro=outside radius of lead region (in)

ri =inside radius of lead region (in)

h = height of lead region (in)

s = gap (in) (Section 3.2)

The lead slump calculated using this method (1.63 inches) is much larger than the lead slump

determined in the finite element analysis (Section 2.10.5), which makes the resulting dose rates

conservative. At this point, another model is created using QAD-CC to determine the final dose

rates 1 meter from the surface of the cask through this "window" in the lead shielding (Details of

the models are found in Figures 5.3.3-3 through 5.3.3-5). This process is followed for both the

top and bottom end-fittings of a PWR assembly and the bottom end-fitting of a BWR assembly.

The BWR bottom end-fitting is analyzed since it is larger and has a higher Co 60 source than the

PWR bottom end-fitting. The analysis is not performed for the BWR top end-fitting because it is

smaller and, therefore, has a lower source strength than the PWR top end-fitting.

The resulting dose rates are less than the 49 CFR 73 limits, and can be found in Table 5.1.1-6.

The analysis shows that the loss of lead shielding resulting from a lead slump accident will not

result in a substantial loss in shielding effectiveness and that the dose rates from this accident are

small when compared to the loss of neutron shield accident evaluated in Section 2.7.2.5.

2.7.1.5 Bolts - Closure Lid (Hypothetical Accident - Free Drop)

Section 2.6.7.6 provides a general description of the analysis approaches employed to

demonstrate structural integrity of the NAC-LWT cask closure system for both normal

conditions of transport and hypothetical accident conditions.

A complete range of impact orientations is evaluated, from an end impact at 0 degrees to a flat

side impact at 90 degrees, and at 5-degree increments in between. Loads are derived from the

hypothetical accident impact accelerations summarized within Table 2.6.7-34 and Table

2.7.1-20. Where necessary, impact accelerations have been interpolated at 5-degree increments

from those values given in Table 2.6.7-34.

The details of this analytic evaluation are described and performed within Section 2.10.9 for both

normal conditions of transport and hypothetical accident conditions. Hypothetical accident

condition results are summarized in Table 2.7.1-60 and Table 2.7.1-6 1, corresponding to a "hot"
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initial condition and a "cold" initial condition, respectively. The hot initial condition bolt

temperature is taken at 2270F, as summarized in Table 3.4-2. The cold initial condition bolt

temperature is assumed to be -20°F, per regulatory requirements. Physical properties for the SA-

453, Grade 660 bolts are conservatively taken at 3000F and room temperature (70°F) for hot and

cold conditions, respectively. As defined within Table 2.1.2-1, allowable bolt stress is taken as

Sy, leading to an allowable direct tension stress of 81.9 ksi and 85.0 ksi, at 300°F and 70°F

respectively. Based on this thorough evaluation, the closure bolts incur a maximum stress

intensity of 64,511 psi, which result in a minimum margin of safety of 27 percent. See Table

2.7.1-60 (at 50):

MS = 81.9/64.511 -1

= ± 0.27

Bolt engagement may be evaluated by computing shear stresses within the SA-336, Type 304,

and forging material. At 300°F, the allowable shear stress is 0.5 Su, or 33 ksi, according to

Tables 2.1.2-1 and 2.3.1-1. The maximum tensile load is found as the product of the maximum

bolt stress intensity, noted above, and the bolt stress area, or (64,511 psi) (0.605 1) = 39,036 lbs.
The shear area per inch of engagement for a 1 - 8 UNG internal thread is 2.325 in2/in ("Table

Speeds Calculation of Strength of Threads"). The resultant shear stress and margin of safety

within the top body forging is:

q:=P/A = (39,036) / [(2.325)(1 .875)]

- 8,954 psi

MS = 33.0/8.954 -1

= +2.69

Using consistently conservative assumptions, the NAC-LWT cask lid bolted closure is shown to

satisfy the performance and structural integrity requirements of 10 CFR 71.73(c)(1) for

hypothetical accident conditions.

2.7.1.6 Crush

The dynamic crush test required by 10 CFR 71.73 (c) (2) does not apply to the NAC-LWT cask.

The mass of the NAC-LWT exceeds 500 kg and the overall package density is greater than 1,000

kg/in 3.
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2.7.1.7 Rod Shipment Can Assembly Analysis

2.7.1.7.1 Discussion

The NAC-LWT rod shipment can assembly is analyzed for structural adequacy in accordance

with the requirements of 10 CFR 73 for a 30-foot drop (hypothetical accident condition). The

structural evaluation is performed by classical elastic analysis methods. The components

evaluated include the can weldment, internal spacer, 4x4 and 5x5 inserts, and the PWR insert.

The analysis follows the same methodology as that used for the normal conditions analysis

contained in Section 2.6.7.10.

2.7.1.7.2 Analysis Description

Geometry

The geometry of the can assembly is shown in Drawing 3 15-40-098. Note that the tube

component of the can assembly is fabricated from a 6-in. x 6-in. x 0.5-in.-thick tube that is

machined to the final dimensions of 5.5-in. x 5.5-in. x 0.25-in.-thick. The can assembly is

positioned within the basket during transport of the cask. If the cask is equipped with a PWR

basket, the PWR insert is required to provide correct positioning within the basket. The can

assembly is constructed of Type 304 stainless steel with the exception of the PWR insert, which

is constructed of 6061 Aluminum.

Loadings

The magnitude of the impact force varies according to the drop height and drop orientation. As

calculated in Section 2.6.7.4, the g-loads for the 30-foot end and side drops are 60 and 49.7 g,

respectively.

Detailed Analysis

Can Weldment

The can body is contained within the basket assembly and is not subjected to bending stresses in

the side-drop case.

For the end drop, the can weldment is loaded by its own weight. Thle can contents bear against

the bottom or top of the can assembly, depending on drop orientation.

LWT Can Weldment Compressive Stress

Under hypothetical accident conditions, the tube is evaluated for a 60 g acceleration for the end

drop. The compressive load (P) on the tube is the combined weight of the lid and tube body

times the 60 g factor.
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The compressive load (P) is:

P = 310 x 60 =18,600 lbs

The compressive stress (Sc) in the tube body is:

P 18,600
A 4.98 ~ 7 5 s

The margin of safety (MS) is then:

MS _07S_1 0.7(63,100) 1-1= 0.

So 3,735

LWT Can Weidment Bolt Stresses

During the top end drop, the can assembly impacts on the lid handle. The insert and fuel rods

strike the lid and the internal spacer strikes the flange. The resulting lid and flange deformations

could result in prying forces on the lid bolts. To compute the force in the lid bolts due to a

30-foot top end drop, a 3-D finite element model of the lid, lid handle, flange, and can tube is

constructed. The lid, lid handle, flange, and can tube are modeled using solid elements

(SOLID45). The bolts are included in the model using beam elements (BEAM4) originating at

the top of the lid and terminating at the top of the flange. The interface between the lid and

flange uses contact element (COMBIN40) to model the interaction at this joint. The model

represents 1/4 of the can assembly cross section. A uniform pressure load is applied to the inner

lid surface to represent the weight of the fuel rods (350 lbs) and insert (75 lbs) multiplied by the

60g-accident acceleration loading. Nodal forces applied to the edge of the flange represent the

weight of the internal spacer (240 lbs) multiplied by the 60g-accident acceleration. A plot of the

model along with the applied loads follows.

NAG International 27122.7.1-22



NAC-LWT Cask SAR
Revision 44

August 2015

-Lid

Since the entire can is not modeled, the weight of the can (310 ibs) multiplied by the 60g-
accident acceleration is applied using a uniform pressure applied to the "cut surface" on the can

shell. Because internal pressure opposes the impact force, thus reducing the bolt tensile load, its

effect is not included in the analysis. Symmetry boundary conditions are applied at x -- 0 and y=

0 positions on the model. The axial load is reacted at the top of the handle by restraining the Uz

degree of freedom at this surface.

An initial strain is applied to the bolt beam elements to simulate the bolt preload. The bolt

tension due to the bolt preload is calculated from the following relation. Each lid bolt is initially

installed with a torque of 35 ± 5 in.-lb. The tensile force (PB) in the bolt due to the maximum

installation torque (T =40 in.-lbs) is:

P=(1+d•'- 2csT- -•(~b• 6351lbs (Machinery's Handbook, equation 22)

where:

l= 0.0556 in, thread lead =1/n

d2 = 0.2732 in, pitch diameter

S
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d = 0.3 125 in, nominal bolt diameter

b = 0.5 in, nominal diameter of bolt head contact surface

ct. = 300, 1/2 thread angle

] = lai2 = 0.15, friction coefficient

From the finite element analysis, the maximum bolt tensile load (F), including preload and

impact load, is 904 lbs. The maximum bolt stress is:

S =F / A =904/((it/4) (0.25)2)= 18.42 ksi

Where F is the resulting bolt tensile force and A is the bolt cross-sectional area. The allowable

bolt stress for pressure containing structures is Sy.

At 575°F, the yield stress for 316 stainless steel SA-479 is 19.1 ksi and the ultimate stress is 71.8

ksi. Therefore, the allowable stress isl 9.1 ksi. The resulting margin of safety is:

MsSy - 19.11+03

S 18.42

Therefore, the lid bolts maintain structural integrity during the end drop.

During the end impact, puncture of the can ends is possible by the fuel rods, an insert tube, or the

lid handle. Since the lid is half the thickness of the can bottom plate, only puncture of the lid

will be considered. Conservatively considering that the fuel rod weight and insert weight impacts

the lid, the resulting shear stress is calculated as:

S-F _ (350+±75)x60=236s

a •t(0.6875)(0.5)

where F is the weight of the fuel (350 lbs) and insert (75 lbs) and A is the shear area of the insert

tube. The allowable for a pure shear loading during accident drop conditions is 0.5 Su or 0.5

(63.7 ksi) = 31.85 ksi at 575°F for the 304 SS lid. The resulting margin of safety is:

MS0.55 131.851=0.35

S 23.6

Considering puncture due to the lid handle,

F- F_ (350+75+310) x60 =ll1.76ksi

A 2(1.25x 2±+2 x0.625)(0.5)

where F is the weight of the fuel (350 lbs), insert (75 Ibs), and can (310 lbs) and A is the shear

area of handle at the lid intersection. The resulting margin of safety is:
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M=0.5S, 1  31.85 11

S 11.76

Can Internal Pressure

Can weldment internal pressure is considered insignificant in the end-drop and side-drop cases

because it will tend to reduce the compressive loads on the can tube sides.

The effect of internal pressure is evaluated for the bending stress that the pressure imposes on the

can weidment sides. Conservatively, a one-inch-wide section of the tube wall, equal in length to

the outside dimension of the tube (L = 5.5 in) is analyzed as a simply supported beam with a

uniform load.

The maximum moment (M) is determined by the following relation:

M- L2 (40-4"7(552 -=474 i.l

8 8

where w is the maximum differential pressure across the can wall due to the fire accident

temperature (assumes that the cask internal pressure is atmospheric).

The bending stress (ci) in the tube wall is:

Mc -(474 in.-lbX0.125 in)

I 0.0013in.4  4.~s

The margin of safety (MS) is:

M =3.6Sm--- 56.16 ksi 1= 0 .2 3

cy 45.58 ksi

Can Lid Bolt Analysis

The tensile force (Fr) on each lid bolt due to internal pressure is:

F PA- (140-14"7)(3"752) 220.3 lbs

n 8

where:

P = the pressure differential across the can wall (100% rod failure with fire
temperature and assuming atmospheric pressure in the cask)

A = 3.75 inches x 3.75 inches, the area of the can lid exposed to pressure

n = 8, number of bolts
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The total tensile force on each lid bolt is Fp + the initial preload force, Fi 635 lbs

The lid bolt tensile stress (a) is:

F± 855.3
-=- 17.46 ksi

A• 0.049

where:

At =0.049 in2, the bolt tensile stress area 4h(0. 2 52)

The margin of safety (MS) for the hypothetical accident condition is:

Ms=SyI_ 1911=+0.09
a 17.46

Can Tube Buckling

The critical buckling load was calculated (see Section 2.6.7.10) as 698 x 103 pounds. Since the

actual compressive load of 310 x 60 = 18,600 lbs is much less than the critical buckling load, the

tube has adequate resistance to buckling.

Internal Spacer

The internal spacer is contained within the can assembly and is not subjected to bending in the

side drop condition.

The compressive stress in the internal spacer rails during the side drop is determined as follows:

Sb=_ Wg _ 665 x 49.7_ - 267.2 psi

A - 123.7

where:

W = total load = 350 (fuel) + 240 (internal spacer) + 75 (4x4 insert) = 665 lbs

g = 49.7 (hypothetical accident condition side drop)

A = 123.7 in2 cross-sectional area of spacer rails, 4 x 0.188 × (165.25 -2 x 0.38)

The resulting margin of safety is Large.

Internal Spacer Compressive Stress

For the end drop, the internal spacer shell is loaded by its own weight. The insert rail stiffness is

conservatively neglected in the strength.
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Under hypothetical accident conditions, the spacer is evaluated for a 60 g acceleration. The

compressive load (P) on the shell is due to the weight of the internal spacer. The entire weight of

the internal spacer times the 60 g factor is used to calculate the compressive load.

The compressive load (P) is:

P =240 x 60 =14,400 lbs

The compressive stress (Se) in the spacer body is:

P 14,400
Sc 1.69 8,521 psi

A 16

The margin of safety (MS) is then:

MS- 0.75 1- 0.7(63,100) -1=+4.18

S• 8,521

Internal Spacer Buckling

The critical buckling load was calculated (see Section 2.6.7.10) as 190 x 103 pounds. Since the

actual compressive load (240 x 60 = 14,400 lbs) is much less than the critical buckling load, the

tube has adequate resistance to buckling.

4x4 and 5x5 Inserts

The 4x4 and 5x5 inserts are contained within the internal spacer. The 4x4 inserts are supported

by straps on 1 0-inch spacing. These straps provide a clearance of 0.31 inches and will allow

bending of the tubes to occur. The 5x5 insert tubes are evaluated for a diametrically opposed

load due to the weight of the adjacent tubes during the side drop.

The 4x4 insert lower tube will be evaluated as a fixed-fixed beam over a 10-inch span. The

weight of the 3 tubes above (as well as lower tube self-weight) will be considered in the analysis.

The stiffness of the tubes above the lower tube will conservatively be neglected. The combined

weight (P) of the fuel pins and insert tubes are considered as a uniformly distributed load over

the 10-inch span. In addition, the weights are scaled by the 60 g deceleration factor.

The maximum bending stress (fb) is determined as follows:

f-Wig _5.8(10.0)49.7=_ 26,111psi

1b~2 Z 12x0.0092

where:

W =load on 10-inch section = (14 + 9.5) x 4 x 10/1 63.0 =5.8 lbs

S= 10 inch (span of tube)

NAG International 27122.7.1-27



NAC-LWT Cask SAR August 2015
Revision 44

g =49.7 (accident condition side drop)

Z = ir/32 (0.68754 - 0.63 154) / 0.6875 = 0.0092 in3 (section modulus of the tube)

The margin of safety (MS) is:

MS- 1.0OSu -1-1.0(48,160)_1=+0.84

€max 26,111

The bending moment due to the diametrically opposed line load on the 5x5 insert is calculated by

the following:

Mb WRg _70/163.0x0.344x49.7

M- - = 2.34 lb- in
7E 7t

where:

W =total load = 14 x 4 (fuel) + 70/5 (tube) = 70 lbs

g =49.7 (hypothetical accident condition side drop)

R =0.6875/2 = 0.344 in (radius of insert tube)

The resulting bending stress is:

fb 6 Mb _6x2.34

= _ -- •-17,908 psi
t2 0.0282

The margin of safety (MS) is:

MS- -. u1- 1.0(48,160) 1-+.6

amnax 17,908

4x4 and 5x5 Insert Tube Compressive Stress

Under hypothetical accident conditions, the tube is evaluated for a 60 g acceleration. The

compressive load (P) on the shell is due to the weight of the tube. The entire weight of the tube

is calculated as:

The compressive load (P) is:

P =2.72 x60 =163.2 lbs

The compressive stress (Se) in the tube body is:

P _163.2

S0.05 2,814 psi
A 0.5
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* where:

A = it/4 (0.68752 - 0.63152) = 0.058 in2

The margin of safety (MS) is then:

S-0.7, 1- 0.7(48,160) 1-1.

Sc 2,814

PWR Insert

The PWR insert contains the can assembly for insertion into the PWR basket. The PWR insert

comprises a square box section with smooth sides. Therefore, no bending stresses will be

introduced in the side drop condition.

PWR Insert Body Compressive Stress

Under accident conditions, the tube is evaluated for a 60 g acceleration. The compressive load

(P) on the body is due to the weight of the PWR insert. The entire weight of the PWR insert

times the 60 g factor will conservatively be used to calculate the compressive load.

The compressive load (P) is:

P = 650 x 60 = 39,000 lbs

O The compressive stress (Sc) in the tube body is:

P 39,000
A 39.2 9 5 s

where:

A =(8.52 - 5.752) =39.2 in2

The margin of safety (MS) is then:

MS- 0"7S- 1 - 0.7(25,800) -1 -=+17.2

Sc 995

PWR Insert Tube Buckling

The critical buckling load was calculated (see Section 2.6.7.10) as 3.86 x 106 pounds. Since the

maximum compressive load (650 x 60 = 39,000 lbs) is much less than the critical buckling load

(3.86 x 106 Ib), the PWR insert has adequate resistance to buckling.
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Figure 2.7.1-1 30-Foot Bottom End Drop with 130°F Ambient Temperature and
Maximum Decay Heat Load
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Figure 2.7.1-2 30-Foot Bottom End Drop with -40 0 F Ambient Temperature and
Maximum Decay Heat Load
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Figure 2.7.1-3 30-Foot Bottom End Drop with -400 F Ambient Temperature and No
Decay Heat Load
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Figure 2.7.1-4 30-Foot Top End Drop with 130°F Ambient Temperature and Maximum
Decay Heat Load
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Figure 2.7.1-5 30-Foot Top End Drop with -40°F~ Ambient Temperature and Maximum

Decay Heat Load
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Figure 2.7.1-6 Circumferential Load Distribution for Cask Side Drop Impact
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Figure 2.7.1-7 Six Term Fourier Series Representation of Circumferential Load
Distribution for Cask Side Drop Impact
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Figure 2.7.1-8 NAC-LWT Cask Critical Sections (30-Foot Side Drop with 100°F
Ambient Temperature)
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Figure 2.7.1-9 Circumferential Load Distribution for Cask Oblique Drop Impact
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Figure 2.7.1-10 30-Foot Top Corner Drop with 1300 F Ambient Temperature - Drop
Orientation -- 15.74 Degrees
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Figure 2.7.1-11 30-Foot Top Oblique Drop with 130°F Ambient Temperature - Drop
Orientation -- 30 Degrees

0
NAC International 27142.7.1-40



NAC-LWT Cask SAR
Revision 44

August 2015

Figure 2.7.1-12 30-Foot Top Oblique Drop with 130°F Ambient Temperature - Drop
Orientation = 45 Degrees
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Figure 2.7.1-13 30-Foot Oblique Drop with 130°F Ambient Temperature - Drop
Orientation = 60 Degrees
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Figure 2.7.1-14 30-Foot Top Corner Drop with -40WF Ambient Temperature - Drop
Orientation = 15.74 Degrees
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Figure 2.7.1-15 30-Foot Top Oblique Drop with -40°F Ambient Temperature - Drop

Orientation = 30 Degrees
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Figure 2.7.1-16 30-Foot Top Oblique Drop with -40°F Ambient Temperature - Drop
Orientation = 45 Degrees
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Figure 2.7.1-17 30-Foot Top Oblique Drop with -40°F Ambient Temperature - Drop
Orientation = 60 Degrees
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Figure 2.7.1-18 30-Foot Bottom Oblique Drop with 130°F Ambient Temperature - Drop
Orientation =15.74 Degrees
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Figure 2.7.1-19 30-Foot Bottom Oblique Drop with 130°F Ambient Temperature - Drop
Orientation -- 30 Degrees
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Figure 2.7.1-20 30-Foot Bottom Oblique Drop with 130°F Ambient Temperature - Drop
Orientation -- 45 Degrees
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Figure 2.7.1-21 30-Foot Bottom Oblique Drop with 130°F Ambient Temperature - Drop
Orientation = 60 Degrees
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Figure 2.7.1-22 Sectional Stress Plot - 30-Foot Bottom Oblique Drop with 130°F Ambient
Temperature - Drop Orientation --60 Degrees
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Note: Refer to Figure 2.7.1-25 for identification of the section cut.
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Figure 2.7.1-23 Sectional Stress Plot (Pm) - 30-Foot Bottom Oblique Drop with 130°F
Ambient Temperature - Drop Orientation =60 Degrees
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Note: Refer to Figure 2.7.1-25 for identification of the section cut.
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Figure 2.7.1-24 Sectional Stress Plot (Pm + Pb) -- 30-Foot Bottom Oblique Drop with

130°F Ambient Temperature - Drop Orientation = 60 Degrees
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Figure 2.7.1-25 Bottom Closure Plate - Section Cut Identification S
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Figure 2.7.1-26 Sectional Stress Plot - 30-Foot Bottom Oblique Drop with 1300 F Ambient
Temperature - Drop Orientation -- 45 Degrees
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Note: Refer to Figure 2.7.1]-25 for identification of the section cut.
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Figure 2.7.1-27 Sectional Stress Plot - 30-Foot Bottom Oblique Drop with 1300 F Ambient
Temperature - Drop Orientation = 30 Degrees
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Note: Refer to Figure 2.7.1-25 for identification of the section cut.
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Table 2.7.1-1 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 1 - Pm

Loading Condition 1: 1 300F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses** (ksi) Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sxy Si S2 S3 S.I. Stress 0.7 Su of Safety
2-2 ____

1 2375 to 2575 -0.17 -0,23 0.62 0.40 0.62 0.2 -0.6 1.22 46.2 Large
4-4_____

3 1581 to 1584 -0.1 -4.54 -0.16 -0.14 -0.1 -0,16 -4.55 4.45 46.2 +9.38
7-7__________ _

4 701 to 704 -0.03 -8.44 0.51 -0.02 0.51 -0.03 -8.44 8.94 66.0 +6.38
6-6

6 1515 to 1518 0.00 1.98 -0.16 -0.04 1.98 0.00 -0.16 2.14 66.0 Large
_________ 11-11
7 192 to 342 -6.50 1.18 1.28 1.69 1.54 1.28 -6.85 8.39 46.2 +4.51

10-10 _ _ _ _ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______

8 361 to 365 0.77 -5.40 3.89 -0.99 3.89 0,92 -5.55 9.44 46.2 +3.89

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1 .12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-2 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 1 - Pm + Pb

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses** (ksi) Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sx, Si S2 $3 S.l. Stress 1.0 Su of Safety
1-1

1 2371 to 2571 -3.91 -0.35 0.11 0.00 0.11 -0.35 -3.91 4.01 66 Large
3-3

3 1835 to 1838 -0.1 4.66 2.25 0.29 4,68 2.25 -0.1 4.76 66 Large
________ 8-8 _________

4 621 to 624 0.15 -10.37 -1.16 0.28 0.16 -1.16 -10.38 10.54 94.3 +8.94
5-5_____

6 1595 to 1598 -0.01 3.03 0.57 0.00 3.03 0.57 -0.01 3.04 94.3 Large
_______ 12-12 _ _ _ _ _ _ _

7 150 to 193 9.25 -5.21 2.76 0.63 9.27 2.76 -5.24 14.51 66 +3.54
9-9_____ _________ _

8

*

**

I381 to 385 I-0.21 I-13.14 2.03 I-1.07 2.03 I-0.12 I-13.23 I15.26 66 I+3.33
Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter
(Section 2.7.1.1).
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Table 2.7.1-3 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 1 - Total Range

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 S3-Si
1 2376 0.80 -4.48 -0.22 -0.31 0.82 -0.22 -4.50 1.04 4.28 -5.32
3 1805 -0.19 -5.27 -2.19 -0.78 -0.07 -2.19 -5.39 2.12 3.20 -5,32
4 604 -0.69 -12.07 -1.65 0.61 -0.66 -1.65 -12.10 0.99 10.45 -11.44
6 1595 -0.02 2.93 0.48 0.00 2.93 0.48 -0.02 2.45 0.50 -2.95
7 192 12.54 -7.35 3.46 -3.90 13.28 3.46 -8.09 9.82 11.55 -21.37

8 361 -0.03 -16.44 0.82 -1.4 0.82 0.09 -16.56 0.73 16.65 -17.38

*

**

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-4 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 2 - Pm

Loading Condition 2: -400 F Ambient Temperature and Maximum Decay Heat Load

_____ _________Pm Stresses** (ksi) PrincipalStresses _____

Comp. Section Cut Allow. Margin
No.* Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Stress 0.7 S. of Safety

2-2 ____

1 2478 to 2578 0.03 -0.11 1.28 0.02 1.28 0.03 -0.11 1.39 46.2 Large
4-4__________

3 1581 to 1584 -0.15 -7.90 -0.93 -0.26 -0.14 -0.93 -7.91 7.77 46.2 Large
6-6_____

4 701 to 704 -0.02 -12.08 0.20 -0.03 0.20 -0.02 -12.08 12.28 66.0 +4.37
8-8

6 615 to 618 0,00 -2.85 0.80 0.00 0.80 0.00 -2.85 3.65 66.0 Large
11-11 _____

7 100 to 143 -3.18 -4.19 2.15 2.18 2.15 -1.45 -5.93 8.07 46.2 Large
7-7_____ _____ __________ __ _ _ _ _____ ______ _

8 601 to 604 -0.23 -11 .12 -1.21 0.46 -0.21 -1.21 -11.13 10.93 46.2 Large

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-5 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 2 - Pm + Pb

Loading Condition 2: -400 F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses** (ksi) _____ PrincipalStresses _____

Comp. Section Cut Allow. Margin
No.* Node to Node Sx Sy Sz Sxy Sl S2 S3  S.I. Stress 1.0 Su of Safety

1-1 ______ ______ ______

1 2371 to 2571 -4.10 -0.43 0.14 0.00 0.14 -0.43 -4.10 4.24 66 Large
3-3

3 1701 to 1705 0.04 -8.08 -1.59 -0.34 0.05 -1.59 -8.10 8.15 66 +7.10
5-5_____

4 621 to 624 0.18 -13.91 -1.67 0.32 0.19 -1.67 -13.91 14.10 94.3 +5.68
________8-8

6 615 to 618 0.03 -4.12 0,63 0.00 0,63 0.03 -4.12 4.75 94.3 Large
_______ 10-10 _ _ _ _ _ _ _

7 193 to 200 3.76 -9.04 1.83 -0.76 3.81 1.83 -9.09 12.89 66 +4.12
________ 9-9 _____ _____ _____ _____ _ _ _ _

8

*

**

I185 to 335 I-12.66 I-0.38 I-0.11 I1.93 I-0.09 I-0.11 I-12.96 12.87 I 66 +4,13

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-6 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 2 - Total Range

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2S$3 S3-$i
1 2376 0.67 -4.03 0,05 -0.35 0.7 0,05 -4.06 0.65 4.11 -4.75
3 1805 -0.32 -9.36 -3.82 -1.34 -0.12 -3.82 -9.56 3.70 5.74 -9.44
4 604 -0.90 -15.99 -2.51 0.80 -0.86 -2,51 -16.03 1.65 13.52 -15.17
6 618 0.03 -4.2 0.57 0.00 0.57 0.03 -4.20 0.54 4.23 -4.77
7 143 -5.58 -14,56 -1.04 0.55 -1.04 -5.55 -14.59 4.51 9.05 -13.55

8 361 0.01 -14.97 -0.81 -1.62 0.18 -0.81 -15.14 0.99 14.33 -15.33

*

**

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi crush strength aluminum

(Section 2.7.1.1).
honeycomb impact limiter
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Table 2.7.1-7 Critical Stress Summary (30-Foot Bottom End Drop) -. Loading Condition 3 - Pm

Loading Condition 3: -400F Ambient Temperature and No Decay Heat Load

Pm Stresses** (ksi) Principal Stresses
Camp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sxy Si S2  S3 S.I. Stress 0.7 Su of Safety
1-1

1 2375 to 2575 -0,21 0.00 -0.03 0.18 0.1 -0.03 -0.31 0.41 46.2 Large
2-2 ____

3 1581 to 1584 -0.22 -3.78 -5.48 -0.28 -0.19 -3.80 -5.48 5.29 46.2 +7.73
________ 3-3
4 621 to 624 0.04 -7.76 -1.05 0,24 0.04 -1.05 -7.77 7.81 66.0 +7,45

5-5
6 615 to 618 0.00 -6.85 -0.13 0.00 0.00 -0.13 -6.85 6.85 66.0 Large

8-8 ______

7 18 to 118 -10.02 -0.60 -2.86 2.62 0.08 -2.86 -10.70 10.78 46.2 +3.29
________ 4-4 ___________________________________________

8 601 to 604 -0.16 -7.07 -0.78 0.34 -0.14 -0.78 -7.09 6.95 46.2 +5.65

*

**

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush
(Section 2.7.1.1I).

strength aluminum honeycomb impact limiter
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Table 2.7.1-8 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 3 - Pm + Pb

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm + Pb Stresses** (ksi) Principal Stresses
Camp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Stress 1.0 Su of Safety
1-1 ______

1 2375 to 2575 -1.99 0.00 -0.03 0.18 0.01 -0.03 -2.01 2.02 66 Large
2-2

3 1581 to 1584 0.01 -3.30 -5,65 -0.28 0.03 -3.33 -5.65 5.68 66 Large
________ 3-3_____
4 621 to 624 0.12 -8.99 -1.30 0.24 0.13 -1.30 -9.00 9.13 94.3 +9.32

5-5_____
6 615 to 618 0.00 -7.06 -0.19 0.00 0.00 -0.19 -7.06 7.06 94.3 Large
________ 8-8 _____ _________________ _____

7 18 to 118 -20.14 -0.6 -2.86 2.62 -0.25 -2.86 -20.49 20.23 66 +2.26
________ 6-6 _____ _____ _____ ____________

8

*

**

185 to 335 -8.83 1.55 I1.16 2,22 I.2.0 I1.16 -9.29 I11.29 I 66 I+4.85
Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-9 Critical Stress Summary (30-Foot Bottom End Drop) - Loading Condition 3 - Total Range

Loading Condition 3: -400F Ambient Temperature and No Decay Heat Load

Total Stress Range** (ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx S Sz Sxy Si S2 S3 Si-S2 S2-S3 S3-$i
1 2376 0.96 -3.75 -0.64 -0.11 0.96 -0.64 -3.75 1.60 3.11 -4.71
3 2176 3.74 -17.36 -1.84 -2.41 4.01 -1.84 -17.63 5.85 15.79 -21.64
4 604 -0.58 -10.47 -1.81 0.56 -0.55 -1.81 -10.50 1.26 8.69 -9.95
6 615 0,00 -7.05 -0.19 0.00 0.00 -0.19 -7.05 0.19 6.86 -7.05
7 143 0.08 -23.96 -3.03 -2.73 0.39 -3.03 -24.27 3.42 21,24 -24.65

8 361 -0.02 -10.55 0.26 -1.38 0.26 0.16 -10.73 0.10 10.89 -10.99

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-10 Critical Stress Summary (30-Foot Top End Drop) - Loading Condition 1 - Pm

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses** (ksi) Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx Sl S2  S3 S.I. Stress 0.7 S. of Safety
2-2

1 2377 to 2577 -7.46 -0.06 0.09 0.15 0.09 -0.05 -7,46 7.55 46.2 +5.12
4-4

3 1581 to 1584 -0.20 -7.58 -0.57 -0.33 -0.18 -0.57 -7,60 7.42 46.2 +5.29
5-5_____

4 1481 to 1484 -0.03 -8.19 0.52 0.02 0.52 -0.03 -8.19 8.71 46.2 +6.57
12-12 ____

6 695 to 698 0.00 2.39 -0.10 0.04 2.40 0.00 -0.10 2.50 46.2 Large
10-10 ____

7 17 to 117 -1.04 1.54 2.36 -2.84 3.37 2.36 -2.87 6.23 46,2 +6.42
________ 7-7__ _ _ _ _____ __________ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

8

*

**

I401 to 405 -0.03 I-2.63 1.89 -0.39 I1.89 0.03 I-2.69 I4.58
Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1 .12-inch thick outer shell and on a 3,850-psi crush strength aluminum
(Section 2.7.1.1).

46.2 +9.09

honeycomb impact limiter
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Table 2.7.1-11 Critical Stress Summary (30-Foot Top End Drop) - Loading Condition 1 - Pm + Pb

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses** (ksi) PrincipalStresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx S ____Sz Sxi$ S2 S3 S.l. Stress 1.0 Su of Safety
1-1

1 2371 to 2571 -12.69 -0.13 -0.22 -1.01 -0.05 -0.22 -12.77 12.72 66.0 +4.19
3-3

3 1941 to 1956 0.84 -10.28 -3.31 0.03 0.84 -3.31 -10.28 11.12 66.0 +4.94
11-11 _______

4 1561 to 1564 0.12 -9.50 -0.89 -0,22 0.13 -0.89 -9.51 9.64 94.3 +8.78
6-6 ____ ____ _

6 615 to 618 -0.02 3.50 0.78 0.00 3.50 0.78 -0,02 3.52 94.3 Large
9-9 _______________

7 143 to 150 -7.68 6.60 1.37 1.33 6.72 1.37 -7.80 14.52 66.0 +3.55
________ 8-8 _ _ _ _ _ _____ _____ _____ _____ ______ _ _ _ _

8

*4

381 to 385 -0.15 I-6.77 I0.67 I-0.49 I0.67 I-0.12
Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi crush

(Section 2.7.1.1).

-6.81 7.47 66.0 +7.84

strength aluminum honeycomb impact limiter
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Table 2.7.1-12 Critical Stress Summary (30-Foot Top End Drop) - Loading Condition 1 - Total Range

Loading Condition 1: 130°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2  S3 Si-S2 S2S$3 S3-$1

1 2371 2.76 -10.30 0.04 3.56 3.67 0.04 -11.21 3.63 11.25 -14.88
3 1962 -1.54 -12,69 -5.46 -1.00 -1.45 -5.46 -13.05 4.01 7.59 -11.60
4 1584 -0.62 -10.96 -1.54 -0.54 -0.59 -1.54 -10.99 0.95 9.45 -10.40
6 615 -0.01 3.43 0.72 -0.01 3.43 0.72 -0.01 2.71 0.73 -3.44
7 143 -7.68 6.79 1.34 2.96 7.37 1.34 -8.26 6.03 9.60 -15.63

8 361 -0.07 -8.76 -0.09 -0.78 0.00 -0.09 -8.83 0.09 8.74 -8.83

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb

(Section 2.7.1.1).
impact limiter
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Table 2.7.1-13 Critical Stress Summary (30-Foot Top End Drop) - Loading Condition 2 - Pm

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses** (ksi) Principal Stresses _____

Comp. Section Cut Allow. Margin
No.* Node to Node Sx Sy Sz Sx Si S2 S3 S.I. Stress 0.7 Su of Safety

2-2
1 2377 to 2577 -7.42 -0.08 0.30 0,18 0.30 -0.08 -7.42 7.72 46.2 +4.98

4-4
3 1581 to 1584 -0.24 -10.89 -1.33 -0.44 -0.22 -1.33 -10.91 10.69 46.2 +3.32
________ 6-6___________
4 1481 to 1484 -0,02 -11.17 0.24 0.04 0.24 -0.02 -11.77 12,01 66.0 +4.59
________ 5-5__________
6 1595 to 1598 0.01 -2.37 1.0 0.02 1.0 0.01 -2.37 3.37 66.0 Large
_______ 10-10 __ _ ____

7 375 to 378 -1.35 1.92 2.97 -0.61 2.97 2.03 -1.45 4.42 46.2 +9.45
________ 8-8 ____ ____ ____ ____ ____ _____

8

*

**

601 to 604 -0.13 I-7.55 -0.80 0.27 -0.12 -0.80 -7.56 I7.44 46.2 +5.21

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter
(Section 2.7.1.l).
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Table 2.7.1-14 Critical Stress Summary (30-Foot Top End Drop) - Loading Condition 2 -Pm + Pb

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

_____Pm + Pb Stresses** (ksi) _____ Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx S Sz x Si S2  S3 S.I. Stress 1.0 S,, of Safety
1-1 _________________

1 2371 to 2571 -12188 -0.21 -0.19 -1.02 -0.13 -0.19 -12.96 12.84 66.0 +4.14
4-4_____ _________ _

3 1581 to 1584 -0.52 -12.05 -1.44 -0.45 -0.51 -1.44 -12.07 11.56 66.0 +4.71
3-3

4 1561 to 1564 0.17 -13.22 -1.52 -0.30 0.17 -1.52 -13.23 13.40 94.3 +6.03
________5-5

6 1595 to 1598 0.04 -3.78 0.86 0,02 0.86 0.04 -3.78 4.64 94.3 Large
9-9 __________ _______ _____

7 395 to 398 -0.18 7.35 4.97 -0.78 7.42 4.97 -0.26 7.69 66.0 +7.58
8-8 ____ ____ ____ ____ ____ ____ ____ ____ _____ _

8

*

**

601 to 604 -0.18 -7.94 -0.67 0.27 -0.18 -0.67

Refer to Figure 2. 10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi crush

(Section 2.7.1.1]).

-7.95 7.78 66.0 +7.48

strength aluminum honeycomb impact limiter
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Table 2.7.1-15 Critical Stress Summary (30-Foot Top End Drop) - Loading Condition 2 - Total Range

Loading Condition 2: -40°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range**_(ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx SL Sz Sxy Si S2  S3 Si-S2 S2-S3 $3-$i
1 2371 2,56 -10.43 0.01 3.61 3.50 0.01 -11.37 3.49 11.38 -14.87
3 1962 -1.54 -12.88 -5.92 -1.05 -1.44 -5.92 -12.98 4.48 7.06 -11.54
4 1584 -0.85 -15.19 -2.48 -0.76 -0.81 -2.48 -15.23 1.67 12.75 -14.42
6 1598 0.02 -3.94 0.76 0.02 0.76 0.02 -3.94 0.74 3.96 -4.70
7 378 -0.19 7.42 4.95 -0.07 7.42 4.95 -0.19 2.47 5.14 -7.61

8 361 -0.02 -7.21 -1.7 -1.0 0.16 -1.70 -7.38 1.86 5.68 -7.54

*

**

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi crush strength aluminum honeycomb impact limiter

(Section 2.7.1.1).
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Table 2.7.1-16 Side Drop Load Analysis Description

Load Analysis No. Description ANSYS Mode No.**
1 Bolt Preload + Internal Pressure 0

2 Thermal + Bolt Preload + Internal Pressure 0

3 Inertial Body Load (excluding content load) 1

4 Impact Load + Content Load* 0

5 Impact Load + Content Load* 1

6 Impact Load + Content Load* 2

7 Impact Load + Content Load* 3

8 impact Load + Content Load* 4

9 Impact Load + Content Load* 5

* The same circumferential distribution arc is applied to both the impact load and content load.

** ANSYS Mode No. "0" indicates loading type is axisymmetric, while other positive numbers
indicate loading types are nonaxisymmetric.
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Table 2.7.1-17 Critical Stress Summary (30-Foot Side Drop) - Loading Condition 1 - Pm

Loading Condition 1 : 1 000F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi) Principal Stresses _____

Comp. Section Cut Allow. Margin
No.* Node to Node Sx S Sz SxiS S2  S3 S.I. Stress 0.7 Su of Safety

____________ 1-1 ______

1 2361 to 2370 -6.94 -0.61 0.13 -0.53 0.13 -0.57 -6.99 7.12 46.2 +5.49
2-2 ____ ___ _

3 1969 to 1976 -20.74 3.86 -9.26 -3.37 4.32 -9.26 -21.20 25.51 46.2 +0.81
3-3

4 1141 to 1144 -0.22 31.55 0.52 0.00 31.55 0.52 -0.22 31.77 66.0 +1.08
________4-4

6 11l5 to 1118 -0.10 65,09 2.67 0.00 65.09 2.67 -0.10 65.19 66.0 +0.01
________ 5-5________________
7 395 to 398 -4.44 8.30 -11.27 1,59 8.49 -4.64 -11.27 19.76 46.2 +1.34
________ 6-6 _____ _ _ _ _ _ _____ _____ _____ ______ _ _ _ _

8 192 to 342 -11.19 -0.72 I-6.26 I0.3
Refer to Figure 2.10.2-9 for component identification.

•6 -0.71 -6.26 -11.20 10.50 46.2 +3.40

*
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Table 2.7.1-18 Critical Stress Summary (30-Foot Side Drop) - Loading Condition 1 - Pm + Pb

Loading Condition 1: 1 00°F Ambient Temperature and Maximum Decay Heat Load

Pm +I Pb Stresses (ksi) Principal Stresses ______

Comp. Section Cut Allow. Margin
No.* Node to Node Sx SyS Sx, Si $2 $3 S.!. Stress 1.0 Su of Safety

7-7
1 2301 to 2561 -1.60 0,12 1.68 8.10 7.40 1.68 -8.88 16.29 66.0 +3.05

8-8____ _

3 2150 to 2156 -8.99 -0.17 -41.23 0.03 -0.17 -8.99 -41.23 41.06 66.0 +0.61
________ 3-3_____
4 1141 to 1144 -0.15 33.56 1.75 0.00 33.56 1.75 -0.15 33.71 94.3 +1.80
________ 4-4
6 1115 to 1118 0.02 68.25 3.06 0.00 68,25 3.06 0.02 68.23 94.3 +0.38
________5-5

7 395 to 398 -2.27 32.90 -1.83 1.59 32.97 -1.83 -2,34 35.31 66.0 +0,87
________ 9-9_____ _____

8 I177 to 327 I-16.88 ;-3.68 I0.56 I-3.C
Refer to Figure 2.1l0.2-9 for component identification.

i1 0.56 -3.03 -17.54 18.10 66.0 +2.65

*
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Table 2.7.1-19 Critical Stress Summary (30-Foot Side Drop) - Loading Condition 1 - Total Range

Loading Condition 1 : 1 00°F Ambient Temperature and Maximum Decay Heat Load

_____Total Stress Range** (ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 S3-Si
1 2561 0,13 0.04 2.72 31.16 31,25 2.72 -31.07 28.53 33.79 -62.32
3 1815 3.52 50.86 7.38 15.09 55.33 7.38 -0.94 47.95 8.32 -56.27
4 1144 -0.15 35.89 1.96 0.00 35.89 1.96 -0.15 33.93 2.11 -56.27
6 1118 0.02 77.67 3.29 0.00 77.67 3.29 0.02 74.38 3.27 -77.65
7 395 -2.26 46.39 2.66 3.07 46,59 2.66 -2.46 43.93 5.12 -49,05

8 177 -46.95 -2.35 -18.78 -1.66 -2.25 -18,78 -47.05 16.53 28.27 -44.80

* Refer to Figure 2. 10.2-9 for component identification.
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Table 2.7.1-20 G Loads - Oblique Drop

Drop Orientation G Load* Adjusted G Load** Lateral Component Axial Component

15,740 60.4 77.27 20.96 74.37

30.00 54.4 69.59 34.80 60.27

45.00 43.8 56.03 39.62 39.62

60.00 44.4 56.80 49.19 28,40

*Refer to Section 2.6.7.4 for g load calculations. The g loads are conservatively based on a maximum crush strength of 3850 psi for
the aluminum honeycomb impact limiters, although the design maximum crush strength is 3675 psi.

** Adjusted g load - (g load)(cask body weight/model weight)
= (g load)(48,000/37,5 19)
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Table 2.7.1-21 Impact and Contents Pressures - Oblique Drop

_________Impact Pressure* (psi) Content Pressure* (psi)
Impact Location Drop Orientation

0 Angle* Lateral Axial Lateral Axial
Top 15,740 90.000 3370 14768 35 5298.8
Top 30.00 83.340 5834 12925 60.6 4637.5
Top 45.00 65.32° 7812 10840 81.2 3889.4
Top 60.00o 52.880o 11470 9599 119.3 3444.1

Bottom 15.740 90.000 3292 14768 34.9 5199,8
Bottom 30,0° 87.590 5549 12294 58.8 4328.7
Bottom 45.00 68,350 7389 10359 78.3 3647.4

Bottom 60.00 55.220 10820 9191 114.7 3236.2

* The angle 20 determines the pressure distribution arc in the circumferential direction (Figure 2.7.1-9). The same arc is chosen
for both impact pressure and content pressure to be applied.
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Table 2.7.1-22 Fourier Series Modal Coefficients - Oblique Drop

Fourier Series Coefficents for Each Loading Mode

Impact
Location Drop Orientation Mode 0 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Top 15.740 0.318334 0.500064 0.212287 0.000064 -0.042393 0.000064

Top 30.00 0.294779 0,479776 0.236186 0.030107 -0.041325 -0.015759

Top 45.00 0.230640 0.407149 0.271864 0.119183 0.009851 -0.031607

Top 60.0° 0.186891 0.344502 0.266534 0.165172 0.070325 0.004581

Bottom 15.74° 0.318334 0.500064 0.21 2287 0.000064 -0.042393 0.000064

Bottom 30,00 0.309638 0.493021 0.221703 0.010632 -0.043160 -0.005739

Bottom 45.0° 0.241699 0.421390 0.269221 0.104574 -0.003428 -0.034201

Bottom 60.0° 0. 195189 0.357110 0.239495 0.158298 0.058632 -0. 005 100
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Table 2.7.1-23 Oblique Drop Load Analysis Description

Load Analysis No. Description ANSYS Mode No.*
1 Bolt Preload + Internal Pressure 0

2 Thermal + Bolt Preload + Internal Pressure 0

3 Inertial Body Load (Lateral Direction) 1

4 Inertial Body Load (Axial Direction) 0

5 Impact Load + Content Load (Lateral) 0

6 Impact Load + Content Load (Lateral) 1

7 Impact Load + Content Load (Lateral) 2

8 Impact Load + Content Load (Lateral) 3

9 Impact Load + Content Load (Lateral) 4

10 Impact Load + Content Load (Lateral) 5

11 Impact Load + Content Load (Axial) 0

12 Impact Load + Content Load (Axial) 1

13 Impact Load + Content Load (Axial) 2

14 Impact Load + Content Load (Axial) 3

15 Impact Load + Content Load (Axial) 4

16 Impact Load + Content Load (Axial) 5

* ANSYS Mode No. "0" indicates loading type is axisymmetric, while other positive numbers
indicate loading types are nonaxisymmetric.

0
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Table 2.7.1-24 Critical Stress Summary (30-Foot Top Corner Drop) - Loading Condition 1 - P-- Drop Orientation=
15.74 Degrees

Loading Condition 1" 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Camp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sxy Si S2  S3 S.1. Stress 0.7 Su of Safety
1-1

1 2377 to 2577 -24.38 -1.69 -3.35 -0.98 -1.65 -3.35 -24.42 22.78 46.2 +1.03
2-2 ____ ____

3 1775 to 1778 -0.26 -21.63 2.63 0.06 2.63 -0.26 -21.63 24.26 46.2 +0.90
3-3

4 1561 to 1564 0.12 -17.16 -2.01 -0.63 0.14 -2.01 -17.18 17.32 66.0 +2.81
4-4

6 1595 to 1598 -0.03 -19.40 2,58 0.13 2.58 -0.03 -19.40 21.98 66,0 +2.00
________5-5

7 18 to 118 -2.47 4.23 -1.43 -2.23 4.91 -1.43 -3.15 8.05 46.2 +4.74
________ 6-6 ____ ____ ____ _____ _____ _______ _____

8 361 to 365 -3.72 -2.79 -0.23 -0.26 -0.23 -2.72 -3.79 3.56 46.2 Large

*

**

Refer to Figure 2.1 0.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb
impact limiter (Section 2.7.1.3).
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Table 2.7.1-25 Critical Stress Summary (30-Foot Top Corner Drop) - Loading Condition 1 - Pm + Pab - Drop Orientation =
15.74 Degrees

Loading Condition l" 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sxy Si S2 S3  S.I. Stress 1.0 Su of Safety
____________ 1-1 _______

1 2377 to 2577 -27.51 -1.69 -3.35 -0.98 -1.65 -3.35 -27.55 25.90 66.0 +1.55
________ 2-2
3 1775 to 1778 0.08 -20.95 7.55 1.47 7.55 0.18 -21.05 28.60 66.0 +1.31

3-3 ____________ _____

4 1561 to 1564 0.33 -22.71 -4.58 -0.63 0.35 -4.58 -22.72 23.07 94.3 +3.09
4-4____________________

6 1595 to 1598 0.04 -19.76 2,23 0,13 2.23 0.04 -19.77 22.00 94.3 +3,29
8-8

7 143 to 150 -8,20 17.26 0.73 1.81 17.39 0.73 -8.33 25.72 66.0 +1.57
_________9-9_____ _____ _____ ______ _____ _____ ______ ______

8

*

I381 to 385 -5,72 I-7.78 0.83 -1.47

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on
impact limiter (Section 2.7.1.3).

0.83 -4.95 -8.54 9.38 66.0 +6,04

a 3,850-psi maximum crush strength aluminum honeycomb
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Table 2.7.1-26 Critical Stress Summary (30-Foot Top Corner Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 15.74 Degrees

Loading Condition 1: 1 300 F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2  S3 Si-S2 S2"S3S3S

1 2561*** 2.74 -6.25 -3.49 215.9 214.19 -3.49 -217.70 217.68 214.21 -431.89
3 1815 -1.46 -18.25 2.52 0.59 2.52 -1.44 -18.27 3.96 16.83 -20.79
4 1584 -1.38 -23.60 -4.79 -1.37 -1.30 -4.79 -23.68 3.49 18.89 -22.39
6 1595 -0.06 -7.75 3.43 2.38 3.43 0.62 -8.43 2.81 9.04 -11.86
7 2 -8.20 21.90 2.18 3.88 22.39 2.18 -8.69 20.21 10.87 -31.08

8 361 -15.56 -9.27 -6.28 -1.30 -6.28 -9.01 -15.82 2.73 6.81 -9.54

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
***~' Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the

boundary effect on the stress results.
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Table 2.7.1-27 Critical Stress Summary (30-Foot Top Oblique Drop) -Loading Condition 1 - Pm -- Drop Orientation =
30 Degrees

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Camp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sxy Si S2 S3 S.l. Stress 0.7 Su of Safety
1-1

1 2302 to 2562 -18.88 -13.60 2,04 -10.79 2,04 -5.13 -27.35 29.39 46.2 +0.57
________ 2-2
3 2150 to 2156 -3.01 -12.69 -26.09 0.09 -3.01 -12.69 -26.09 23.07 46.2 +1.00
________ 3-3_____
4 941 to 944 -0.07 14.41 0.82 0.00 14.41 0.82 -0.07 14.48 66.0 +3.56
________ 4-4_____
6 1035 to 1038 -0.05 30.01 1.60 0.00 30.01 1.60 -0.05 30.06 66.0 +1.20
________ 5-5_____
7 168 to 175 -3.25 5.75 -4.31 -1.36 5.95 -3.45 -4.31 10.26 46.2 +3.50
________ 6-6 _____ _____ ____ ____ ____ ____ _____

8

*

**

176 to 326 -6.14 I-2.46 -1.94 -0.11 -1.94 I-2.46 -6.15 I4.21 46.2 +9

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1].3).

1,98
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Table 2.7.1-28 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Pm + Pb - Drop Orientation =
30 Degrees

Loading Condition 1: 130°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node S× Sy, Sz Sxy Si S2 S3 S.I. Stress 1.0 Su of Safety
1-1 ______ ______

1 2302 to 2562 2.72 -13.60 2.04 -10.79 8.09 2.04 -18.97 27.06 66.0 +1.44
7-7 _____

3 1821 to 1825 0.06 -20.55 7.79 1.54 7.79 0.17 -20.66 28.46 66.0 +1.32
8-8

4 1561 to 1564 0,29 -18.93 -3.81 -0.57 0.30 -3.81 -18.95 19.25 94.3 +3.90
4-4_____

6 1035 to 1038 0.01 31.34 1.65 0.00 31.34 1.65 0.01 31.33 94.3 +2.00
9-9_____

7 143 to 150 -7,27 23.18 0.07 1.91 23.80 0.07 -7.39 30.69 66.0 +1.15
________ 6-6______ _____ _____ _____ _____ _____ _____ _____ __ _____

8 176 to 326 -9,35 -7.33 0.83 -2.03 0.83 -6,07 -10.61 11.44 66.0 +4.77

€* Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on

impact limiter (Section 2.7.1.3).
a 3,850-psi maximum crush strength aluminum honeycomb
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Table 2.7.1-29 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 30 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2 S3 Si"S2 S2"S3 S3"Sl
1 2561"** 2.57 -5.32 -2.66 423.0 421.64 -2.66 -424.39 424.30 421.73 -846.04
3 1856 0.38 -7.44 3.51 -0.14 3.51 0.38 -7.44 3.13 7.83 -10.95
4 1584 -1.14 -19.57 -3.72 -1.19 -1.06 -3.72 -19.65 2.66 15.93 -18.58
6 1038 0.01 41.20 1.89 0.00 41.20 1.89 0.01 39.31 1.88 -41.19
7 25 -7.27 30.71 2.51 4.00 31.12 2.51 -7.68 28.62 10.19 -38.81

8 177 -25.74 -8.16 -10.34 -1,52 -8.03 -10.34 -25.87 2.31 15.52 -17.84

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the

boundary effect on the stress results.
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Table 2.7.1-30 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Pm -- Drop Orientation=
45 Degrees

Loading Condition 1 : 1 300 F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sxy Si S2 S3 S.I. Stress 0.7 Su of Safety
1-1

1 2302 to 2562 -20.53 -16.65 3.19 -13,28 3.19 -5.17 -32.01 35.21 46.2 +0.31
2-2

3 2150 to 2156 -3.91 -10.88 -30,14 0.10 -3.91 -10.88 -30.14 26.23 46.2 +0.76
________ 3-3_____
4 961 to 964 -0.09 17.88 0.84 0.01 17.88 0.84 -0.09 17.97 66.0 +2.67

4-4
6 1055 to 1058 -0.06 37.32 1.84 0.00 37.32 1.84 -0.06 37.38 66.0 +0.77
________ 5-5_____
7 615 to 618 -3.31 5.98 -5.81 -0.48 6.00 -3.33 -5.81 11.81 46.2 +2.91
________ 6-6 ____ _ _ _ _ ____ ____ ____ ____ ____ ____ _ _ _ _ _ _

8 176 to 326 -7.00 -1.81 -2.93 0.02 -1,81 -2.93 -7.00 5.19 46.2 +7.90

*

**

Refer to Figure 2.1l0.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1 .3).
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Table 2.7.1-31 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Pm ± Pb -- Drop Orientation =
45 Degrees

Loading Condition l: 130°F Ambient Temperature and Maximum Decay Heat Load

Pmn + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx Sl S2 S3 S.I. Stress 1.0 Su of Safety
1-1

1 2302 to 2562 7,92 -16.65 3.19 -13.28 13.73 3.19 -22.45 36.18 66.0 +0.82
________ 7-7
3 1969 to 1996 -44.85 -17.81 -11.30 0.12 -11.30 -17.81 -44.85 33.55 66.0 +0.97

3-3
4 961 to 964 -0.03 19.01 1.30 0.01 19.01 1,30 -0.03 19.05 94.3 +3.95
________ 4-4
6 1055 to 1058 0.01 39.00 1.96 0.00 39.00 1.96 0.01 38.99 94.3 +1.41
________ 8-8
7 143 to 150 -5.39 23.94 -0.43 1.68 24.04 -0.43 -5,48 29.52 66.0 +1.24
________ 6-6 _ _ _ _ _ _____ _____ _____ _____ _____ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _

8

*

**

176 to 326 -10.61 -5.80 I0.70 -2.13 I0.70 I-4.99 I-11.42
Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi maximum crush
impact limiter (Section 2.7.1.3).

12.11 66.0 +4.45

strength aluminum honeycomb
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Table 2.7.1-32 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation -- 45 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi Principal Stresses Stress Differences
Camp.

No.* Node Sx Sy Sz Sxy Si S2 S3 Si"S2 S2-S3 S3"Sl

1 2561"** 2.31 -3.96 -1.76 508.3 507.48 -1,76 -509.13 509.24 507.37 -1016.62
3 1969 -47.18 -32.83 -18.27 5.25 -18.27 -30.95 -49.06 12.68 18.11 -30.79
4 964 -0.02 21.80 1.65 0.02 21.80 1,65 -0.02 20.15 1.67 -21.82
6 1058 0.01 48.86 2.21 0.00 48.86 2.21 0.01 46.65 2.20 -48.85
7 25 -5.38 32.46 2.35 3.45 32.77 2.35 -5.69 30.42 8.04 -38.46

8 177 -29.33 -6,00 -11.77 -1,44 -5.91 -11.77 -29.42 5.86 17.66 -23.51

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
*** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the

boundary effect on the stress results.
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Table 2.7.1-33 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Pm - Drop Orientation =
60 Degrees

Loading Condition 1: 130°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx, Si S2 S3  S.I. Stress 0.7 Su of Safety
____________1-1 _______

1 2302 to 2562 -24.77 -21.65 4.65 -17.41 4.65 -5.72 -40.69 45.35 46.2 +0.02
________ 2-2_____
3 2150 to 2156 -5.64 -9.89 -36,97 0.13 -5.63 -9.90 -36.97 31.34 46.2 +0.47
________ 3-3_____
4 981 to 984 -0.15 23.48 0.65 0.03 23.48 0.65 -0.15 23.63 66.0 +1.79
________ 4-4_____
6 1075 to 1078 -0.08 49.11 2.30 0.00 49.11 2.30 -0.08 49.19 66.0 +0.34

5-5
7 615 to 618 -3.83 7.00 -7.86 0.18 7.01 -3.83 -7.86 14.87 46.2 +2.11
_________6-6_____ ____ _ _____

8

*

**

176 to 326 I-8.68 -1.53 -4.15 0.13 -1,53 I-4.15 -8.69 I7.16 46.2 I+5
Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomnb
impact limiter (Section 2.7.1.3).

.,45
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Table 2.7.1-34 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Pm + Pb -- Drop Orientation =
60 Degrees

Loading Condition 1: 1 30 0F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sxy S S2  S3 S.I. Stress 1.0 Su of Safety

1 2302 to 2562 14.65 -21.65 4.65 -17.41 21.66 4,65 -28,65 50.31 66.0 +0.31
________7-7

3 1969 to 2016 -62.10 -19.16 -9.36 2.21 -9.36 -19.05 -62.22 52.86 66.0 +0.25
________3-3

4 981 to 984 -0.09 24.96 1 .44 0.03 24.96 1.44 -0.09 25.06 94.3 +2.76
4-4

6 1075 to 1078 0.01 51.35 2.56 0.00 51.35 2.56 0.01 51.33 94.3 +0.84
8-8 _____

7 125 to 168 -4.60 27.94 -0.91 1.72 28.03 -0.91 -4.69 32.72 66.0 +1.02
________ 6-6 _____ _____ _____ _____ _____ _____ _ _ _ _ _ _____ _ _ _ _ _ _ _ _ _ _ _ _

8 176 to 326 -13.14 -5.36 0.68 -2.51 0.68 -4.62 -13.88 14.56 66.0 +3.53

*

**

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb
impact limiter (Section 2.7.1.3).
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Table 2.7.1-35 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 60 Degrees

Loading Condition 1: 1 30°F Ambient Temperature and Maximum Decay Heat Load

Total Stress Range** (ksi PrincipalStresses Stress Differences
Comp.

No. * Node Sx Sy Sz Sxy Si S2 S3 Si-S2 S2-S3 3S
1 2561'** 1.60 -3,05 -0,43 655.2 654.48 -0.43 -655.93 654.91 655.50 -1310.41
3 1969 -67.53 -43.53 -23.94 -1.29 -23.94 -43.46 -67.60 19.52 24.14 -43,66
4 984 -0.08 27.75 1.78 0.03 27.75 1.78 -0.08 25.97 1.86 -27.83
6 1078 0.02 61.20 2.81 0.00 61.20 2.81 0.02 58.39 2.79 -61.18
7 25 -4.59 38.46 2.56 3,47 38.74 2.56 -4.87 36.19 7.43 -43.61

177 -36.41 -5.06 -14.59 -1,58 -4.98 -14.59 -36,49 9.60 21.90 -31.51

* Refer to Figure 2. 10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the

boundary effect on the stress results.
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Table 2.7.1-36 Critical Stress Summary (30-Foot Top Corner Drop) - Loading Condition 3 - Pm - Drop Orientation =
15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Camp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx Si S2  S3 S.I. Stress 0.7 Su of Safety
1-1 ______

1 2377 to 2577 -23.41 -1.57 -3.70 -1.18 -1.50 -3.70 -23.48 21.97 46.2 +1.1
2-2_____

3 1775 to 1778 -0.30 -20.30 3,03 0.08 3.03 -0.30 -20.30 23.33 46.2 +1.0
3-3

4 1561 to 1564 0.14 -13.57 -2.03 -0.54 0.16 -2.03 -13.59 13.75 66.0 +3.80
________ 4-4__ _ _ __ _ _ _

6 1595 to 1598 -0.03 -18.20 2.61 0.15 2.61 -0.03 -18.20 20.82 66.0 +2,17
5-5_________ _

7 168 to 175 -2.77 4.60 -0.84 -0.07 4.60 -0.84 -2.78 7.38 46.2 +5.26
________ 6-6_____ _____ _____ _____ _____ _____

8

*

**

I381 to 385 -3.82 I-7.56 j-2.84 0.38 I-2.84 I-3.78 I-7.60 I4.76 I 46.2 +8

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).

.71
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Table 2.7.1-37 Critical Stress Summary (30-Foot Top Corner Drop) - Loading Condition 3 - Pm + Pb - Drop Orientation =
15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm +I Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sxy Si S2 S3  S.I. Stress 1.0 Su of Safety
___________ 1-1
1 2377 to 2577 -27.21 -1.57 -3.70 -1.18 -1.51 -3.70 -27.27 25.75 66.0 +1.56
________ 7-7_____
3 1821 to 1825 0.20 -21.52 7.75 1.92 7.75 0.37 -21.69 29.45 66.0 +1.24
________ 3-3_____
4 1561 to 1564 0.29 -18.60 -4.46 -0,54 0.30 -4.46 -18.61 18.92 94.3 +3.98

4-4 _____

6 1595 to 1598 0.04 -18.68 2.26 0.15 2.26 0.04 -18.68 20.94 94.3 +3.50
8-8 ____

7 143 to 150 -0.92 17,99 4.22 -0.23 17.99 4.22 -0.93 18.92 66.0 +2.49
________ 6-6_____ _____ _____

8

*#

I381 to 385 -5.74 -8.92 -0.47 -0.73 I-0.47 -5.58 I-9.08 8.61 66.0 +6

Refer to Figure 2. 10.2-9 for component identification.
Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb
impact limniter (Section 2.7.1.3).

'.66
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Table 2.7.1-38 Critical Stress Summary (30-Foot Top Corner Drop) - Loading Condition 3 - Total Range -

Drop Orientation -- 15.74 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

_____Total Stress Range** (ksi Principal[Stresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si $2 $3 Si-S2 $2-$3 S3-$1
1 2561"** 0.53 -5.77 -5.37 196.6 194.01 -5.37 -199.25 199.38 193.88 -393.25
3 1815 -1.78 -34.09 -0.31 1.13 -0.31 -1.74 -34.13 1.43 32.39 -33.82
4 1584 -1.07 -13.54 -7.81 -1.49 -0.89 -7.81 -13.72 6.92 5.91 -12.82
6 1598 -0.07 -22.77 2.35 0.07 2.35 -0.07 -22.77 4.42 22.70 -25,12
7 2 -0.93 22.51 5.68 0.95 22.54 5.68 -0.97 16.86 6.65 -23.51

8 385 -15.51 -7.77 -7.85 -1.52 -7.48 -7.85 -15.80 0.36 7.95 -8.32

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the

boundary effect on the stress results.
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Table 2.7.1-39 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Pm - Drop Orientation =
30 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy Sz Sxy Si S2 S3  S.I. Stress 0.7 Su of Safety
1-1 ______ ______

1 2302 to 2562 -16.20 -12.40 1.94 -9.53 1.94 -4.59 -24.02 25.96 46.2 +0,78
2-2 _____

3 2150 to 2156 -2.78 -11.71 -24.46 0.10 -2.78 -11.71 -24.46 21.68 46,2 +1.13
3-3

4 941 to 944 -0.01 11.94 0.15 0.00 11.94 0.15 -0.01 11.95 66.0 +4.52
4-4

6 1035 to 1038 -0.04 27.17 1.33 0.00 27.17 1.33 -0.04 27.21 66.0 +1.49
5-5

7 168 to 175 -3.49 6.05 -3.83 0.39 6,06 -3.50 -3.83 9.90 46.2 +3.67
_________6-6 _____ _____ _____ _____ _____ _____ ___________

8

*

**

381 to 385 -6.22 -6.32 -4.05 0.41 I-4.05 -5.86 -6.68 I2.63 46.2 +1E

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb
impact limiter (Section 2.7.1.3).

3.56
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Table 2.7.1-40 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Pm +t Pb -- Drop Orientation =

30 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sxy Si S2 S3  S.I. Stress 1.0 Su of Safety
1-1 ______

1 2377 to 2577 -27,70 -2.51 -3.18 -2.00 -2.35 -3.18 -27.86 25.51 66.0 +1.59
8-8_____

3 1821 to 1825 0.23 -21.21 8.11 2.18 8.11 0.45 -21.43 29.54 66.0 +1.23
9-9 _____

4 1561 to 1564 0.23 -13.23 -3.71 -0.43 0.24 -3.71 -13.25 13.49 94.3 +5.99
________ 4-4_____
6 1035 to 1038 0.01 28.33 1.36 0.00 28.33 1.36 0.01 28.32 94.3 +2.33

________ 10-10 ___ ____

7 143 to 150 -1.38 23.77 2.90 0.26 23.77 2.90 -1.39 25.15 66.0 +1.62
__________ 11-11 ______ ______ ______ ______ ______ ______ ______ ______ _________

8 176 to 326 -9,37 -8.25 -0.22 -1.43 -0.22 -7.27 -10.35 10.13 66.0 +5.51

* Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
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Table 2.7.1-41 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Total Range -
Drop Orientation = 30 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Total Stress Range** (ks;i) Principal Stresses Stress Differences
Cornp.

No.* Node Sx Sy, Sz Sxy Si S2 S3 Si-S 2  S2-S3 S3-Si
1 2561"** 0.55 -4.91 -4.43 388.2 286.03 -4.43 -390.39 390.36 386.06 -776.42
3 1821 0.41 -23.19 9.86 0.65 9.86 0.43 -23.21 9.43 23.64 -33.07
4 1584 -0.72 -7.54 -6.57 -1.20 -0.52 -6.57 -7.74 6.05 1.17 -7.23
6 1038 0.01 24.74 1.37 0.00 24.74 1.37 0.01 23.37 1.36 -24.73
7 25 -1.39 31,20 5.34 1.62 31.28 5.34 -1.47 25.94 6.81 -32.75

8 385 -25.70 -6.95 -11.61 -1.69 -6.79 -11.61 -25.85 4.81 14.24 -19.06

*

**

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush
impact limiter (Section 2.7.1.3).

strength aluminum honeycomb

** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of theboundary effect on the stress results.
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Table 2.7.1-42 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Pm -- Drop Orientation =
45 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx, Si S2 S3  S.I. Stress 0.7 Su of Safety
1-1 ______ ______

1 2302 to 2562 -18.06 -15.24 2.98 -11.92 2.98 -4.65 -28.65 31,63 46.2 +0.46
2-2 ____ ___ _

3 2150 to 2156 -3.61 -10.04 -28.16 0.10 -3.61 -10.04 -28.16 24.55 46.2 +0.88
________ 3-3_____
4 981 to 984 -0,01 14.90 0.16 0.00 14.90 0.16 -0.01 14.91 66.0 +3.43

4-4
6 1055 to 1058 -0.05 33.61 1.52 0.00 33.61 1.52 -0.05 33.66 66.0 +0.96

5-5
7 168 to 175 -3.47 6.17 -5.50 0.68 6,22 -3.52 -5.50 11.72 46.2 +2.94
________ 6-6_____ __ _ _ _ _____ _____ _____ _____ _____ _____ __ _ _ _ _ _

8 381 to 385 -7.05 -4.35 -4.32 0.36 -4.30 -4.32 -7.10 2.79 46.2 + 15.54

*

**

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
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Table 2.7.1-43 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Pm + Pb - Drop Orientation =
45 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm + Pb Stresses (ksi}** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx Si S2 S3 S.I. Stress 1.0 S,, of Safety
1-1 ______

1 2302 to 2562 7.23 -15.24 2,98 -11.92 12.38 2.98 -20.38 32.76 66.0 +1.01
________ 7-7_____ _____

3 1969 to 1996 -41.18 -16.23 -10.45 0.25 -10.45 -16.23 -41.19 30.74 66.0 +1.15
3-3 _______________

4 981 to 984 0.00 15.70 0,16 0.00 15.70 0.16 0.00 15.70 94,3 +5.01
4-4

6 1055 to 1058 0.01 35.09 1.62 0.00 35.09 1.62 0.01 35.08 94.3 +1.69
8-8___________

7 143 to 150 -1.51 24.33 1.43 0.59 24.34 1.43 -1.52 25.87 66.0 +1.55
________ 9-9_____ _____ _____ _____ _____ ______ _____ _____ _______ ______

8

*

**

176 to 326 -10.63 -6.40 f0.00 I-1.74
Refer to Figure 2. 10.2-9 for component identification.
Conservatively based on a l .12-inch thick outer shell and
impact limiter (Section 2.7.1.3).

0.00 -5.78 -11,25 11.25 66,0 +4.87

on a 3,850-psi maximum crush strength aluminum hloneycomb
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Table 2.7.1-44 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Total Range -

Drop Orientation = 45 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Total Stress Range** (ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy S____ Sxy Si S2 S3 Si-S2 S2-S3 S3-$i
1 2561"** 0.57 -3.66 -3.33 467.6 466.1 -3.33 -469.2 469.4 465.82 -935.21
3 1969 -43.14 -27.23 -17.08 2.69 -17.08 -26.79 -43.58 9.71 16.80 -26.50
4 984 -0.93 6.36 -8.61 0.00 6,36 -0.93 -8.61 7.29 7.68 -14.97
6 1058 0.01 31.49 1.62 0.00 31.49 1.62 0.01 29,87 1.61 -31.48
7 25 -1.51 32.78 4.22 1.88 32.89 4.22 -1.61 28.67 5.83 -34.50

8 385 -29.31 -5.19 -12.60 -1.55 -5.09 -12.60 -29.41 7.50 16.81 -24.31

* Refer to Figure 2.10.2-9 for component identification.

** Conservatively based on a 1 .12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb
impact limiter (Section 2.7.1.3).

** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the
boundary effect on the stress results.
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Table 2.7.1-45 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Pm - Drop Orientation =
60 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx~ Sy, Sz Sxy S1 S2 S3 S.1. Stress 0.7 Su of Safety
1-1

1 2302 to 2562 -22.17 -19.88 4.31 -15.80 4.31 -5.18 -36.87 41.18 46.2 +0.12
________ 2-2
3 2150 to 2156 -5.21 -9.13 -34.47 0.13 -5.20 -9.13 -34.47 29.27 46.2 +0.58

3-3 _____ ____ ____

4 1021 to 1024 -0.01 19.85 0.18 0.00 19.85 0.18 -0.01 19.86 66.0 +2.32
4-4

6 1075 to 1078 -0.06 44,14 1.89 0.00 44.14 1.89 -0.06 44.20 66.0 +0.49
5-5

7 615 to 618 -3.94 7.14 -7.64 1.01 7.23 -4.03 -7.64 14.87 46.2 +2.11
________ 6-6 _____ ____ ____ ____ ____

8

*

**

I601 to 604 -8.72 -3.35 -5.15 I0.38 -3.32 -5.15 I-8.75
Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1. 12-inch thick outer shell and on a 3,850-psi maximum crush
impact limniter (Section 2.7.1.3).

-5.42 46.2 +7,52

strength aluminum honeycomb
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Table 2.7.1-46 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Pm + Pb - Drop Orientation =
60 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy S Sxy, Si S2 S3 S.I. Stress 1.0 Su of Safety
1-1 ______ ______ ______

1 2302 to 2562 13.46 -19,88 4,31 -15.80 19.76 4.31 -26.18 45.94 66.0 +0.44
________ 7-7_____
3 1969 to 2016 -56.85 -17.63 -8.69 2.13 -8.69 -17.51 -56.97 48.28 66.0 +0.37

3-3
4 1021 to 1024 0.00 20.91 0.18 0.00 20.91 0.18 0.00 20.92 94.3 +3.51

4-4
6 1075 to 1078 0.01 46.11 2.12 0.00 46.11 2.12 0.01 46.10 94.3 +1.05
________ 8-8 _____

7 125 to 168 -1.83 28.22 0.42 0.94 28.25 0.42 -1.86 30.10 66.0 +1.19
________ 9-9 _____ ____ ____ ____ ____

8 381 to 385 -13.15 -5.79 0.19 -2.23 0.19 -5.17 -13,77 13.96 66.0 +3,73

*

**

Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush

impact limiter (Section 2.7.1.3).
strength aluminum honeycomb
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Table 2.7.1-47 Critical Stress Summary (30-Foot Top Oblique Drop) - Loading Condition 3 - Total Range -

Drop Orientation = 60 Degrees

Loading Condition 3: -40°F Ambient Temperature and No Decay Heat Load

Total Stress Range** (ksi) PrincipalStresses Stress Differences
Comp.

No.* Node Sx Sy Sz Sxy Si S2 S3 Sl"S2 S2"S3 S3"Si

1 2561"** 0.06 -2.82 -1.96 603,5 602.12 -1.96 -604.88 604.08 602.92 -1207.00
3 1969 -62.00 -37.03 -22.36 1.03 -22.36 -36.99 -62.04 14.63 25.05 -39.68
4 1024 -0.93 11.58 -8.59 0.00 11.58 -0.93 -8.59 12.51 7.66 -20.17
6 1078 0.01 42.52 2.12 0.00 42.52 2.12 0.01 40.40 2.11 -42,51
7 25 -1.82 38.70 3.89 2.35 38.83 3.89 -1,96 34.94 5.85 -40.79

8 177 -36.39 -4.49 -15.18 -1.66 -4,40 -15.18 -36.48 10,78 21,30 -32.08

* Refer to Figure 2. 10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limniter (Section 2.7.1.3).
*** Stresses at node 2561 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the

boundary effect on the stress results.
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Table 2.7.1-48 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm - Drop Orientation =
15.74 Degrees

Loading Condition 1" 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi)** I Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx S Sz x Si S2 S3 S.I. Stress 0.7 Su of Safety
1-1 ______

1 2301 to 2561 -2,46 -0.42 -0.64 0.21 0.64 -0.40 -2.48 3.12 46.2 +13.80
________ 2-2_____ __________

3 1595 to 1598 -6.94 -3.13 -3.21 -1.25 -2,76 -3.21 -7.31 4.56 46.2 +9.14
3-3 __________

4 621 to 624 0.07 -16.15 -1.45 0.48 0.09 -1.45 -16.17 16.26 66.0 +3.05
4-4 __________

6 615 to 618 -0.05 -24.26 1.38 -0.17 1.38 -0.05 -24.26 25.64 66.0 +1.57
5-5_____

7 2 to 102 -29.38 -17.87 -0.14 13.44 -0.14 -9.01 -38.25 38.11 46.2 +0.21
________ 6-6_____ _____ ______ _____ _____ _____ _____

8

*

**

601 to 604 I-0.37 I-14.99 I-0.87 I0.68 I-0.34 -0.87 I-15.02 I14.68 I 46.2 I+2
Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb
impact limiter (Section 2.7.1.3).

!.15
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Table 2.7.1-49 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm + Pb -

Drop Orientation = 15.74 Degrees

Loading Condition l: 130°F Ambient Temperature and Maximum Decay Heat Load

______ ______Pm + Pb Stres~ses (ki)** Principal Sti-~Sresses_____
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx Sl S2  $3 S.1. Stress 1.0 Su of Safety
____________1-1 ______

1 2301 to 2561 -4.32 -0,30 0,66 2.67 1.03 0.66 -5.65 6.69 66.0 +8.87
7-7

3 1815 to 1818 -3.06 4.46 -11.42 0.29 4.48 -3.07 -11.42 15.90 66.0 +3.15
3-3

4 621 to 624 0.27 -20.83 -3.90 0.48 0.28 -3.90 -20.84 21.12 94.3 +3.46
________4-4

6 615 to 618 -0.11 -25.58 1.47 -0.17 1.47 -0.11 -25.58 27.05 94.3 +2.48
8-8

7 168 to 175 45.23 -16.97 -0.74 -1.45 45.26 -0.74 -17.01 62.27 66.0 +0.06
9-9_____ _____ ____ _

8

*

**

I176 to 326 -32.63 0.00 I-4.06 I0.00
Refer to Figure 2.10.2-9 for component identification.
Conservatively based on a 1.12-inch thick outer shell and on
impact limiter (Section 2.7.1.3).

0.00 -4.06 -32.63 32.63 66.0 +1.02

a 3,850-psi maximum crush strength aluminum honeycomb
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Table 2.7.1-50 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 15.74 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

_____Total Stress Ran e** (ks1i Principal[Stresses Stress Differences
Cornp.

No.* Node Sx Sy Sz Sxy Si Sz S3 Si-S2 S2-S3 S3-Si
1 2561 0.82 -4.33 0.68 9.98 8.55 0.68 -12.07 7.87 12.75 -20.62
3 1815 0.98 11.67 0.31 4.22 13.14 0.31 -0.49 12.83 0.80 -13.63
4 604 -1.35 -22.40 -4.09 1.23 -1.28 -4.09 -22.47 2.81 18.38 -21.19
6 615 -0.03 -14.25 2.26 -0.28 2.26 -0.02 -14.26 2.28 14.23 -16.52
7 1"** -0.49 -6.30 -9.12 -213.50 210.12 -9.12 -216.91 219.24 207.79 -427.04

8 361 0.02 -28.18 2,01 -2.18 2.01 0.19 -28.35 1.82 28.54 -30.36

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
*** Stresses at node 1 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the boundary

effect on the stress results.
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Table 2.7.1-51 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm - Drop Orientation =
30 Degrees

Loading Condition 1: 130°F Ambient Temperature and Maximum Decay Heat Load

Pm Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sx Si S2 S3 S.I. Stress 0.7 Su of Safety
1-1 _______ ______

1 2301 to 2561 -3.93 -0.51 0.56 0.02 0.56 -0.51 -3.93 4.49 46.2 +9.30
________ 2-2__________
3 1595 to 1598 -11.42 -1.45 -5.19 -1.95 -1.08 -5.19 -11.79 10.71 46.2 +3.31

3-3
4 1261 to 1264 -0.06 16.36 0.81 0.00 16.36 0,81 -0.06 16.42 66.0 +3,02

4-4
6 1195 to 1198 -0.05 29.57 1.48 0.00 29.57 1.48 -0.05 29.62 66.0 +1,22

7 2 to 102 -48.76 -30.81 5.29 31.95 5.29 -6.60 -72.97 78,26*** 46.2 ***___
_________6-6_____ _____ _____ ______ _____ _____ _____ ______ _______ ______

8 501 to 505 -0.06 -11.36 0.85 0.81 0.85 0.00 -11.42 12.27 46.2 +2.77

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb impact limiter (Section

2.7.1.3).

*** This stress is unrealistic and is disregarded. See Section 2.7.1.3.3 for the discussion of the boundary effect on the stress results. The critical section and

its stresses for component 7 are:

Section Cut
Node to Node Sx Sv Sz Sxv Si S2 S3 S.I. 0.7 Su MS

5-5
4 to 104 -11.36 -24.02 -2.05 4,49 -2.05 -9,93 -25.45 23.40 46.2 +0.97
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Table 2.7.1-52 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm + Pb -

Drop Orientation = 30 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sxc Sy Sz Sxy Si S2  $3 S.I. Stress 1.0 Su of Safety
____________1-1 _______________

1 2301 to 2561 -3.94 -0.21 1.01 4.43 2.73 1.01 -6.89 9.62 66.0 +5.86
7-7 __________

3 1815 to 1818 -5.00 3.57 -20.79 0.24 3.57 -5.00 -20.79 24.36 66.0 +1.71
8-8_____ _

4 1241 to 1244 -0.02 17.27 1.03 0.00 17.27 1.03 -0.02 17.29 94.3 +4.45
________ 9-9_____
6 1175 to 1178 0.00 30.88 1.52 0.00 30.88 1.52 0.00 30.88 94.3 +2.04

7 2 to 102 -1.21 -30.81 5.29 31.95 19.20 5.29 -51.22 70.43*** 66.0 ***___
_______ 10-10 __ _ _ _ _ _ _ _ _____ __ _ _ _ _ _ _ _ __ _ __ _ _ _ _

8 176 to 326 -26.38 0.00 -3.46 0.00 0.00 -3.46 -26.38 26.38 66.0 + 1.50

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb impact limiter (Section

2.7.1.3).
*** This stress is unrealistic and is disregarded. See Section 2.7.1.3.3 for the discussion of the boundary effect on the stress results. The critical section and

its stresses for component 7 are:

Section Cut
Node to Node Sx Sy Sz Sxy Si S2 S3 5.!. 1.0 Su MS

5-5
4 to 104 -13.71 -24.02 -2.05 4.49 -2.05 -12.03 -25.70 23.65 66.0 +1.79

NAC International0
2.7.1-1 08

0



NAC-LWT Cask SAR
Revision 44

August 201 5

Table 2.7.1-53 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 30 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

_____Total Stress Range** (ksi) Principal Stresses Stress Differences
Comp.

No.* Node Sx Sy, Sz Sxy Si S2 S3 Si-S 2  S2-S3 S3-S1
1 2561 0.70 -3.49 1.32 16.80 15.53 1,32 -18.33 14.22 19.64 -33.86
3 1815 1.78 23.68 2.32 7.64 26.09 2.32 -0.63 23.77 2.94 -26.71
4 604 -1.10 -18.18 -3.00 1.02 -1.04 -3.00 -18.24 1.96 15.24 -17.20
6 1178 0.01 40.71 1,75 0.00 40.71 1.75 0.01 38.96 1.74 -40.70
7 1"** -1,03 -5.20 -6.73 -423.50 420.39 -6.73 -426.62 427.12 419.89 -847.01

8 177 -39.92 -4.9 -27,40 -3.15 -4.62 -27.40 -40.20 22.78 12.80 -35.58

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
** Stresses at node 1 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the boundary

effect on the stress results.
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Table 2.7.1-54 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm - Drop Orientation =

45 Degrees

Loading Condition 1: I 30°F Ambient Temperature and Maximum Decay Heat Load

IPm Stresses (ksi)** I Principal Stresses
Camp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz Sxy Si S2 $3 S.I. Stress 0.7 Su of Safety
___________ 1-1
1 2301 to 2561 -4.42 -0.50 0.40 -0.12 0.40 -0.50 -4.42 4.82 46.2 +8.58
________ 2-2 _ ___

3 1595 to 1598 -12.99 0.06 -5.86 -2.18 0.41 -5.86 -13.35 13.76 46.2 +2.36
________ 3-3_____
4 1241 to 1244 -0.09 19.42 0.87 0.00 19.42 0.87 -0.09 19.51 66.0 +2.38

4-4
6 1175 to 1178 -0.06 36.99 1.79 0.00 36.99 1.79 -0.06 37.04 66.0 +0.78

7 2 to 102 -55.62 -36.07 9.42 40.01 9.42 -4.65 -87.03 96.45*** 46.2 ***___
6-6 ____ ____ ____ ____ ____ ____ ____ _____ ______ ____ _

8 501 to 505 I-0.06 -8.84 I 1.04 I 0.67 j 1.04 I-0.01 I-8.89 I 9.93 I 46.2 +3.65

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1 .12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb impact limiter (Section

2.7.1.3).

This stress is unrealistic and is disregarded. See Section 2.7.1.3.3 for the discussion of the boundary effect on the stress results. The critical section and

its stresses for component 7 are:

Section Cut
Node to Node Sx Sv Sz Sxv Si S2 S3 S.I. 0.7 Su MS

5-5
4 to 104 -10.17 -27.98 0.97 6.07 0.97 -8.3 -29.85 30.82 46.2 +0.50
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Table 2.7.1-55 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm + Pb --
Drop Orientation = 45 Degrees

Loading Condition 1 : 1 30°F Ambient Temperature and Maximum Decay Heat Load

_____Pm + Pb Stresses (ksi)** Principal Stresses _____

Comp. Section Cut Allow. Margin
No.* Node to Node Sx Sy, Sz Sxy Si S2 S3 S.I. Stress 1.0 Su of Safety

____________1-1 ___________________ ________

1 2301 to 2561 -3.02 -0.11 1.11 5.05 3.70 1.11 -6.82 10.52 66.0 +5.27
________7-7

3 1815 to 1818 -5.66 2.30 -24.56 0.17 2.31 -5.67 -24.56 26.87 66.0 +1.46
________3-3

4 1241 to 1244 -0.03 20.58 1.32 0.00 20.58 1.32 -0.03 20.62 94.3 +3,57
________4-4

6 1175 to 1178 0.00 38.64 1.74 0.00 38.64 1.74 0.00 38.64 94.3 +1.44

7 2 to 102 3.28 -36.07 9.42 40.01 28.20 9.42 -60.98 89.18"** 66.0**
8-8 ____ ____ ____ __________ _____ ____ _

8

*

**

I 176 to 326 -17,26 I0.00 I-1.15 I 0.00 0.00 -1.15 I-17.26 17.26 I 66.0 +2.82

Refer to Figure 2.1I0.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb impact limiter (Section

2.7.1.3).

This stress is unrealistic and is disregarded. See Section 2.7.1.3.3 for the discussion of the boundary effect on the stress results. The critical section and

its stresses for component 7 are:

Section Cut
Node to Node Sx Sy, Sz Sxv Si S2 S3 S.I. 1.0 Su MS

5-5
4 to 104 -12.31 -27.98 0.97 6.07 0,97 -10.23 -30.06 31,03 66.0 +1.13
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Table 2.7.1-56 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 45 Degrees

Loading Condition 1: 130°F Ambient Temperature and Maximum Decay Heat Load

____Total Stress Range** (ks=i PrincipalStresses Stress Differences
Cormp.

No.* Node Sx Sy, Sz Sxy, Si S2 S3 Si-S2 S2-S3 S3-Sl
1 2561 0,49 -2.29 1.58 19.28 18.44 1.58 -20.23 16.85 21.82 -38.67
3 1815 2.10 29.01 3.47 9.01 31.75 3.47 -0.64 28.28 4.11 -32.39
4 1244 -0.03 23.31 1.61 0.00 23.31 1.61 -0.03 21.70 1.64 -23.34
6 1178 0.01 48.47 1.97 0.00 48.47 1.97 0.01 46.50 1.96 -48.46
7 1 * 0,06 -3.93 -3.64 -509.70 507.77 -3.64 -511.64 511.41 508.00 -1019.41

8 177 -40.74 -4.08 -23.25 -2.37 -3.88 -23.25 -40.94 19.37 17.69 -37.06

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush

impact limiter (Section 2.7.1.3).
** Stresses at node 1 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3

effect on the stress results.

strength aluminum honeycomb

.3 for the discussion of the boundary
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Table 2.7.1-57 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm - Drop Orientation =
60 Degrees

Loading Condition 1" 130°F Ambient Temperature and Maximum

I Pm Stresses (ksi)**

Decay Heat Load

Principal Stresses
Comp. Section Cut Allow. Margin

No.* Node to Node Sx Sy, Sz___ Sxy Si S2  S3 S.I. Stress 0.7 Su of Safety

1 2302 to 2562 -5.44 -0.56 0.33 -0.26 0.33 -0.54 -5.46 5.79 46.2 +6.99
2-2 ____ ___ _

3 1595 to 1598 -16.11 1.31 -7.24 -2.66 1.71 -7.24 -16.51 18.22 46.2 +1.54
3-3

4 1221 to 1224 -0.12 24.94 0.91 -0.02 24.94 0.91 -0.12 25.06 66.0 +1.63
4-4

6 1155 to 1158 -0.07 48.97 2.27 0.00 48.97 2.27 -0.07 49.04 66.0 +0.34

7 2 to 102 -69.10 -45.77 14.35 52.94 14.35 -3.22 -111.6 126.00"** 46.2 __**__

________ 6-6 _ _ _ _ ____ ____ ____ ____ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

8

**

I 177 to 327 I-3.61 I-11.52 1.18 0.46 1.18 I-3.58 I-11.55 I 12.73 I 46.2 j+2.63

Refer to Figure 2.10.2-9 for component identification.

Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb impact limiter (Section

2.7.1.3).

This stress is unrealistic and is disregarded. See Section 2.7.1.3.3 for the discussion of the boundary effect on the stress results. The critical section and

its stresses for component 7 are:

Section Cut
Node to Node Sx Sv Sz Sx Si S2 S3 S.I. 0.7 Su MS

I I I I I
5-5

4 to 104 -10.12 -35.55 3.96 8.66 3.96 -7.45 -38.22 42.18 46.2 +0.10
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Table 2.7.1-58 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Pm ± Pb -

Drop Orientation = 60 Degrees

Loading Condition I: 130°F Ambient Temperature and Maximum Decay Heat Load

Pm + Pb Stresses (ksi)** Principal Stresses _____

Comp. Section Cut Allow. Margin
No.* Node to Node Sx Sy, Sz Sxy Si S2 S3  S.I. Stress 1.0 Su of Safety

7-7
1 2301 to 2561 -2.69 -0.04 1.34 6.28 5.05 1.34 -7.78 12.83 66.0 +4.14
________ 8-8_________________
3 1815 to 1818 -7.00 1.59 -31.12 0.13 1.59 -7.01 -31.12 32.72 66.0 +1.02
________ 3-3_____
4 1221 to 1224 -0.06 26.49 1.66 -0.02 26.49 1.66 -0.06 26.55 94.3 +2.55

4-4 _____

6 1155 to 1158 0.01 51,14 2.18 0.00 51.14 2.18 0.01 51.13 94.3 +0.84

7 2 to 102 8.63 -45.77 14.35 52.94 40.94 14.35 -78.09 119.00"** 66.0 ***___
9-9_____ ______ _____ _____ _____ _____ _____ ______ ______ _

8 381 to 385 -0.82 -14.41 -3.80 0.98 -0.75 -3.80 -14.48 13.74 66.0 +3,80

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.1 2-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb impact limiter (Section

2.7.1.3).

*** This stress is unrealistic and is disregarded. See Section 2.7.1.3.3 for the discussion of the boundary effect on the stress results. The critical section and

its stresses for component 7 are:

Section Cut
Node to Node Sx Sy, Sz Sxy Si S2 S3 S.I. 1.0 Su MS

5-5
4 to 104 -12.00 -35.55 3.96 8.66 3.96 -9.16 -38.40 42.4 66.0 +0.56
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Table 2.7.1-59 Critical Stress Summary (30-Foot Bottom Oblique Drop) - Loading Condition 1 - Total Range -

Drop Orientation = 60 Degrees

Loading Condition 1: 130°F Ambient Temperature and Maximum Decay Heat Load

____________Total Stress Range** (ks!i) Principal Stresses ____Stress Differences
Camp.

No.* Node Sx Sy, Sz Sxy Si S2 S3 Si-S2 $2-S3 S3-Sl
1 2561 0.40 -1.63 2.03 24.03 23.44 2.03 -24.67 21.41 26.70 -48.11
3 1815 2.66 37.47 4.91 11.41 40.87 4.91 -0.75 35.96 5.66 -41.62
4 1224 -0.05 29.24 1.96 -0.02 29.24 1.96 -0.05 27.28 2.01 -29.29
6 1158 0.01 60.98 2.42 0.00 60.98 2.42 0.01 58.56 2.41 -60.97
7 1 * -0.88 -3.07 -0.83 -655.60 653.63 -0.83 -657.58 654.46 656.75 -1311.20

8 177 -46.34 -4.01 -22.03 -2.06 -3.91 -22.03 -46.46 18.39 24.16 -42.55

* Refer to Figure 2.10.2-9 for component identification.
** Conservatively based on a 1.12-inch thick outer shell and on a 3,850-psi maximum crush strength aluminum honeycomb

impact limiter (Section 2.7.1.3).
** Stresses at node 1 are unrealistic, resulting from the boundary effect. See Section 2.7.1.3.3 for the discussion of the boundary

effect on the stress results.
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Table 2.7.1-60 NAC-LWT Cask Hot Bolt Analysis Hypothetical Accident Conditions

Nominal Diameter (in): 1.00
Number of flol~ts: 12
Service Stress, Sy (ksi): 81.9 at a 300
Bolt Expansion (in/in): 9E-06 I degree-F
Bolt Modulus (ksi): 26700 Service
Lid Expansion (in/in): 9E-06 Temperature
Lid Modulus (ksi): 27000J
Stress Area (in2): 0.6051
Grip Length (in): 7.99
Maximum Pressure (psi): 50
Seal. Diameter (in): 15.750
Pretoad Torque (ft-lbs): Z60 at RT
Nominal R~oom Temp. RT: 70 dog-F
Bolt Circle Diameter (in): 17.88
Lid Diameter (in): 22.50

Longitudinal Weight. (ibs): 4941
Lateral Weight (lbs): 941
Service DT (degrees): 157

[default. value ] 230

CALCULATED LOADS & STIFFNESS
Bolt Thermal Load (ibs): 1423
Bolt Preload (Ibs): 34770
Bolt Pressure Load (lbs): 812
Bolt Stiffness (lbs/in): 1.9E+06
Lid Stiffness (lbs/in): 2.1E+07

Angle Impact I< ** LOADS (lbs.) ****I<** STRESSES (psi) *'**>[ Margin
wrt Vett. Accel. | Impact Bolt Tension Direct Principal StressI of

(Deg) (g) Tension Shear Applied Net Tension Shear Sig-l Sig-2 Tntens. Safety

0 End 15.80
5 (+) 14.69

10 (+) 13.57

15.7 Curner 12.30

20 (+) 12.99

25 (+) 13.80

30 ('I) 14.61

35 (1.) 15.42

40 (1-) 16.22

45 (+.) 17.03

50 (4.) 17.84

55 (+.) 18.65

60 (4.) 19.45

65 (+.) 20.26

70 (+) 21.07

75 (+.) 21.88

80 (4.) 22.68

85 (+) 23.49

90 Side 24.30

6506
8216

7506

6650

6858

7025

7106

7093

6980

6764

6440

6007

5463

4809

4047

3180

2212

1150

0

0

185

281

349

457

573

693

818

944

1072

1196

1321

1440

1553

1657

1752

1835

1906

7317

9028

8318

7462

7670

7837

7918

7905

7792

7576

7252

6819

6275

5621

4859

3892

3024

1962

812

36795

38936

36877

36807

36824

36838

36845

36843

36634

35816

36790

36754

36709

36656

36593

36522

36442

36355

35260

80808

61041

60944

60828

60856

60879

60890

60868

60873

608i4

60800

60741

60667

60578

60474

60356

60225

60080

59924

0

166

305

431

576

756

947

1146

1352

1561

1771

1980

2183

2380

2566

2739

2895

3033

3149

0

0

-2

-3

-5

-9

-15

-22

-30

-40

-52

-54

-78

-93

-109

-124

-139

-153

-165

60808
61041

60946

60831

60862

60888

60905

60910

60903

60884

60851

60805

60745

60671

60563

60480

60364

60233

60089

60808
61042

60947

60834

60867

60898

60919

60931

60933

60924

60903

60870

60824

60765

60692

60604

60503

80386

60254

0.35
0.34

0.34

0.35

0.35

0.3t,

0.34

0.34

0.34

0.34

0.34

0.35

0.35

0.35

0,35

0.35

0.35

0.36

0.36

0.34Minimum Margin of Safety:
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Table 2.7.1-61 NAC-LWT Cask Cold Bolt Analysis Hypothetical Accident Conditions

Nominal Diameter (in): 1.O00
Number of Bolts: 12
Service Stress. Sy (ksi): 85 at a 70
Bolt. Expansion (in/in): 8E-06 I degree-F

Bolt Modulus (ksi): 27800 Service
Lid Expansion (in/in): 88-06 ITemperature
Lid Modulus (ksij: 28300J
Stress Area (in2): 0.6051
Grip Lenet~h (in): 7.99
Maximum Pressure (psi): 50
Seal Diameter (in): 15.750
Preload Torque (ft-lbs): 260 at RT
Nominal Room Temp. RT: 70 dee-F
Bolt Circle Diameter (in): 17.88
Lid Diameter (in): 22.50

Longitudinal Weight (lts):Lateral Height (ibs):
Service DT (degrees):

Edefault value - ]

CALCULATED LOADS & STXFFNESS
Bolt Thermal Load (ibs):
Bolt Preload (lbs):
Bolt Pressure Load (ibs):
Bolt Stiffness (lbs/in):
Lid Stiffness (lbs/in):

Angle Impact I <*** LOADS (lbs.) ****> <** STRESSES (psi)wrt Vert. Accel. [ Impact Bolt Tension [ Direct Principal
(Deg) (g) Tension Shear Applied Net Tension Shear Sig-1 Sig-2

0 End 15.80
5 (+-) 14.69

10 (+) 13.57

15.7 Corner 12.30

20 (+) 12.99

25 (+I) 13.80

30 (+) 14.81

35 (+) 15.42

40 (+) 16.22

45 (+) 17.03

50 (+-) 17.84

55 (+-) 18.65

60 (+) 19.45

65 (+I) 20.26

70 (+) 21.07

75 (+9) 21.86

80 (+) 22.88

85 (+) 23.49

90 Side 24.30

6506

8216

7506

6650

6658

7025

7106

7093

6960

6764

.6440

6007

5463

4809

4047

3180

2212

1150

0

0
1Q00

165

261

349

457

573

693

818

944

1072

1198

1321

1440

1553

1657

1752

1835

1906

7317
9028

8318

7462

7670

7837

7918

7905

7792

7576

7252

6819

6275

5621

4859

3992

3024

1962

812

34775
34914

34856

34786

34803

34817

34824

34823

34813

34796

34769

34734

34689

34636

34574

34503

34424

34337

34243

57469
57700

57804

57489

57517

57539

57550

57548

57533

57504

57460

57402

57328

57240

57137

57020

56889

56745

56590

0
166

305

431

576

756

947

1146

1352

1561

1771

1980

2183

2360

2566

2739

2895

3033

3149

0
0

-2

-3

-6

-10

-16

-23

-32

-42

-55

-66

-83

-99

-115

-131

-147

-162

-175

57469
5770 1

57606

57492

57522

57549

57566

57571

575655

57548

57515

57470

57411

57339

57252

57151

57036

56907

557675

Stress
Intens.

57469

57701

57607

57495

57528

57559

57581

57594

57597

57589

57569

57538

57494

57437

57367

57282

57183

57069

55939

4941941
-90

0

-594
34770

812
2.0E+06
2 .2.E+07

Margin
of

.Safety

0.48

0.47

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.49

0.49

0.49

Minimum Margin of Safety: 0.47

0
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2.7.2 Puncture

The puncture accident outlined in 10 CFR 71 Subpart F requires that the NAC-LWT cask suffer

no loss of containment as a result of a 40-inch free fall onto an upright 6-inch diameter mild steel

bar (puncture pin), which is supported on an unyielding surface. The impact orientation of the

cask is required to be such that maximum damage is inflicted upon the cask.

Locations of cask impact with the puncture pin, which will cause maximum cask damage, are

direct impact on the (1) cask side - midpoint, (2) center of the cask lid, (3) center of the cask

bottom, and (4) cask port covers. Since an impact at any other location is less severe, the

NAC-LWT cask is analyzed for the required puncture accident at these four locations.

2.7.2.1 Puncture - Cask Side Midpoint

2.7.2.1.1 Discussion

The NAC-LWT cask is analyzed for structural adequacy in accordance with the requirements of

10 CFR 71.73(c)(2), puncture (hypothetical accident condition). The cask is assumed to be in a

horizontal position and dropped through a distance of 40 inches onto a 6-inch diameter, mild

steel bar oriented vertically on an unyielding surface. The static structural evaluation of the cask

is performed by classical analysis and the use of relations derived from destructive testing.

2.7.2.1.2 Analysis Description

Figure 2.7.2-1 illustrates the local cask midpoint section that has been evaluated for this analysis.

It is composed of the initial 1.12-inch design thickness, Type XM-19 stainless steel outer shell, a

5.75-inch thick chemical copper lead middle shell, and a 0.75-inch thick, Type XM-19, stainless

steel inner shell. The final design outer shell thickness is 1 .20 inches. The additional thickness

will only serve to enhance the ability of the NAC-LWT cask to resist the puncture event at the

cask side midpoint.

During impact, the puncture pin is considered to apply a force (due to its assumed 47,000 psi
dynamic flow stress) of 1 .329 x 106 lbs to the cask outer shell midpoint in the inward normal

direction. The neutron shield tank is conservatively not considered.

2.7.2.1.3 Detailed Analysis

For an impact occurring on the cask side, the required local cask outer shell thickness (tr) for

puncture integrity is calculated according to the Nehns equation (Shappert) as:
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tr = =107 0. 655 in

where:

W = cask design weight =52,000 lbs

Su.= cask outer shell ultimate tensile strength at 3000F

= 94,300 psi

From the free body diagram in the sketch that follows, it can be determined that:

Applied Load _1.329 x 106

Deceleration = Cask Design Weight = 52,000 =25.57 g

letting WB =WL

WB = (weight of bottom assembly and limiter) x 25.57 g

- 94,865 lbs

WL = (weight of cask lid and upper limiter) x 25.57 g

- 94,865 lbs

P - distributed linear load (lb/in)

(52,000)(25.57) - (2)(94,865)
199. 75

- 5706.7 lb/in

J, 99.875'n • .32_9 X IO 6 1b

" 1 9 9 . 7 5in

Cask Side Midpoint Puncture - Free Body Diagram
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