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2.0 STRUCTURAL EVALUATION

This chapter presents the structural analyses of the Universal Transport Cask. The results of the
analyses demonstrate that the package satisfies the requirements of 10 CFR 71 [1]. specifically.
Subpart E. “Package Approval Standards,” and Subpart F, “Package and Special Form Tests.”
The results show that containment is not breached under any of the normal conditions of
transport or the hypothetical accident conditions specified in 10 CFR 71 (Apnl 1. 1996). Since
10 CFR 71 includes essentially all of the IAEA Safety Series No. 6 requirements [2], only minor
additional analyses were required to demonstrate that the packaging also complies with the IAEA

Safety Series No. 6 requirements. These analyses were performed.

In the structural analyses presented herein. state-of-the-art methods are used to calculate stresses
in large structures subject to steady-state and transient loadings. The evaluation of the structural
characteristics of the containment boundary is based on a conservative interpretation of the
requircments of Section IIl of the ASME Boiler and Pressure Vessel Code. Nuclear Power Plant
Components. The ASME Boiler and Pressure Vessel Code is the recognized standard for

pressure vessel analysis. mechanical properties of materials, and allowable stress values.

Analyses are performed tor the principal structural components of the Universal Transport Cask
under normal conditions of transport and hypothetical accident conditions specified in 10 CFR

—_ l
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2.1 Structural Design
2.1.1 Discussion

The transportation component of the Universal MPC System® consists of a Universal Transport
Cask containing a welded Transportable Storage Canister The canister assembly includes a
canister and @ basket loaded with PWR or BWR spent fuel B?Greate}Than Class C
(GTCC) waste. The impact limiters attached to the top and bottom of the cask protect the cask
and contents from damage resulting from impacts that could occur during transport. These

principal components of the Universal MPC System are described in this section.

2.1.1.1 Universal Transport Cask

The Universal Transport Cask is a cylindrical, multiwalled cask designed to safely transport a
canister containing 24 PWR fuel assemblies, 56 BWR fuel assemblies orGTCC Waste" The

primary components of the cask are the:

l. Cask body (inner shell, outer shell. lead gamma shielding. and cask bottom)
Cask lid, bolts. and O-rings

Port covers. port coverplates, bolts, and O-rings

19

1)

4. Neutron shield

h

Lifting trunnions and rotation pockets

6. Impact limiters (upper and lower)

The cask primary containment boundary consists of the (1)inner shell; (2) bottom forging:
(3) top forging: (4) cask lid. " and lid inner O-ring: (5) vent port coverplate, i and vent port
coverplate inner O-ring: (6) drain port coverplate.  and drain port coverplate inner O-ring. A
detailed discussion of the containment boundary is presented in Chapter 4.0. The geometry and
materials of fabrication of the cask components are described in Section 1.2.1 and Zl;e shown on

the License Drawings presented in Section 1.3.4.
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The Universal Transport Cask body supports and protects the cask cavity contents for the normal
conditions of transport and the hypothetical accident conditions. The lead located between the
cask inner and outer shells provides the primary gamma radiation shielding for the cask in the
radial direction.  The bottom plate closes the cask bottom end and provides axial gamma
radiation shielding. The bottom plate traps a layer of NS-4-FR. which provides neutron radiation
shielding in the axial direction.  The cask lid. bolts, and O-rings are the primary closure

components of the cask.

The vent port is located in the cask lid und the drain port is located in the bottom forging. Each
port is protected by a port coverplate. The primary containment boundary at the vent port and at
the drain port is the port coverplate und its inner O-ring. The O-ring is located on the bottom
surface of the port coverplate. A second O-ring is also located on the bottom surface of the port
coverplate outside of. und concentric with. the primary containment inner O-ring.  Each port
cover has a test port that penetrates the region between the O-rings to enable leak testing of the
O-rings using the interseal region. The inner O-ring is tested by pressurizing the cask cavity with
helium and using a helium leak detector at the test ports in the cask lid and in the port
coverplates. The outer O-rings are tested by pressurizing the interseal regions with helium and

using a helium leak detector around the edge of the cask lid and the two port coverplates.

The cask hd. bolts, and outer O-ring provide the primary containment boundary. The lid is
secured to the top forging by 48 bolts (2-8 UN-2A bolts) preloaded by an installation torque to
restrain rotation of the edge of the lid and to maintain a containment seal for the critical load
condition.  The critical load condition 15 4 uniformly distributed pressure resulting from the
impuact of the canister and cuvity contents on the inner surface of the lid during a top-end or top-

corner impact.

The neutron shielding material. NS-4-FR. is installed in the annulus that surrounds the cask outer
shell along the length of the cask cavity and between the bottom forging and the bottom plate.
NS-4-FR is a solid. synthetic polymer that absorbs the neutron radiation emitted by the cask

contents.

Four lifting trunnions. two primary and two secondary, are provided on the outside of the top
forging at 90-degree intervals. Two diametrically opposed primary trunnions are welded into

2.0-in. deep recesses in the top forging. The two secondary trunnions are bolted to the 1op

()

—
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forging when redundant lifts are performed. The purpose of the trunnions is to enable lifting and
handling of the cask. Two types of lifting systems may be used: redundant (four trunnions) or
nonredundant (two trunnions). The lifting trunnions are designed to satisfy the heavy lifting
requirements of NUREG-0612 [3] and attendant standard ANSI N14.6 [4] for a nonredundant lift
using the two primary lifting trunnions or a redundant lift using all four of the lifting trunnions,
as well as the requirements of 10 CFR 71.45(a) and Paragraph 506 of IAEA Safety Series No. 6.
Analyses show that overload failure of the trunnions will not impair the ability of the cask body

to continue to perform its function.

Two rotation pockets are welded to the outer shell near the bottom of the cask. Neutron shield
material is displaced to accommodate the placement of the rotation pockets, which are used to
support the bottom of the cask on the shipping frame and also, as a pivot point to rotate the cask
from the vertical lifting position to the horizontal position and vice versa. The rotation pocket
design prevents lateral and rearward movement of the cask. The pocket welds are designed to
fail in shear before the outer shell fails, thereby enabling the cask to continue to perform its

primary function.

Forward movement of the cask is prevented by the shear ring welded to the top forging of the
cask. In the transport configuration. forward axial loads from the cask are passed through to the
support frame where the shear ring contacts the frame. The shear ring welds are designed to fail
in shear before the top forging. minimizing the damage to the cask. enabling the cask body to

perform its primary function.

2.1.1.2 Transportable Storage Canister

The Transportable Storage Canister Assembly consists of a stainless steel canister shell
assembly. a shield lid. and a structural lid. The shell assembly 1s a cylindrical shell welded to a
bottom plate and a shield lid support ring welded to the interior of the canister shell. The shell
assembly with both the shield and structural lid welded in place provides a double welded
canister closure system for the fuel assemblies loaded in the basket. The canister assembly
provides confinement for the spent fuel during storage. No credit is taken for the canister

containment function during transport operations.

19
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A basket assembly. as described in Section 2.1.1.3. is positioned inside the shell assembly. The
basket structure locates and supports the basket contents. There are two basket designs, cach of
which 1s designed to accommodate either intact PWR or BWR fuel assemblies. The
transportable storage canister assembly is moved in a transfer cask during fucl-loading
operations. The shield and structural lids are welded to the canister shell while the loaded

canister 1s 1n the transfer cask.

In the spent fuel pool, the fuel is loaded into the basket/canister assembly positioned in the
transter cask.  Upon completion of fuel loading. the shield lid is lowered into the top of the
canister. The shield lid assembly is a 7-in.-thick Type 304 stainless steel disk positioned on the
shield lid support ring above the basket assembly. Then the loaded canister assembly is moved
to a decontamination pit for the remaining canister closure operations, including installation of

the drain pipe.

Two penetrations through the shield lid are provided for draining, vacuum drying. and buckfilling
the canister with helium. The drain penetration is threaded on the top to accept the drain pipe.
The pipe extends to within 1/8 in. of the bottom of the canister 1o facilitate draining water from

the inside of the canister.

The vent portis used to pressurize the canister or as a vent/discharge port during cask operations.
Both the drain and vent ports have a cover welded over the quick disconnect prior to installation

of the structural hid.

The structural hid 1s a 3-in. thick Type 304L stainless steel disk positioned on top of the shield lid
and welded to the shell after the shield lid is welded in place and the canister is drained, dried.
and backfilled with helium. The structural lid is designed with removable hoist rings so that the
loaded canister can be lifted. The canister design parameters for the transport of different classes
of PWR and BWR tuel are provided in Chapter 1.0.

2113 Fuel Basket
The tuel basket assembly structure is located inside the canister shell assembly. The basket and

canister shell assemblies are handled as one unit. The basket provides the fuel assemblies with

lateral support, decay heat removal capability, and criticality control during all storage and
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transportation normal conditions of transport and hypothetical accident conditions. The basket
can be loaded with up to 24 intact PWR fuel assemblies or up to 56 intact BWR fuel assemblies.
Some design features are common to both the PWR and BWR fuel baskets and some features

are unique to each basket, as described in the following paragraphs.

The common design features between the PWR and BWR basket structure designs are the top
and bottom weldments. support disks, heat transfer disks, fuel tubes, tie rods and nuts, and split
spacers. When complete, the basket structure is a rigid cylindrical structure. The base of the

structure is the stainless steel bottom weldment.

Either 8 (PWR) or 6 (BWR) stainless steel tie rods are welded to the bottom weldment. The tie
rods are used to mechanically join the bottom weldment with the top weldment and hold in place
all layers of the support disks and heat transfer disks. Each weldment is designed to support the
entire basket structure for all loads. The axial loads are bounded by hypothetical accident
condition top/bottom-end drop loads. The fuel assemblies are self-supporting in the axial

direction.

The basket structure is assembled by stacking the support disks and the heat transfer disks over
the tie rods, each separated by either a spacer or split spacer and washer. The system of multiple
support disks 1s designed to support the fuel assemblies and fuel tubes for all lateral loads. The
lateral loads are bounded by hypothetical accident condition side-drop loads. The heat transfer

disks do not transmit structural loads (other than self-weight) for any load condition.

The support disks satisfy structural design criteria requirements at temperatures that result from
cither the normal conditions of transport or hypothetical accident. The aluminum heat transfer
disks enhance thermal performance of the basket structure by augmenting its overall heat the

conduction properties.

The support disks 1in the PWR basket are separated and supported at 4.92-in. center-to-center
intervals by tie rods and spacer nuts at eight locations. The heat transfer disks are located in the
central region of the basket and supported by the eight tie rods and spacer nuts. The number of
support disks and heat transfer disks in the PWR basket varies depending upon the class of fuel
(Class 1. 2, or 3 PWR fuel) the basket is designed to contain. The PWR fuel tubes are encased

by BORAL poison plates on each of the four sides.
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The support disks in the BWR basket are separated and supported at 3.83-in. center-to-center
intervals by tie rods and spacer nuts at six locations. The heat transfer disks are located in the
central region of the basket and supported by the six tie rods and spacer nuts. As is the case for
the PWR basket, the number of support disks and heat transfer disks in the BWR basket varies
depending upon the class of fuel (Class 4 or Class S BWR fuel) the basket is designed to contain.
Three types of tubes are designed to contain BWR fuel: tubes with BORAL on two sides. tubes
with BORAL one side. and tubes with no BORAL.

2.1.1.4 Impact Limiters

The Universal Transport Cask packaging includes two removable, cup-shaped impact limiters,

which absorb the energy of a cask drop impact through the crushing of redwood and balsa wood.

Prior to shipment, the upper impact limiter is bolted to the top forging with 16 retaining rods,
washers. and nuts.  Likewise. the lower impact limiter is bolted to the bottom plate with 16
retaining rods. washers, and nuts. Both impact limiters are designed to limit impact loads on the
cask and its contents resulting from either the normal conditions of transport or hypothetical
accident drop scenarios.  The impact limiters are fabricated from redwood and balsa wood
wedge-shaped sections glued together to form a cylindrical shape. The wood impact-absorbing
medium s completely enclosed in a stainless steel shell that is fabricated from 0.25-in. stainless

steel plate.

The muximum normal condition of transport (1-ft free drop) impact load is calculated to be 17. lg
in the bottom end drop orientation. The design load used in all normal conditions of transport
impact caleulations 1s 20g. The maximum hypothetical accident condition (30-ft free drop)
impact load 1s calculated to be 54.9¢ in the oblique-drop orientation. A design load of 60g 1s
used 1n all hypothetical accident condition impuct calculations except the 30-foot end-drop

evaluation of the BWR basket. where a design load of 55¢ is used.

2.1.1.5 GTCC Waste Canister and Basket

The GTCC waste canister is identical in de51gn to the spent - fuel transportable storage. canister

g St

described in Section 2.1.1.2." The GTCC waste basket i is designed to-ASME-Code- Section’ 11,

Subsection NF_and “conforms_ to_ the apphcable load comb1nat10ns ‘and., bucklmg :ﬁze’haﬂ

w g mr

Regulatory Guide 7.8, “and NUREG/CR—6322 respectlvely*,‘ Exceptions_to’_applicable code

requirements for these components are shown in ‘Table 2.1.2-T}

2.1-6
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2.1.2 Desien Criteria
2.1.2.1 Codes and Standards

The structural design of the Universal Transport Cask incorporates criteria based on the

following codes and standards.

General Criterna (Assembled Components)

e 10 CFR 71. "Packaging and Transportation of Radioactive Material,” April 1, 1996. [1]

* 10 CFR 72, “Licensing Requirements for the Independent Storage of Spent Nuclear
Fuel and High Level Radioactive Waste.” April 1, 1996. [5]

o [AEA Safety Series No. 6, *Regulations for the Safe Transport of Radioactive
Maternals,” 1985 Edition. as amended 1990. [2]

Cask Structural Desien

e ASME Boiler and Pressure Vessel Code. Section III, Division I, Subsection NB, 1995
Edituon, with 1995 Addenda. [6]

e NUREG/CR-3019, “Recommended Welding Criteria for Use in the Fabrication of
Shipping Containers for Radioactive Materials.” dated March 1984. [7]

o NUREG/CR-3854, “Fabrication Criteria for Shipping Containers.” dated March 1985.
(8]

e NUREG/CR-6007. “*Stress Analysis of Closure Bolts for Shipping Casks.” dated
January 1993. 9]

¢ Regulatory Guide 7.6. “Design Criteria for the Structural Analysis of Shipping Cask
Containment Vessels.” Revision 1, March 1978, [10]

e Regulatory Guide 7.8, “Load Combinations for the Structural Analysis of Shipping
Cusks for Radioactive Material,” Revision 1, March 1989. [11]

Cask Inner Shell and Canister Buckling

e ASME Boiler and Pressure Vessel Code Cases, Nuclear Components, Case N-284-1,
“Metal Containment Shell Buckling Design Methods,” Approved March 1995, [12]
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Cask Structural Materials Fracture Touchness

Regulatory Guide 7.11, “Fracture Toughness Criteria of Base Material for Ferritic Steel
Shipping Cask Containment Vessels with a Maximum Wall Thickness of 4in. (0.1 m).”
dated June 1991. [13]

Regulatory Guide 7.12, “Fracture Toughness Criteria of Base Material for Ferritic Steel
Shipping Cask Containment Vessels with a Wall Thickness Greater than 4 in. (0.1 m)
But Not Exceeding 12 in. (0.3m).” dated June 1991. [14]

Cask-Lifting Trunnions

NUREG-00612. “Control of Heavy Loads at Nuclear Power Plants,” dated July 1980. [3]
ANSI N14.6, “Special Lifting Devices for Shipping Containers Weighing 10.000
Pounds or More.” dated June 1993, [4]

Basket Structural Desion

‘71’77

ASME Boiler and Pressure Vessel Code. Section 1L, Division 1. Subsection NG, 1995
Edition. with 1995 Addenda. [15]

Regulatory Guide 7.8, "Load Combinations tor the Structural Analysis of Shipping
Casks for Radioactive Material.” Revision |, March 1989. [11]

NUREG/CR-6322. "Buckling Analysis of Spent Fuel Baskets,™ dated May 1995, [16]

Exceptions to Codes and Standards

Specific exceptions to the above codes und standards (Section 2.1.2.1) are identified in Table

2.1.2-1.

These excepuions are justified based on other requirements for the design and analysis of

the Universal Transport Cusk and the Transportable Storage Canister. as well as buased upon

stundard industry practice for the storage and transport of spent nuclear fuel.
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2.1.23 Load Combinations

The load conditions that must be considered for the design of a spent-fuel transport cask are
defined in 10 CFR 71 and Regulatory Guide 7.8 [11] and summarized in Table 2.1.2-2. The
stresses in the containment structure and the noncontainment structures satisfy the stress limits
defined in Regulatory Guide 7.6. “Design Criteria for the Structural Analysis of Shipping Cask
Containment Vessels.” [10] These limits are essentially the same as those in the “ASME Boiler

and Pressure Vessel Code,” Section III, Division 1. Subsection NB. for Class I Components. [0]

The Universal Transport Cask is analyzed as a pressure vessel, whose containment boundary 1s
not breached during any loading condition. The cask design allows for well-defined load paths
that are analyzed by using straightforward, proven structural analysis methods. The structural
analvsis of the cask is a linear elastic analysis. In those cases where loadings are open to
analyvtical interpretation, several load condition analyses are performed to bound the actual load

conditions.

Each normal condition of transport and each hypothetical accident condition is characterized by a
combination of various loading tvpes. These load type combinations define the total load criteria
for each condition. The loading types that must be considered include ambient thermal, decay
heat, external and internal pressures. bolt preload. inertia. and cask drop impacts. The cask 1s
analyzed for normal conditions of transport in Section 2.6 and for hypothetical accident

conditions in Section 2.7.

The total stresses in the cask components are calculated as the combination of stresses that
results from each of the various load types (thermal. pressure, and mechanical) associated with a
given load condition. For those load conditions and components analyzed by using classical
hand-calculational methods. the total stress components are obtained by summing the individual
stress components for each type of load associated with the load condition. This summation is

appropriate because the individual and total stress components are linear. elastic stresses.

The evaluation of lead-pour fabrication stress is presented in Section 2.6.1 1"/'si‘i{&‘é“tﬁé"’r2‘§§€ii“a1
f the
low creep strength of the lead, the stresses are not combined with other loads. The evaluatlons of

“Heat” (100°F) and “Cold” condmons (-40°F) are pregentéd 1n Sectlons 26(_1; and’2.6.2,
respectively. The cask free drop conditions are evaluated in Sections 2.6.7 and 2.7.1. _The

stress in the inner shell induced by shrmkage of the lead after pourmg is relieved because
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loading conditions used (bolt pre-load, internal pressure, inertia ioad ‘and_ thermal load) are
described in Section 2.10.2.

2.1.2.4 Allowable Stress Limits - Ductile Failure

Allowable stress limits are established for the cask containment structures, noncontainment
structures, lifting trunnions. rotation pockets. bolts, and impact limiters. Regulatory Guide 7.6
and the ASME Code Section III. Subsection NB, are used to establish the allowable stress limits
for the Universal Transport Cask primary containment boundary for both normal conditions of
transport and hypothetical accident conditions. Material property data used in calculating the
allowable stress imits correspond to the design stress intensities (Sy). vield strengths (S,). and

ultimate strengths (S,) presented in Section 2.3.

The cask primary containment boundary includes the following elements:

e 1.25in.-thick cup-shaped bottom forging (Type 304 stainless steel),

e 07.61n. ID, 2 n.-thick inner shell (Type 304 stainless steel), to which the bottom forging
is welded.

e Top forging (Type 304 stainless steel). to which the top end of the inner shell is welded.

¢ 6.51n. thick cask lid (Type 304 stainless steel). its inner O-ring and 48 lid bolts (SB-637,
Grade NO7718 nickel alloy steel).

The vent port coverplate, inner O-rings coverplate, bolts, drain port coverplate, inner O-ring, and
coverplate bolts are also part of the primary containment boundary. The allowable stress criteria
used for contuinment structures and bolting materials are summarized in Table 2.1.2-3. These
criteria are consistent with Regulatory Guide 7.6 and applicable parts of Article NB-3000 and
Appendix F of the ASME Boiler and Pressure Vessel Code. [17] Analysis section locations on

the cask are identified in Section 2.10.2 to aid in the evaluations of the various load conditions.

In the evaluation of the cask primary containment boundary. no credit is taken for the
Transportable Storage Canister. although the canister is designed as a confinement boundary to

satisfy 10 CFR 72 [5] spent fuel storage requirements.
The noncontainment structural members are shown to satisfy essentially the same structural

criteria as the containment structure, even though Regulatory Guide 7.6 applies only to

containment structures. Noncontainment structures include all structural members other than the

2.1-10
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primary containment boundary components, but exclude the lifting trunnions, rotation pockets,
and impact limiters. Allowable stresses for the noncontainment structures and noncontainment

bolting materials are presented in Table 2.1.2-4.

The allowable stresses for the lifting and handling components of the Universal Transport Cask
are based on the requirements of 10 CFR 71.45(a) [1] which requires use of material yield
strength with a load factor of 3.0. The lifting and handling components of the cask also satisfy
the structural requirements of NUREG-0612 [3] and ANSI N14.6 [4]: the maximum allowable
stress 1s the material yield strength with a load factor of 6.0 or the material ultimate strength with

a load factor of 10.0, whichever is less.

The lead (gamma-shielding material) is enclosed between the inner and outer cask shells and the
top forging and bottom plate. The lead does not perform a structural function. However, the
weight and low §1eldstrength of the lead is considered. where appropriate, in the analyses of cask

shell components.

The impact limiters are not stress-limited. While performing their intended function during a
free-drop impact. the impact limiters crush and thereby absorb the energy of the impact. The
crushing of the redwood and balsa wood contained in the limiter dissipates the kinetic energy of

the cask while limiting the deceleration forces applied to the cask.

The Transportable Storage Canister is analyzed as a containment structure. The canister is
structurally sound. criticality safe and contains a thermally efficient basket. The canister, which
has a double welded closure. serves as a second enclosure of the spent fuel with the fuel cladding
being the first enclosure.  The basket provides the lateral structural support for the fuel
assemblies and maintains the subcritical configuration during all normal conditions of transport

and hypothetical accident conditions.

2. 1-11
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Table 21241

Code Section

Universal Transport Cask

May 2000
Revision UMST-00A

Exceptions to Codes and Standards

ASME SECTTON T, SUBSECTION NB CODE EXCEPTIONS

Transport Cask

Article NB-8000):
Nameplates, Stamping, and
Reports

The Code uquuummc for this article are not met for the Tr.mspon Cask as it is'not N-stamped and
code data reports are not required. However, the Cask is marked as requ1red by 10 CFR 71.

'l‘ransportal)le Stnrugc Canister

0= pr tamping ofcamste?r, mponents is np 16(}
E:amster,componentsqare not code stamped»and ;there .is.no: mvolvcment of .an,. Authogzqc_lhlnspectlon
Agency.

NBS00]
ASME»Approved ‘Material
Supplier

Matenais wwﬂl»ebe"supphed by NAG'-approved “suppliers 'with . Certified'Material, “Test:Reports_ in
accordance: with.NB-2000 requiremeits,

Subparagraph NB-3352.3
Joints of Category C

The structural lid-to-shell V\le]()ml does not comply with the allowable joint configurations (NB4243

]
)

- full penetration joint). {The:weld/joint design ensures protection.ot:the. hej:d ’n'sxde impacts)

.uduaph NB-442]
Removal of Backing Rings

In accordance with NB-4243 ((‘dlegor C) corner joints welded from one side with the backing ring
removed are acceptable. The UMS® st.mctural 11& to shell weld design uses a bacl\mg: rmg for the joint
that 1s not removed. The had\mg ring permits completion of the partial depth grooyé weld. It is not
considered in any analyses and has no detrimental effect on canister function.

9

Ad-12
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Table 2.1.2-1 Exceptions to Codes and Standards (Continued)

Code Section

ASME SECTION I, SUBSECTION NB CODE EXCEPTIONS (Continued)

Transportable Storage Canister (Continued)

Paragraph NB-5230
Radiographic or Ultrasonic
Weld Examination
(Structural Lid to Canister
Shell)

The structural lid to canister shell weld will be verified by either ultrasonic examination (UT) or by
progressive liquid penetrant examination (PT). If progressive PT examination is used, it must include
the root and final layers, and each intermediate (approximately) 3/8-inch of weld depth. If UT is ‘used,
it will be followed by a final surface PT examination. For either examination, the maximum,
undetectable flaw size is demonstrated to be smaller than the critical flaw size. The critical flaw size
is determined in accordance with ASME Code, Section XI methods. The examination of the weld will
be performed by qualified personnel per ASME Code Section V, Articles 5 (UT) and 6 '(PT) with
acceptance per ASME Code Section III, NB-5332 (UT) per 1997 Addenda, and NB-5350 for (PT).

Paragraph NB-5230
Radiographic or Ultrasonic
Weld Examination

(Shield Lid to Canister
Shell and Port Covers to
Shield Lid)

A root and final liquid penetrant examination has been specified because a radiographic examination
cannot be performed since the canister is loaded with spent fuel and’ ultrasonic examination of these
weld joints is not indicated because of the joint configuration. In addition, ultrasonic examination
would require close proximity to the canister shield lid, which would expose personnel to high dose
rates. Two welds close all leak paths through the canister shield and structural lids. In addition, the
shield lid weld is pressure tested and helium leak tested to confirm its integrity.

Article NB-6111
Pressure Testing

A hydrostatic or pneumatic test of the Transportable Storage Canister is not performed at the time of
fabrication because the canister (pressure vessel) is not closed until it is loaded with the spent fuel or
radioactive waste that it holds for storage and transport. The canister is leak tested and pressure tested
(following fuel loading) during the canister closure operations.

Amcle NB-7000

Ao s ew s .

Overpressure Protection

No overpressure protection is provided since the function of the canister, is to confine radioactive
material.  The canister is designed to w1thstand an internal pressure that "considers 100% fuel rod
failure and the maximum accident temperature.

Article NB-8000
Nameplates, Stamping and
Reports

The Transportable Storage Canister is not Code stamped and no reports are completed that are
associated with these activities.

2.1-13
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Table 2.1.2-1 FExceptions to Codes and Standards (Continued)
Code Section ASME SECTION HI, SUBSECTION NG CODE EXCEPTIONS
Spent Fuel Basket Assembly

NG-2000 ‘ Materials will be supplied by NAC-approved suppliers with Certified Material Test Reports in
ASME Approved Material | accordance with NB-2000 requirements.
Supplier
Article NG-8000) The Internal Fuel Basket Assembly is not Code stamped and no reports are completed that are
Nameplates. Stamping and | associated with these activities.
Reports
Code Section ASME SECTION HI, SUBSECTION NF CODE EXCEPTIONS

GTCC Waste Basket Assembly
NB-2000 Materials™: will _be’ supplied® by NAC approved suppliers “with Certified "Material > Test - Reports in
ASME Approvcd Material | accordance with NB-2000 requirements.
Supplier
Article NF-8000 The Internal GTCC Waste Basket Assembly is not Code stamped and no reports are completed that are
Nameplates, Stamping and | associated with these activities.
Reports
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Table 2.1.2-2

[L.oad Combinations: Normal and Hypothetical Accident Conditions

May 2000

__Revision UMST-00A

Apphicable Initial Conditions

Ambient Temperature Solar Insolation Decay Heat Internal Pressure Fabrication
lL.oad Conditions - Apply Scparately 100°F 20°F Maximum | Minimum (Zero) | Maximum | Minimum (Zcro) | Maximum { Minimum Stresses
Normal Conditions of Transport:

Hot Environment
(100" F Ambient Temperature) X X X X
Cold Environment
(-40" FF Ambient Temperature) X X X X
Increased External Pressure 20 psia X X X X X
Minimum External Pressure 3.5 psia X X X X
X X X X
Vibration and Shock
X X X X X
. R X X X X X
Free Drop (1-fool)
X X X X X
Hypothetical Accident Conditions:
. X X X X X X
Free Drop (30-foot)
X X X X X
X X X X X
Puncture R . - R . L. - 5 w
' X ; X " X : X X
‘Thermal Fire Accident X : X : X X £ X
200 Meter Immersion X X X X X
(290 psi external pressure) X X X X X
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Table 2.1.2-3

Allowable Stress Limits for Containment Structures

May 2000
Revision UMST-00A

Allowable Stress

Bolt Allowable

- Intensity Stress Intensity’
Stress Intensity Normal ' ” ;\C(;ir(ieil;ti Normal Accident
Category Conditions Conditions Conditions Conditions
Primary membrane 1.0S,, lesserof: 2.4 §,, 2.0(S 1) im Lesserof: 1.0°S,
and 0.7 S, and 0.7 S,
Primary membrance + 158, [esserof: 3.0 S, 3.0(S)nm 1.0S,
Primary bending and 1.0°S,
Range of primary + 3.08,, NA e e
secondary
Shear 0.0 S,, L0 S S T ——
Bearing LOS, 1.OS,
orl58. L
Buckling Inner shell: ASME Code Case N-284-1 [12] -—-- -
"Neglecting stress concentrations.

“Distance to edge > distance over which bearing load is applied.

S, = material ultimate strength.
Sy = material yield strength.
S, = material design stress intensity.

I

lesser of: S,/3 and 25,/3.
{Sw) bolting material = 5,/3.

2.1-16
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Table 2.1.2-4

May 2000
Revision UMST-00A

Allowable Stress Limits for Noncontainment Structures

Allowable Stress Bolt Allowable Basket Allowable
Intensity Stress Intensity’ Stress™
Stress Intensity N Normal Accident Norm;lm ‘ Accidciif Normal Accident
Category Conditions Conditions Conditions Conditions Conditions Conditions
Primary membrane 1.0°S,, 0.78, 2.0(5:) v *Lesser of : 1.0S,, 0.78,
1.0S,
and 0.7 S,
Primary membrane + 1.58S,, 1.08, 3005 m 1.0S, 1.58, 1.0S,
Primary Bending
Range of Primary + 3.08,, N/A 3.08,, N/A
Secondary
Shear Greater of: 0.6 S, 0.55S, 0.6 S, 0.42°S,
or L6 S,
Bearing 1.OS, 1.OS, 1.OS, 1.0S,
or 1.5 Speee

Buckling NUREG/CR-6322

"Neglecting stress concentrations.
" ASME Boiler & Pressure Vessel Code, Section 111, Subsection NG.
""Distance to edge > distance over which bearing load is applied.

S. =  material ultimate strength.
S, = material yield strength.
S. = material design stress intensity.

= lesser of: S,/3 and 25,/3.
(S,) bolting material = S,/3.

2.1-17
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2.1.2.5 Miscellaneous Structural Failure Modes
2.1.25.1 Bnittle Fracture

The primary structural material of the Universal Transport Cask is Type 304 stainless steel. The
outer shell, mner shell, top forging, bottom forging. neutron shield shell. cask bottom plate. and
port coverplates are fabricated from Type 304 stainless steel. The Transportable Storage Canister
shield lid and the tie rods in the PWR and BWR baskets are also fabricated from Type 304
stainless steel. The canister shell. structural lid. and bottom plate are fabricated from Type 304L
stainless steel. The support disks in the PWR basket are constructed from 17-4-PH. Type 630.
stainless steel. The support disks in the BWR basket are constructed from SA-533. Type B. Class

2 carbon steel.

Type 304 and 304L stainless steel are austenitic stainless steels and, therefore, do not undergo u
ductile-to-brittle transition 1n the temperature range of interest for a spent-fuel transport cask.
Theretore. brittle fracture 1s not a concern.

Regulatory Guide 7.11, “Fracture Toughness Criteria of Base Material for Ferritic Steel Shipping
Cusk Containment Vessels with a Maximum Wall Thickness of 4 Inches (0.1 m).,” [13] which
identities fracture toughness criteria. references the criteria contained in NUREG/CR-1815.
“"Recommendations for Protecting Against Failure by Brittle Fracture in Ferritic Steel Shipping
Containers Up to Four Inches Thick™ [18]. The cask lid bolts are made of SB-637. Grade N07718
nickel alloy steel bolting material. The port coverplate bolts are made of SA-193, Grade B6, Type
410 stainless steel.  According to Section 5 of NUREG/CR-18135, bolts generally are not
considered fracture-critical components because multiple load paths exist and because bolted
systems are designed to be redundant. Thercfore. brittle fracture evaluation of the bolts is not
required.  Nonctheless. the bolt matenials possess a level of resistance to brittle fracture that is

comparable to the other cask component materials.
The support disks in the PWR basket are made of 17-4-PH, Type 630 stainless steel plate that is

0.5 in. thick. The BWR basket support disks are made from SAS33, Type B, Class 2 plate that is
0.625 in. thick.

2.1-18
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Paragraph NG-2311 of the ASME B&PV Code [15] states that materials 0.625 in. thick and less
need not be impact tested. Therefore, no nil-ductility or brittle fracture concerns are associated
with either the PWR or BWR support disks.

2.1.2.5.2 Fatigue

- =) :

Universal Transport Cask

The Universal Transport Cask - containment structure is evaluated for the effects of fatigue in
accordance with the criteria contained in ASME Code. Section III. NB-3222.4 for cyclic operation.
NB-3222.4(a) states that cyclical service analysis is not required when the six criteria of
NB-3222.4(d) are satisfied. Justification for exemption from a detailed cyclic analysis 1s provided

below.

A normal operating cycle of the transport cask consists of: 1) loading an empty cask at ambient
temperature with a canister containing maximum heat load: 2) transporting the contents to a
destination; and 3) unloading the contents and letting the cask return to ambient temperature. The
anticipated number of normal operating cycles for the cask is not expected to exceed 1200 cycles

(24 cvcles per vear x 50 years).

The following is a summary of the application of the six NB-3222.4(d) criteria to the Universal

Transport Cask.

1. Atmospheric Pressure Cvcle. Since the cask normally operates at atmospheric pressure, the

normal operation process for the cask includes one evacuation cycle and one pressurization
cycle for the total of two pressure changes. This results in 2,400 (2 x 1200) pressure cycles.
This is significantly lower than the value of 20,000 corresponding to 3S, for the cask material
(36.1 kst at 400°F).

to

Normal Pressure Service Fluctuations. The normal operating pressure for the cask is 50 psig,

but the pressure boundary is designed for 75 psig. S, for 10° cycles is determined to be 26.5
ksi and Sn, is 18.7 ksi. The significant range of normal pressure changes is 1/3 x design
pressure X (S/Sy) = 35.4 psi. The only pressure fluctuations during normal operations occur
duc to changes in ambient condition and are calculated to be below 3 psi. Therefore, these

fluctuations are insignificant and do not need to be considered.
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3. Temperature Difference - Startup and Shutdown. As discussed above. not more than 1.200

startup-shutdown cycles are expected during the lifetime of the cask. The corresponding S,,
determined from the fatigue curves is 120 ksi. Therefore, taking the material propertics from
Secuion 2.3, the value of S,/2a is calculated to be 245°F—substantiallv higher than the

temperature difference between any two adjacent points on the cask.

4. Temperature Difference - Normal Service. Similar to (2) above, S, is determined to be 26.5

ksi and S/2Ec 1s calculated to be 54°F. Clearly, this is substantially higher than the change in

temperature difference between any two adjacent points on the cask during normal service.

5. Temperature Difference - Dissimilar Materials. The cask components are fabricated from

austenitic stainless steel except for the lid bolts which are ASME SB 637 Grade NO7718 and

the coverplate bolts which are SA192 Grade B6. The quantity of S/2(E «; - E>ats) is calculated
to be 192°F for the coverplate bolts and 349°F for the lid bolts. This is substantially higher

than the temperature difference between any adjacent points of the basket.

6. Mechanical Loads. The fluctuations due to mechanical loads are considered significant only

. . ( . . .
when they exceed the S, quantity corresponding to 10" cycles. This value is determined to be
260.5 ksi. From the results in Section 2.6.7. the maximum cask stress for normal conditions of

transport 1s 21.5 ksi when the 1-ft. drop is included.
Therefore. the Universal Transport Cask structural components meet the exemption criteria of NB-
3222.4(d) and do not require a detailed cvyclic service analysis. However, a fatlgueevalu;tlpn is

performed for the cask closure lid bolts as shown in Section 2.6.7.6.1.

Transportable Storage Canister

The Transportable Storage Canister is not evaluated for effects of fatigue. A normal operating
cycle for a canister consists of (1) fouding an empty canister/basket at the spent fuel pool (assumed
to be ambient temperature) with a full load of fuel assemblies generating the maximum allowable
heat load. (2) storage of the canister for 5 years or more, and (3) loading the canister into the
transport cask in which is be shipped to a destination for unloading. The canister may be exposed
to one hypothetical accident. after which the canister is taken out of service. A typical canister is

not exposed to significant cveling during its design life.

2.1-20
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2.1.253 Buckling

The Universal Transport Cask inner shell and the canister are evaluated for structural stability by
using Code Case N-284-1 (Metal Containment Shell Buckling Design Methods) of the ASME
Code [12]. The PWR and BWR basket structures, without the support of the canister, are
evaluated for buckling effects by using the criteria defined in NUREG/CR-6322 [16], which is
based on the ASME Code. Section III, Division 1, Subsection NF [19]. The code or standurd used
to evaluate structural stability of the containment shell, canister shell. and basket is described in

the following paragraphs.

Structural stability ensures that the shell does not buckle during fabrication, for normal conditions
of transport. or hypothetical accident conditions. The buckling evaluation requirements of
Regulatory Guide 7.6, Paragraph C.5. are shown to be satisfied by the results of the interaction
equation calculations of Code Case N-284-1. This section discusses the Code Case N-284-1
methodology for the calculation of the Universal Transport Cask inner shell buckling. The
detailed buckling evaluation of the cask is provided in Section 2.7.12 of this report. The basket
evaluation for the normal conditions of transport and hypothetical accident conditions is presented
in Sections 2.6.13, 2.6.15, 2.7.8, and 2.7.10.

Code Case N-284-1

The ASME Boiler and Pressure Vessel Code sets forth service limits that are analogous to load
conditions found in 10 CFR 71. As stated in Regulatory Guide 7.6, the normal conditions of
transport correspond to Level A Service Limits, and the hypothetical accident conditions
correspond to Level D Service Limits. A buckling safety factor at 2.0 is used in Level A (normal
transport) conditions. A buckling safety factor of 1.34 is used in Level D (accident) conditions.

Code Case N-284-1 addresses both elastic and inelastic buckling.

Interaction equations are used to combine the largest hoop compressive, axial compressive, and in-
plane shear loadings calculated in each load case (cask body or canister) analyzed. Appendix F of
the ASME Boiler and Pressure Vessel Code. (for Level D Service Loadings) {17] specifically
identifies the use of a Code Case for metal containment shell buckling as an acceptable means of

addressing buckling issues.

Buckling of the inner shell. which is the primary component of containment, 1s evaluated as

follows:
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1. Use classical theory to determine the theoretical elastic buckling stresses.

[

Apply the appropriate factors of safety and interaction equations to elastic and inelastic

buckling cases and establish the worst-case compressive and in-plane shear stresses.

3. Calculate and apply capacity reduction factors, which account for differences between
classical theory and predicted instability stress for fabricated shells.

4. Calculate plasticity reduction factors and apply them in cases where elastically determined

buckling stresses are above the proportional limit.

Theoretical Elastic Buckling Stresses

Cask inner shell geometric parameters and material properties are used in the elastic buckling
evaluation. The theoretical elastic buckling stresses for the inner shell are calculated by using the
equations of Code Case N-284-1. the inner shell geometric parameters. and the material vield
strength and elastic modulus. Code Case N-284-1 provides elastic stress formulas for unstiffened

cylindrical shells.

Capacity Reduction Factors

Capacity reduction factors compensate for differences between classically determined and
predicted instability stresses for fabricated shells. The capacity reduction factors are determined
by using methods described in Section-1500 of Code Case N-284-1. To directly use the capacity
reduction factors. the tolerance requirements of NE-4220 of the ASME Boiler and Pressure Vesscl
Code, Subsection NE [20] must be satisfiecd. NE-4221.1 and NE-4221.2 set forth the maximum
difference in cross-section diameters and maximum deviation from true theoretical form for

external pressure.

Plasticity Reduction Factors

Plasticity reduction factors account for nonlinear material behavior, which occurs when buckling
stresses exceed the proportional limit of the material.  Plasticity reduction factors are dependent
upon the magnitude of the applied compressive or in-plane shear stress. S;. Because values for S,
are not directly calculated. the equations used to determine the reduction factors for axial

compression, hoop compression. and shear (Section-1600 of Code Case N-284-1) arc used.

8/ 1_"7')
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Upper Bound Magnitudes for Compressive Stresses and In-Plane Shear Stresses

From Section-1600 of Code Case N-284-1, as an upper limit, the compressive stresses. S; (1 = ¢ or
0). must be less than the yield strength, S,. divided by the appropriate factor of safety (S; < S,/FS).
Similarly, for shear, Sgi. must be less than or equal to 0.6 S, divided by the appropriate factor of
safety (Sgn < 0.6 S/FS). As discussed earlier in this section, the factor of safety is 2.0 for normal
transport and 1.34 for hypothetical accident conditions. Under no circumstances may the values
for the upper bound magnitudes of compressive stresses and in-plane shear stresses be exceeded.
However, satisfving these limits alone is not sufficient to demonstrate that buckling does not

occur: the interaction equations must also be satisfied.

Interaction Equations

Elastic and inelastic interaction equations must be satisfied for all states of compressive and
in-plane shear stress. The interaction equations for cylindrical shells are directly available from
Paragraph 1713.1.1 and Paragraph 1713.2.1 of Code Case N-284-1. Once a stress state is
established for a specific shell, plasticity reduction factors can be determined and all appropriate
interaction equations checked. Elastic interaction equations must be satisfied and, if any of the
uniaxial critical stress values exceed the proportional limit of the fabricated material, the inelastic

interaction equations must also be satisfied.

2.1.254 Creep Considerations at Elevated Temperatures

Structural components of the Universal Transport Cask and the canister are fabricated from
stainless steel. which does not experience creep below temperatures of 700°F. The canister is the
package structural component exposed to the highest temperatures, which remain below 700°F.
Therefore, the potential for creep is essentially zero. Design considerations relative to the creep

failure mode are therefore satisfied.

2.1.2.5.5 Impact Limiter Deformation Limits

The Universal Transport Cask impact limiters are designed to crush and, thereby, absorb the
kinetic energy of the cask acquired during a free-drop accident. The geometry of the impact
limiters and the crush characteristics of the energy-absorbing material are designed to limit the

deceleration forces applied to the cask.
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The Universal Transport Cask impact limiters limit the maximum deceleration experienced by the
cask body to less than 54.9 g for all impact conditions. The deceleration force is a function of the
crush strength of the energy-absorbing material in the impact limiter and the area of crush. The
impact limiter must provide a sufficient depth of energy-absorbing material so that all of the
Kinctic energy of the package s absorbed (cask is stopped) before the limiter is crushed to its solid

“stacked™ height (approximately 30% of the initial depth).
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1o
S

Weights and Centers of Gravity

The calculated weights of the major components of the Universal Transport Cask containing

weight of the Transport Cask with Greater Than Class C (GTCC) waste is provided in Table
2.2-3. These tables also summarize the weights and center of gravity locations of the cask for the
three cask configurations most likely to occur: empty, under-the-hook loaded with fuel. and
loaded with fuel/ready for transport. In the tables. the term “"Empty” implies the absence of the
canister or fuel in the cask cavity, although the spacers do remain in the cask cavity. “Under-the-
hook weight™ includes the cask with lid, spacer. and voke. “Transport-ready weight™ includes the
loaded cask with upper and lower impact limiters. The cask under-the-hook and the transport-

ready design weights are 250,000 and 260.000 b, respectively.

The axial locations of the centers of gravity are measured from the bottom outer surface of the
cask bodv. The centers of gravity are on the axial centerline of the cask because the cask is

symmetric about that axis.
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Table 2.2-1  Calculated Weights and Centers of Gravity: Cask with Canister Containing PWR
Fuel

Class 1 Fuel Class 2 Fuel - Class 3 Fuel

Component Description Wt C.G. Wt C.G. Wt C.G.

(1) tin)! (Ib) (in)! (Ib) tin)?!
Fuel 37,608 — 38,448 —_ 35,520 —
Basket 14,957 — 15,994 —_ 16,489 —
Canister without lids 8,388 — 8,733 — 9,022 —
Canister structural lid + backing ring 2,927 —_— 2,927 —_— 2,927 —
Canister shield lid 6,825 — 6,825 — 6,825 —

Loaded/Closed Canister® 70,705 89.98 72,927 93.74 70,783 98.45
Spacers 1,714 — 975 —— 0 —
Cask Cavity Contents Weight 72,419 — 73,902 — 70,783 —
Top impact limiters 8,846 — 8,846 — 8,846 —
Bottom impact limiters 8,846 — 8,846 — 8,846 —
Cask lid 8,869 — 8,869 — 8,869 —

i Transport cask without lid 151,029 | — 151,029 — 151,029 -

‘ Transport cask with lid' 159,898 104.22 159,898 104.22 159,898 104,22
Transport cask with cask lid + spacer 161,612 — 160,873 — 159,898 —
Water weight 12,893 — 14,668 —_— 15,637 —
Yoke? 8,000 - 8,000 — 8,000 -
Under-the-hook weight 1drvi’ 240,317 — 241,800 — 238,681 —
Under-the-hook weight (wet)® 244,893 —_— 247,104 — 244,122 —
Transport ready weight'” 250,009 | 107.99 | 251,492 | 106.79 248,373 | 106.30
Design trunsport weight 260,000 — 260,000 — 260,000 —

1. Measured trom bottom outer surface of cask body.

2. Yoke is used for litting purposes only. Theretore, voke is not included in transport cask analysis and center of

gravity is not calculated.

3. Under-the-hook weight: cask with lid. spacer, loaded canister, and voke.
4. Under the hook weight cask without lid, loaded canister without structural lid, spacer, and with water in the

canister and cask annulus.

5. Transport-ready weight: loaded cask with impact limiters.

6. Measured from bottom outer surface of canister body.

to
12
12
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Table 2.2-2  Calculated Weights and Centers of Gravity: Cask with Canister Containing BWR
Fuel
_ Class 4 Fuel Class 5 Fuel
Component Description Wi. C.G. Wt C.G
(1b) (in.) (Ib) (in.)

Fuel 38,976 — 38,976 —
Basket 17,845 — 18,199 —
Canister without lids 8,786 — 8,969 —_
Canister structural lid + backing ring 2,927 — 2,927 —_
Canister shield lid 6,825 —_ 6,825 —
Loaded/Closed Canister® 75,359 93.75 75,896 97.22
Spacers 2,073 — 518 —_
Cask Cavity Contents Weight 77,432 — 76,414 —
Top impact limiters 8,846 — 8,846 —
Bottom impact limiters 8,846 — 8,846 —
Cask lid 8,869 — 8,869 —
Transport cask without lid 151,029 — 151,029 —
Transport cask with lid' 159,898 104.22 159,898 104.22
Transport cask with cask lid + spacer 161,971 — 160,416 —
Water weight 15,038 —_— 15,407 —_—
Yoke’ 8,000 — 8,000 —
Under-the-hook weight (dry)’ 245,330 — 244,312 —
Under-the-hook weight (wet)“ 250,185 — 249,507 —
Transport ready weight™? 255,022 105.94 254,004 106.23
Design transport weight 260,000 e 260,000 —

1. Measured from bottom outer surface of cask body.

2. Yoke is used for lifting purposes only. Therefore, voke is not included in transport cask analvsis and

center of gravity is not calculated.

3. Under-the-hook weight: cask with lid. spacer. loaded canister, and voke.

4. Under the hook weight cask without lid, loaded canister without structural lid, spacer, and with water in
the canister and cask annulus.

5. Transport-ready weight:loaded cask with impact limiters.

6. Measured from bottom outer surface of canister body.

1o
to
o
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Table 2.2:3  Calculated Weights and_Centers_of Gravity: Cask with Canister Containing
Greater Than Class C (GTCC) Waste
Maine,Yankee GTCC Waste
Weight | Center of Grayity

Cdmpohéﬁt Description (lb) f(i’h.ches)
GTCC Waste 20,000 —
Basket 32,314 —
Canister without lids 8,388 —
Canister structural lid + backing ring 2,927 —
Canister shield lid 6,825 e
Loaded/Closed Canister’ 70,454 9384
Spacers 1,;7:1'4 -

Cask Cavity Contents Weight 72,168 —

Top impact limiter 8,846 —
Bottom impact limiter 8,846 —

Cask lid 8,869 —
Transport cask without lid 151,029 —
Transport cask with lid’ 159,898 104,22
Transport cask with cask lid + spacer 161,612 —
Yoke? 8,000 —
Under-the-hook yveight3 240,066 —
Transport ready weight" * 249,758 108.54
Design transport weight 260,000 —

and center of gravity is not calculated.

Measured from bottom outer surface of cask body,

Under-the-hook weight: cask with lid, spacer, loaded canister, and yoke.

2.2-4

Transport-ready weight: loaded cask with impact limiters.
Measured from bottom outer surface of canister body.

Yoke is used for lifting purposes only. Therefore, yoke is not included in irﬁhspbrt cask analysis
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23 Mechanical Properties of Matenials

The material mechanical properties corresponding to the calculated material temperatures of the
Universal Transport Cask are used in the structural analyses for the normal conditions of
transport and the hypothetical accident load conditions. The mechanical properties at the
applicable temperature are also used in calculating the allowable stresses in each component
analysis. The cask materials and their mechanical properties are described in the following

SeCtions.

2.3.1 Summary of Matenials

A summary list of the materials from which the Universal Transport Cask and other major
components are fabricated is presented here. The mechanical properties of these materials are
presented in tables in Sections 2.3.2 through 2.3.8. The effects of temperature on the mechanical
properties are shown. The coefficients of thermal expansion presented in this section represent

the mean value for the temperature range from 70°F to the indicated temperature.
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Cask Component Material
Cask 1nner shell ASME SA-240, Type 304 stainless steel
Cask outer shell ASTM A-240, Type 304 stainless steel
Cask bottom plate ASTM A-240, Type 304 stainless steel
Bottom forging ASME SA-336. Type 304 stainless steel
Top forging ASME SA-336. Type 304 stainless steel
Neutron shield shell ASTM A-240 Type 304 stainless steel
Neutron shield NS-4-FR
Neutron shield heat transter fins Explosivelv bonded ASTM B-152 copper/ASTM A-240
Tvype 304 stainless steel
Gamma shield ASTM B-29, chemical copper grade lead
Cask lid ASME SA-336. Type 304 stainless steel
Lid bolts ASME SB-637. Grade NO7718. nickel alloy
Port coverplates ASME SA-240/SA-479 Type 304 stainless steel
Port coverplate bolts ASME SA-193. Grude B6 (Type 410) stainless steel
Lifting trunnions ASME SA-504. TYPE 630. 17-4PH stainless steel
Rotation pockets ASTM A-182, XM-109 stuainless steel
Canister spacers - PWR cask ASTM A240 Type 304 stainless steel
- BWR Cusk ASTM SB-209, Type 6061-T6 aluminum alloy
Canister shell ASME SA-240. Type 304L stainless steel
Canister bottom plate ASME SA-240. Type 304L stainless steel
Canister shield lid ASTM A-240. Type 304 stainless steel
Canister structural hd ASME SA-240, Type 304L stainless steel
Support disks-PWR basket ASME SA-693, Type 630, 17-4 PH stainless steel
Support disks-BWR basket ASME SA-333, Type B class 2 carbon steel
Heat transfer disks ASME SB-209, Type 6061-T651 aluminum alloy
Spacer nuts ASME SA-479, Type 304 stainless steel
Tie rods ASME SA-479, Type 304 stainless steel
Basket end weldments ASME SA-240, Type 304 stainless steel
Fuel tubes ASTM A-240 Type 304 stainless steel
Impact limiters Redwood/bulsa wood encased in ASTM A-240.

Type 304+ stainless steel
Retaining Rod ASME SA-193, Grade B8S, austenitic stainless stee]

[gv]

e}
|

o
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2.3.2 Austenitic Stainless Steels

As discussed previously. most of the primary structural components of the Universal Transport
Cask body are fabricated from Type 304 stainless steel. In addition to the cask body components,
the Transportable Storage Canister shield lid, fuel tubes. basket top and bottom weldment plates.
and tie rods in the baskets are also fabricated from Type 304 stainless steel. The canister shell,
bottom plate, and structural lid are fabricated from Type 304L stainless steel. Type XM-19
stainless steel is used in the fabrication of the rotation pockets. These materials are selected
because of their strength, ductility, and high resistance to corrosion and brittle fracture over a

broad temperature range.

The mechanical properties of the stainless steels used to fabricate the Universal Transport Cask

body are presented in Tables 2.3.2-1 through 2.3.2-5.

|89}
L
o)
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Table 2.3.2-1 Mechanical Properties of SA-240, Type 304 Stainless Steel
Property Value
Temperature (°F) -40 =20 70 200 300 100 S00 750
Ulumate Tensile Stress. 75.0 750 750 71.0 66.0 644 623 63.1

S_iksty[21]

Yield Stress. S, (ks [21] 30.0 300 300 250 225 207 19.4 173
Design Stress Intensaty. 20.0 20.0 20.0 20.0 200 18.7 17.5 15.6

S, (ks [21]

n
(@2l
—_—

Modulus of Elasticity. IS TE403 | 28 TE403 | 28.3E403 | 27.6E403 | 27.0E+03 | 26.5E+03 | 23 SE403 | 24 4E+03

Eooksin[21]

Alternating Stress @ 10 TS0 TIs0 7080 690.5 6753 063.0 6455 610.4
eveles tksty {17

Alternating Stress@ 107 RE 28.7 282 276 27.0 20.3 238 244
cveles chsin [17]

Coetticient of Thermat C S I3E-06 | SUI9E-06 | S46E-06 | 3.79E-06 | 9.00E-06 | 9.19E-06 | 9 37E-06 | 9.76E-00
Expunsion, ¢ an/ins Fy[21]

Paisson’s Ratio [21] <« 0.31 >
Denaity “ SO3 Thmvft10.291 thman®) >

Note:  Reference [17] Appendix L.
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Table 2.3.2-2 Mechanical Properties of SA-479, Type 304 Stainless Steel

Property Value

Temperature (°F) -40 -20 70 +200 +300 +400 +300 +750

Ulumate Tensile | o Yalue 750 75.0 71.0 66.0 64 4 63.5 63.1

Stress, S, (ksiy * Given

Yield Stress, No Value 300 300 250 225 20.7 19.4 17.3
Given

S, (ks ™

Design Stress 20.0 20.0 20.0 20.0 20.0 18.7 17.5 15.6

Intensity, S, (kst)

(21]

Modulus of 28 8E+03 28.7E+03 28.3E+03 27.6E+03 27.0E+03 26.5E+03 25.8E+03 24.4E+03

Elasucity (ks

[21]

Coefficient of No Value Given §.46E-06 8.79E-06 9.00E-06 9.19E-06 9.37E-06 9.76E-06

Thermal

Expansion. «

an/in/ Fi[21]

Alternating Stress 720 718 708 683 675 663 643 610

@ 10 cvcles tksn

[17]

Alternating Stress 28.8 287 283 27.6 27.0 26.5 258 244

@ 10" cyeles (ksi

[17]

Poisson’s Ratio < 0.275 @ 275°F >

(21]

Density [21] < 497 lhmvtt' 10.288 Ibmiin®y @ 300°F >

Note: Reterence [17) Appendix L.

Reference [21] ASME Scction 1L Part D. Muaterial Propertes.

* Calculated based on Design Stress Intensity:

[

m-temp

.S

mi

L0

=S

u-temp
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Table 2.3.2-3 Mechanical Properties of SA-240.,

Type 304L Stainless Steel

Property Value

Temperature (°F) -40 =20 70 200 300 400 500 750
Ultimate Tensile 700 70.0 70.0 66.2 60.9 58.5 57.8 559
Stress, Sy tksu {21

Yield Stress. 250 250 250 214 192 17.5 16.4 147
S. kst |21]

Design Stress 16.7 16.7 16.7 16.7 16.7 15.8 145 133
Intensity, S, (ks

21

Modulus of 287E+03 | 28.7E+03 | 283E+03 | 27.6E+03 | 27.0E+03 | 26.5E+03 | 25.8F+02 | 24 4E+03
Elasticity (ks |21

Alternating Stress @ 718.0 718.0 708.0 690.5 675.3 063.0 0455 6104
10 eveles iksi {17

Alternating Stress @ 287 287 283 ; 276 270 206.5 258 244
107 cyeles (ks [17]

Coetticient of §.13E-00 S 19E-06 8.46E-06 8.79E-00 9.00E-06 9.19E-00 9.37E-00 9.76E-0¢
Thermal Expansion.

aonAn/ Fy (21

Poisson’s Ratio {21] | - 0.31 >

Density {21]

503 Ibm/tt0.291 tbmn

Note:  Reference [17] Appendix L
Reference [21] ASME Section 1. Part D, Material Properties.

2

%)
1

N
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Table 2.3.2-4 Mechanical Properties of SA-336. Type 304 Stainless Steel

Property Value

Temperature (°F) -40 =20 70 200 300 400 500 750

N
O
[P3)
h
o0
Nl

Ultimate Tensile 70.0 70.0 70.0 66.2 6l.5 60.0
Stress, S, (ks
[21]

Yield Stress. 20.0 30.0 30.0 250 225 207 19.4 17.3

S, iksi1[21]

~J
il
N
o

Design Stress 20.0 20.0 20.0 200 20.0 18.7 17.:
Intensity. S, (ks
{211

Modulus of 28 7E+03 | 287E~-03 | 283E+03 | 27.6E+03 | 27.0E+03 | 20.5E+03 | 25.8E+03 | 24.4E+03
Elusticity.
E ¢ksii [21]

610.4

'

663.0

z
‘h
n

Alternating Stress 718.0 718.0 708.0 690.5 675,
@ 10 cycles (ks
[17]

to
.
=

Alternaung Stress 287 287 283 27.0 26.5 258 244
@ 10" cveles iksi

[17]

Coetfictent of §.13E-06 8 19E-06 8.46E-06 8.79E-06 9.00E-06 9.19E-06 5.37E-06 9.76E-06
Thermat
Expansion. «

an/in/Fi [21]

Poisson’s Ratio
121

A
v

0.31

v

A

Density [21) 503 bm/1t10.291 Ibmv/in’y

Note:  Reference [17] Appendix L
Reference [21] ASME Section 11, Part D. Material Properties.
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Table 2.3.2-5 Mecchanical Properties of Type XM-19 Stainless Steel

Property Value
Temperature (°F) -40 -20 70 200 300 400 500 750
Ultimate Tensile 100.0 100.0 100.0 99.5 943 90.7 89.1 85.7
Stress, S, (ks [21])
Yield Stress, S, ks 5350 350 350 47.0 434 40.8 388 358
(21]
Design Stress 333 333 333 332 ild4 30.2 20.7 285
Intensity, S, ks [ 21
Modulus ot Elasticity, | 28 3E+03 | 28 3E+03 | 28 3E-03 | 27 6E+03 | 27 0E+03 | 26.5E~03 | 23.8FE+ 03 | 24 5E- 03
E ks [21] ‘
Alternating Stress @ 708.0 705.0 7080 G90.3 675.5 662.0 6455 610.4
10 cveles thst |17 ‘
Alternating Stress @ 282 283 RATR) 276 27.0 26.5 258 244
10° eveles thsi [ 17]
Coefficient of S I3E-O6 ] S 19E-00 | 8408060 | §70E-06 | 900E-06 | 9.19E-06 9.37E-00 9.76E-00
Thermal Expansion. o
anAand CFy 21 :

i
Thermal Conductivity, No Vilue Given (ORI 0 737 0775 0.817 0.850 0.950
(Bww/hr-ain Fy (21
Porsson’s Ratio [21] + 0.21 >
Density [21] < 503 hav110.291 Thmdn' >

Note:

Reference | 17] Appendix 1.

!J
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233 Precipitation-Hardened Stainless Steel

SA-693. Type 630, 17-4 PH stainless steel is selected for the fabrication of support disks in the
PWR basket because of its high strength combined with good corrosion and brittle fracture
resistance. The primary and secondary lifting trunnions are fabricated of SA-564, Type 630, 17-
4 PH stainless steel. 17-4 PH Type 630 is a chrome/nickel steel with 17% chromium and 4%
nickel as compared with Type 304 austenitic steel. which has 18% chromium and 8% nickel.
Both materials are considered to be stainless steel by the metuls industry. The mechanical

properties of this precipitation-hardened stainless steel are presented in Table 2.3.3-1.
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Table 2.3.3-1 Mechanical Properties of SA-564 and SA-693, Type 630, 17-4 PH Stuinless Steel

Property Value

Temperature (°F) -40 =20 70 200 300 100 300 650
Utumate Tensile Stress. 135.0 1350 1 1350 1350 125.0 131 4 128.5 125.7
S_ kst [21]

Yield Stress. S, ks 105.0 105.0 105.0 97.1 93.0 89.5 87.0 83.0
(21]

Design Stress Intensity, 45.0 45.0 45.0 45.0 45.0 438 428 41.9
S, (ks [21]

Maodulus of Elastieity, 2 TE+03 | 28 7E-03 | 28 3E-03 | 27.6E+03 | 27.00+ 03 | 26.5E+03 | 25.8E+03 | 25.1E303
chs1i |21

Alternating Stress @ 10 4018 401.8 3006.2 3804 378.0 371.0 361.2 34l
cveles than 17

Alternuting Stress @ 19.1 19.1 18.9 18.4 18.0 17.7 17.2 163
107 cveles tksii [17]

Coctficient of Thermal No Value | No Value | 3x0E-06 ° S90E-060 | S90E-06 | S91E-06 | S.91E-06 | 593E-00
Expansion, o0 inan/F) Given Given .

(21

Thermal Conducuvity” No Values Given 1 0.824 0.8x3 0.933 0.975 1.017 1117
(Buhr-in "F {21 D !

v

4

Poisson’s Ratio [21] 0.31

v

303 hnvtt’i0.291 bmvin '

A

Densaty {21

Note:  Reference [17] Appendix L
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Carbon Steel
The support disks in the BWR fuel basket are made of SA-533. Type B, Class 2 carbon steel.

This material is selected because of its high strength and resistance to corrosion and high levels

of radiation. The mechanical properties of this material are provided in Table 2.3.4-1.

2.3-11



SAR - UMS"™ Universal Transport Cask

Docket No. 71-9270

Aprl 1997
Revision O

Table 2.3.4-1 Mechanical Properties of SA-533. Type B, Class 2 Carbon Steel

Property Value

Temperature (°F) -20 70 200 300 400 500 750
Ultimate Tensile 90.0 90.0 90.0 90.0 90.0 90.0 8§72
Stress, S, tksn [ 21

Yield Stress. S, ks 70.0 70.0 65.5 64.5 63.2 62.3 9.3
[21]

Design Stress 20.0 20.0 30.0 30.0 20.0 20.0 No Value
[ntensity, S, tksn (21 Given
Modulus of Elasueny, 20.9E+03 | 202E+03 | 2S.3E+03 | 28.0E+03 | 27 4E+03 27.0E+03 24 6E+03
E ks [21])

Alternaung Stress @ 405.0 465.0 453.8 435.0 436.3 4299 3917
L0 eyeles ks (17

Alternating Stress @ 158 158 154 15.2 14.8 14.6 123
10" eveles tksi [ 17])

Coetficient of Thermal No Value 7.02E-06 T.25E-06 7.43E-06 7.58E-06 7 70E-06 8.00E-00
Expansion. « iinan”'F Given

[21]

Thermal Conductivin No Value 1.85 1.95 1.98 1.98 1.9 1.33
(BTU/hr-in <F) [21] Given

Poisson’s Ratio |21 < 0.31

Density [21] < 303 Ibnv1t10.291 Ibnvin® »>

Note:

Reference [17] Appendix 1.

1o

%)
1

—
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2.3.5 Bolung Materials

The bolting materials for the Universal Transport Cask are selected to provide high strength,
good resistance to corrosion and coefficients of thermal expansion similar to those of the

components being joined.

The cask lid bolts are made of SB-637, Grade NO7718 nickel alloy bolting material. The
mechanical properties of this material are presented in Table 2.3.5-1. The mechanical properties
for the port coverplate bolts, which are fabricated of SA-193. Grade B6 stainless steel. are
presented in Table 2.3.5-2.

o
2
]
S
[F'S]
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Table 2.3.5-1 Mechanical Properties of SB-637. Grade N07718 Nickel Alloy Steel Bolting

Material
Property Value
Temperature (°F) -40 -20 70 200 300 400 206 750
Ulumate Strength No Value 185.0 135.0 1776 173.5 170.6 168.7 165.0
Given
Stress, S *
Yield Siress. No Value 150.0 150.0 144.0 140.7 138.3 136.8 1338
Given
S, tKs1i ¥
Muaximum No Value 270 370 36.0 352 4.6 RE W 335
Allowuble Stress, Guven
S ks {21]
Design Stress No Value 0.0 500 450 46.9 +46.1 156 446
Intensity, S, (kst Given
[21]
Modulus of 12966403 20 5F403 | 290E-03 | 28 3E-03 278E+03 | 27.6E+03 | 27.1E+03 | 26.1E+03
Elasticiy. Edksn
{(21]
Alternating Stress [3.3 137 1321 127 12.5 12.4 2.2 1.7
G 10 cyeles (ks
[t7]
Coetficient ot No Value Given T 000 72200 7 33E-06 7.45E-006 7.57E-06 7.82E-006
Thermal
Expansion, «
nAanSE {21
Poisson’s Ratio < (.31 >
[21]
Density [21] < S03 bt 00.291 Thmvin ) —»

Note:  Reference [17] Appendix L

* Calculated based on Design Stress Intensity:

um S teny

—A‘s =S

mTo
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Table 2.3.5-2

Mechanical Properties of SA-193, Grade B6, High Alloy Steel Bolting Material

Property Value
Temperature (°F) -40 -20 70 200 300 400 500 600
Ultimate Stress. S, No Value 110.0 110.0 104.9 101.5 98.3 95.6 929
(ksiy = Given

Yicld Stress. No Value §5.0 8§3.0 81.1 78.1 76.0 739 71.8

Given

S, tksh =
Design Stress 283 283 283 270 26.1 253 246 239
Intensity, S, (ks
{211
Modulus of 30.1E+03 | 30.1E+ 03 | 292E+ 03 | 28.5E+ 03 | 279E+ 03 | 273E+ 03 | 26.7E+ 03 | 26.1E+03
Elasucity. E cksi
[21]

Alternating Stress 11044 1100.0 1085.0 1038.0 1035.0 1015.0 9890 9353
@ 10 cveles ks
[17]
Alternating Stress 13.0 12.9 127 12.4 12.2 11.9 11.6 11.0
@ 10" cveles kst
(7]
Coetlicient of 5.73E-06 S.76E-06 5.92E-06 6.15E-006 6.20E-06 6.40E-06 6.48E-06 6.53E-06
Thermal Expansion.

ainan/ Fy 21

Poisson’s Rauo “+ 0.31 >
(211

Density [21]

503 Ibm/11710.291 Ibm/in®)

v

Note: Reference [17] Appendix L

* Calculated based on Design Stress Intensity:

AN

m-temp

mig

/

u’i u-temp

[§S]

]

I
—
N
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Table 2.3.5-3 Mechanical Properties of SA-193, Grade B8S, High Alloy Steel Bolting Material

Property Value

Temperature (°F) 40 -20 70 200 300 400 500 600
Ultimate Stress, S, No Value 95 95 93.7 87.3 82.0 79.2 78.0
(ksi) ! Given

Yield Stress, No Value 50 50 39.8 33.1 29.6 27.7 26.4
S, (ksi) 2 Given

Design Stress No Value 16.7 16.7 13.0 11.0 9.9 9.2 8.8
Intensity, S, (ksi) Given

(21

Modulus of 28.8E+03 | 28.7E+03 | 28.3E+03 | 27.6E+03 | 27.0E+03 | 26.SE+03 | 25.8E+03 | 25.3E+03
Elasticity, E (ksi)

(21]

Alternating Stress 720.5 718 708 690.5 675.5 663 645.5 632.9
@ 10 cycles (ksi)

(17]

Alternating Stress 28.8 28.7 28.3 27.6 27.0 26.5 25.8 253

@ 10% cycles (ksi)

[17]

Coefficient of 8.27E-06 8.55E-06 | 8.79E-06 | 9.00E-06 | 9.19E-06 | 9.37E-06 | 9.53E-06

Thermal Expansion,
o (in/in°F) [21]

8.38E-06

Poisson’s Ratio
[21]

A

0.31

v

Density [21]

A

501 1bm/f13(0.29 Ibm/in®)

v

1. Section II, Table U, page 444, Alloy S21800.

2. Section II, Table Y-1, page 536, Alloy S21800.
3. Section II, Table 4, page 416, BSS.
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Aluminum Allovs

SB-209. Type 6061-T651. aluminum alloy is used to fabricate the heat transfer disks in the
basket and the spacers used to locate the BWR canisters in the cask. The heat transfer disks are
included in the basket to enhance heat transfer performance of the fuel support structure and are
not safety-related load path components. The spacers are designed to locate the Transportable
Storage Canisters axially in the transport cask cavity. The Type 6061-T651 material is selected
for its high thermal conductivity relative to material weight. high strength. and ASME

recognition.

The mechanical properties of SB-209. Type 6061-T651 aluminum alloy are presented in Table
2.3.6-1. These material properties are provided for information only and are not intended as

documentation for the structural performance of the cask package.
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Table 2.3.6-1 Mechanical Properties of 6061-T651 Aluminum Alloy

Property Value
Temperature ("F) 70 100 200 300 400 200 600
Ultimate Tensile 120 407 382 A1s 17.2 67 34
Stress, S, tksiy [22
Yield Stress. 350 339 R 269 140 52 25
Sy (ks |22}
Design Stres 3

CREn Slress 10.5 10.5 10.5 §.4 14 No Values Grven
Intensity' S, (ks
[22
Modulus of 10 OE+03 9 9FE+03 9.0E+03 9 2E+03 8. 7E+03 S 1E+03 T.OE+03
Llasticiy . Eiksn
(21
Coetlicient of No Value 12.6E-006 [291E-06 | 1222E-06 | 13.32E-06 12.7E-006 14 3E-06
Thermal Expuansion, Given
cconAan Fr {21
Poisson’s Rutio [21] | 0.32 >
Density [21] < 0.098 tbmyin’ >
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Shielding Material

Gamma radiation shielding for the Universal Transport Cask is provided by the steel cask body
and the lid and by the lead in the cask wall. The primary radial gamma radiation shielding for the
cask is provided by a cylinder of chemical lead, which fills the annulus between the inner and
outer shells. The lead will not experience large deformation or volume change because it is
completely enclosed and is essentially incompressible. The coefficient of thermal expansion for
lead is of particular significance because it is approximately twice that of stainless steel. The

static mechanical properties of chemical copper lead are presented in Table 2.3.7-1.

Neutron radiation shielding for the cask is provided by a solid synthetic polymer, NS-4-FR,
Jocated in the bottom of the cask and around the outside of the outer shell. The solid neutron
shield material eliminates leakage and maintenance concerns associated with liquid neutron
shields. The NS-4-FR ncutron-shielding function requires no strength and none is assumed for

the structural evaluations. The mechanical properties of NS-4-FR are presented in Table 2.3.7-2.

)
0
S
O
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Table 2.3.7-1 Static Mechanical Properties of Chemical Copper Lead

Property Value

Temperature ("F) -40 -20 70 200 300 600
Tensile Yield Strength, §, 0.700 ) 680 0.640 0.490 0.380 0.200
tksi) [23]

Modulus of Elasticity, E kst 2 43E+03 2 42E+02 2.28E+03 2.06E+03 1.94E+03 | SE+03
[24]

Coetticient of Thermal 153.6E-06 15 7E-006 16.1E-06 10.6E-00 17.2E-006 20.2E-06
Expansion, «im/in/Fy [24]

Poisson’s Ratio |25] -+ 040 >
Density [25] < 708 Ibm/te'i0.41 Ibman’ >

2.3-20



SAR - UMS® Universal Transport Cask
Docket No. 71-9270

June 1999
Revision UMST-99A

Table 2.3.7-2 Mechanical Properties of NS-4-FR

Property Value

Temperature (‘F) 86 158 212 302
Compressive 561 561 561 561
Modulus. E. (ks

[26]

Coetficient of 2.22E-05 4.72E-05 5.88E-05 5.741E-05
Thermal

Expansion, o

{in/in/°F) [26)

Density. (Ibm/in’) 0.0607 0.0607 0.0607 0.0607
1206]

1o
%)
b
12
N
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238 Impact Limiter Materials

The transport impact limiters for the Universal Transport Cask are fabricated from redwood and
balsa wood that is encased in stainless steel shells. The impact limiters absorb the kinetic energy
of the loaded cusk in a drop impact by crushing the redwood and balsa wood. The energy
dissipated. or absorbed by crushing the wood. for a given increment of time. is equal to the
integral of the area (i.c.. area of impact limiter engaged in crushing) times the crush strength of
the wood. The area under the force-deflection curve is equal to the amount of energy absorbed

by crushing of the redwood. balsa wood. and the impact limiter shell.

The torce-deformation curves for the Universal Transport Cask upper and lower impact limiters
for end. corner. 757 oblique. and side impact orientations are presented in Figures 2.6.7.5-12
through 2.6.7.5-18. The crush stress—strain curves for the redwood and the balsa wood used in

the design evaluation of the impact limiters are presented in Figures 2.6.7.5-3 through 2.6.7.5-5.

2.3-22
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2.4 General Standards for All Packages

This section demonstrates that the design of the Universal Transport Cask complies with the
general standards for all packages as specified in Paragraphs (a) through (h) of 10 CFR 71.43. A
packaging is defined as an assembly of components necessary to ensure compliance with the

packaging requirements of 10 CFR 71 for the transportation of radioactive contents.

2.4 Minimum Packaee Size

The transverse dimension of the Universal Transport Cask 1s 92.11 in., and the longitudinal
dimension is 209.25 in. Both of these dimensions are greater than 10 cm: thercfore, the

requirements of 10 CFR 71.43(a) are satistied.

242 Tamper-Indication Feature

Crimped wire seals are used on the Universal Transport Cask as tamper-indicators. A numbered
crimped wire seal 1s looped through a hole in the end flange of the lifting trunnion and through a
hole 1n an adjacent corner of the upper impact limiter. The upper impact limiter must be
removed to obtain access to the cask closure assembly (lid and bolts): thus, a severed seal will
indicate purposeful tampering. This feature satisfies the tamper-indication requirement of
10 CFR 71.43(b).

The drain port located in the cask bottom 1s protected by a bolted coverplate. The drain port is
covered by the lower impact limiter, which must be removed for access to the coverplate. A
numbered seal similar to the one discussed above is crimped onto a seal wire between the lower

impact limiter and the rear cask support to satisfy the requirements of 10 CFR 71.43(b).

243 Posiuve Closure

Inadvertent opening of the cask lid or port coverplates from the combined effects of shock,
vibration, thermal expansion. internal loads. or external loads cannot occur because of the large
preload apphed to the lid bolts. Loosening of these bolts is resisted by friction from the large
clamping forces produced by the bolt installation torque. A written cask operations procedure 1
followed to ensure that each bolt 1s torqued. To open the cask lid. the bolts must be

deliberately loosened with a wrench. Tamper-indicating features (Section 2.4.2) provide
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evidence of attempted unauthorized operation of the cask closure. Therefore. the Universal
Transport Cask containment system cannot be opened unintentionally and evidence of attempted

unauthorized operation is provided. Thus. the requirements of 10 CFR 71.43(c) are satisfied.

244 Chemical. Galvanic, or Other Reactions

The matenals used in the fabrication and operation of the Universal Transport Cask—including
coatings, lubricants, and cleaning agents—have been evaluated to determine whether chemical.
galvanic. or other reactions among the materials, contents. and environments can occur. All
phases of cask opecration—loading. unloading. handling, and transportation-—have been

considered for the environments that may be encountered under normal or accident conditions.

The evaluation  identified no potential reactions that could adversely affect the overall integrity
of the cask. the Transportable Storage Cuanister , or the structural integrity and retrievability of
the canister from the cask. The evaluation conforms to the guidelines of NRC Bulletin 96-04,
“Chemical. Galvanic. or Other Reactions in Spent Fuel Storage and Transportation Casks.” [27].

and demonstrates that the cask meets the requirements of 10 CFR 71.43(d).

24401 Component Operating Environment

The Universal Transport Cask 1s loaded and handled dry. The component materials of the cask

and canister  are exposed to an operating environment in which the cask cavity contains either
. . . . . . LY

helium or air but transport cask external surroundings could be air, rain water/snow/ice. and/or

marine (salty) water/air.

The exposed surfaces of the Universal Transport Cask and the Transportable Stbrage Caniéﬁgt are
all stainless steel, except for the containment boundary o-ring seals of the transport cask.

Some of the cask component materials are completely enclosed and are ¢xposed to an
unchanging environment that is permanently sealed. These components include shielding
materials in the cask body and the energy-absorbing materials in the impact limiters that are
exposed only to the temperature effects of the operating environment. The sealed shielding
material regions are typicallv evacuated and backfilled with helium, and the impact limiter shells

are leak tested following fabrication.

]
+
[§]
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Each of the categories of cask component materials 1s evaluated for potential reactions in each of
the operating environments to which these materials are exposed. These exposures may occur

during cask loading or unloading, handling, - or transport, and normal and accident conditions.

The : operating environments to which the cask component materials can be exposed do not
provide the conditions necessary for a reaction (corrosion), because both moisture and oxvgen
must be present for corrosion to occur. Since the transport cask and canister are both dryv at the
time of loading, corrosion of the transport cask cavity shell and canister exterior surface do not
occur. Loading of the canister in the ’transpo‘rt cask occurs m air. Durmg closing and éehling
of the transport cask, the air is evacuated and the cask kca\"itly‘is backfilled with heli_um.;:The
displacement of oxygen in the cavity by helium effectively precludes corrosion.  Galvanic
corrosion (between dissimilar metals that are in contact) does not occur because the transport
cask cavity and the canister are both fabricated from stainless steel.

The third of the operating environments i..volves those materials that are completely enclosed
(permanently sealed) within another material, e.g.. the primary shield materials (lead and
NS-4-FR), or the energy-absorbing materials (wood) in the impact limiters. The metals
oxidize any oxygen trapped in the sealed region until thermodynamic equilibrium is reached, 1.e..
a thin oxide laver develops on the lead . Similarly, the hydrogen‘_in the NS-4-FR material
captures any oxygen present until thermodynamic equilibrium is reached. Because the quantity
of oxvgen present, if any, i1s very small, equilibrium is reached very quickly and active corrosion

in sealed regions does not occur.

2442 Component Material Categories

The component materials evaluated are categonized on the basis of similarity of physical and
chemical properties or similarity of component functions. The categories of materials that are
considered are: (1) stainless/nickel alloy steels; (2) nonferrous metals: (3) shielding materials:
(4) energy-absorbing materials: (5) cellular foams and insulations: (6) lubricants and greases: and
(7)seals . These categories are evaluated on the basis of the environment to which they could
be exposed during operation or use of the transport cask. The maternial categories and exposure

environments are summarized in Table 2.4.4.2-1.
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The cask component materials are not reactive among themselves. with the cask contents (the

transportable storage canister), nor with the cask’s dry operating environment during any phase

of normal or accident condition loading. unloading, handling, or transportation operations.

Because no reactions occur, no gases or other corrosion by-products are generated.

244201 Stainless/Nickel Allov Steels

No reaction of the cask component steels (stainless or nickel alloy) is expected in any
environment except for the external marine (§alt:ajr) environment, where chloride-containing salt
spray might initiate pitting of the exterior surface if the chlorides are allowed to concentrate and
stay wet for extended periods of time (weeks). Only the external cask surface could be so
exposed to the marine environment. The corrosion rate is. however, so low that no detectable
corrosion products or gases are generated.  Additionally to minimize the collection of such
materials as salts. the cask has smooth external surfaces. and ridges and crevices are limited. The
cask exterior is cleaned each time it 15 decontaminated to eliminate any collection of such

chloride-containing salts or other corrosive agents.

Galvanic corrosion between the stainless steels. inconel. and the nickel alloy steels does not
occur because no effective clectrochemcal potential difference exists between these metals. No

coatings are applied to the stainiess, or mickel alloy, steels.

T

. . . ¥ e - R T e
Copper cooling fins in the neutron shield material and the lead gamma radiation_shield
material are in contact with the transport cask stainless steel shells but only in the completely
enclosed (permanently scaled) gamma or neutron shield regions, where no water is present.

Theretore. no reaction with stainless steel occurs.

No potential exists for a reaction between stainless steel and any silicone products. fluorocarbon

Lo

clastomers. dryv film lubricants, br EPDM (ethylene propolyene rubber)

Therefore, there is no potential for reactions associated with the transport cask vstainiézsfgf,:gteél
components.
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2.4.4.2.2 Nonferrous Metals

The nonferrous metals used in the Universal Transport Cask are copper and lead. As discussed
in the previous section, these nonferrous metals do not react in contact with stainless steel.
Copper fins embedded in the neutron shield (NS-4-FR) region do not react with the NS-4-FR
because no electrochemical driving potential exists between the materials. React‘iqns of leéd are
described in Section 2.4.4.2.3.

There are no significant potential reactions associated with the = nonferrous metal

components of the transport cask.

24423 Shielding Materials

The primary shielding materials used in the cask are lead and NS-4-FR [26]. These materials are
completely enclosed and sealed in stainless steel during transport cask fabrication. - These
materials do not react with the stainless steel or with the copper fins. Theleadox1dlze§any
oxygen trapped in the sealed region until thermodynamic equilibrium is reached, i.e., a‘t'hi-ﬁfaiidé
layer develops on the lead. Similarly, the hydrogen in the NS-4-FR material captures any oxygen

gy oagaan o

present until thermodynamic equilibrium is reached. Because the,ﬂquangi;y;d;fjgziygér_i p@geght,;i_f

any, is very small, equilibrium is reached very quickly and active corrosion in sealed regions does
not occur.

Therefore, no potential reactions are associated with the cask shielding matenals.

24424 Enereyv Absorbing Matenal

Redwood and balsa woods are used for energy absorption in the transport cask impact limiters.
The wood is completely enclosed (sealed) in a stainless steel shell and no potential reactions
occur between the wood and the stainless steel shells. The wood is coated with a preservative
prior to installation in the impact limiter shell and blocks of wood may be glued together with an

epoxy adhesive. A 0.125 in. thick layer of Fire Block® insulating }Iiatcﬁél 1s affixed to the
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interior surfaces of the impact limiter shell that are in direct contact with the transport cash
surface. These are standard applications of preservatives and adhesives. and no post application
reaction occurs.

No potential reactions are associated with the energy-absorbing or insulating material.

24425 Cellular Foam and Insulation

Layers of expansion foam and strips of insulation are used in the solid neutron shield regions of
the cask. The expansion foam permits thermal expansion of the solid neutron shield material
during normal operation and the insulation protects the expansion foam during final closure
welding of the neutron shield shell to the end plate. The foam and the insulation are
nonflammable, nontoxic, and noncorrosive silicone products that are used in the cask in a

standard design application.

No potential reactions are assoctated with the silicone expansion foam or insulation.

24426 Lubricant and Grease

The dry film lubricants used in the cask meet the performance and general compositional
requirements of the nuclear power industry. NEVER-SEEZY lubricant is used primarily on
rotating bearing surfaces. Neolube® is used primarily on threaded/mechanical connection
surfaces. In addition. Dow Coming High Vacuum Grease is used as an adherent/lubricant to
lubricate and retain the O-ring seals in their grooves. None of these lubricants contains elements
or compounds prohibited by the NRC. NEVER-SEEZ" is a superior, high-temperature, antiseize
and extreme pressure lubricant that contains flake particles of pure nickel. graphite, and other
additives in a special grease carrier. It 1s used on the trunnion surfaces of the cask. Neolube® is
99 pure furnace graphite particles in isopropanol. It has excellent radiation resistance and high
chemical purity. It dries as a thin. noncarrosive film with excellent adhesion, does not migrate,
and 1s nonfreezable. Dow Corning High Vacuum Grease is a stiff, nonmelting. nonoxidizing.

nongumming silicone lubricating material that 1s insoluble 1n most solutions.

No potential reactions are assoctated with these lubricants or grease.
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O-ring seals formed from silicone rubber, ethylene propylene rubber (EPDM). and Viton
compounds are used in the Universal Transport Cask. Viton is a silicon elastomer. EPDM or
elastomer O-rings are used for transport cask applications because of their excellent short-term
sealing capabilities and ease of handling. The components of all of the seal and gasket materials

are stable and nonreactive.

No potential reactions are associated with the cask seal materials.

2443 General Effects of Identified Reactions

No potential chemical. galvanic. or other reactions have been identified for the Universal
Transport Cask. Therefore. no adverse conditions—such as the generation of flammable or
explosive quantities of combustible gases . —can result during any phase of cask operations for

normal. or accident conditions.

2444 Adequacy of Cask Operating Procedures

Because this evaluation identifies no reactions between or among cask components. the
Universal Transport Cask operating controls and procedures presented in Chapter 7.0 are

adequate to minimize the occurrence of hazardous conditions.

2445 Effects of Reaction Products

No potential chemical, galvanic, or other reactions have been identified for the cask. Therefore,
the overall integrity of the cask and the structural integrity and retrievability of the spent fuel is
not adversely affected for any cask operations throughout the design basis life of the cask. No
reactions occur between or among cask components that results in a change in thermal prbpéniés,
changes in basket clearances, the binding of mechanical surfaces or ﬁhé dégradihg of safety

components, either directly or indirectly.
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Table 2.4 .4.2-1

Environments

Summary of Universal Transport Cask Materials Categories and Operating

ITEM

MATERIAL

ENVIRONMENT

Stainless Steels/Alloys

304, 304L. XM-19, 17-4PH,
Nickel Alloy, 410

Sealed Internal

Open Internal/ External

Nonferrous Metals

ASTM B152 Cu,

Sealed Internal

Shielding Materials NS-4-FR, Enclosed
Chemical Copper Lead

Energy Absorbing Maternials Balsa Wood, Redwood Enclosed

Cellular Foam/Insulation Fire Block® Enclosed

HT-800% Silicone Foam

Lubricants and Greases

Never-Seeze”
Neolube™
High Vacuum Grease” by Dow

Corning

Sealed Internal

Open Internal

Seals and Gaskets

Silicone Rubber, EPDM, Viton

Sealed Internal

Open Internal/ External
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2.4.5 Conformance to Cask Design Requirements

The Universal Transport Cask is designed to meet the design requirements of 10 CFR 71.
Crniticality, shielding. radiological. thermal. and structural requirements of 10 CFR 71 are
satisfied as shown analytically in this report. The cask is an exclusive-use package designed for
transport in a 100°F environment such that personnel barrier or other accessible surface
temperatures do not exceed 122°F. Therefore, the cask design, construction, and preparation for

transport are in conformance with the requirements of 10 CFR 71.43(g).

240 Continuous Venting

The neutron shield is the only vented component of the Universal Transport Cask. It contains a
solid svnthetic polymer (NS-4-FR), which has been shown by manufacturers' testing to give off
small amounts of water vapor at the temperatures that occur during the thermal (fire) accident.

Two relief valves are provided in the bottom end plate to prevent a pressure build-up in the
neutron shield (under hypothetical fire accident conditions) and to minimize recovery from an
overpressure condition. Prior to the NS-4-FR being poured into each shell chamber, a release
agent is applied to two of the interior metal surfaces of the neutron shield shell. The release agent
will prevent the NS-4-FR from bonding with the metal surfaces. allowing the NS-4-FR to
separate from the metal surfaces as it shrinks during curing. The small crack that results will be
sufficient to allow the pressure at the top of the neutron shield tank to equalize with the bottom
of the tank. The relief valves do not provide a safety function. No venting of the neutron shield
or any of the cask component occurs during normal operations conditions; thus, the requirements
of 10 CFR 71.43(h) are met.
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25 Lifting and Tiedown Standards
2.5.1 Liftine Devices

The Universal Transport Cask has two types of lifting devices: lifting trunnions and hoist rings.
These lifting devices are designed to satisfy the requirements of 10 CFR 71.45(a),
NUREG-0612, [3] and ANSIN14.6 [4]. NUREG-0612 defines specific design criteria to ensure
the safe handling of heavy loads in critical regions of nuclear power plants and ANSI N14.6
defines very similar lifting criteria. The design criteria in NUREG-0612 and ANSI N14.6 equal
or exceed those of 10 CFR 71.

The cask is equipped with two primary and two secondary lifting trunnions located on the top
forging near the top of the cask. spaced at 90" intervals. The primary lifting trunnions are
welded to the top forging, and the secondary lifting trunnions are bolted to the top forging. Two
rotation pockets on the outer shell near the bottom of the cask permit rotation of the cask to the
horizontal position and also provide longitudinal tiedown restraint in the aft direction during

transport.

A single two-arm yoke (non-redundant, but designed to the critical load requirements), or a four-
point combination of two yokes (redundant) may be used to lift and handle the cask. The two-
arm yoke attaches to the primary lifting trunnions only. An overhead crane is used to lift the
cask and yoke(s). No impact limiter is attached to the cask during lifting and handling. The Iid

hoist-rings are used for lifting the lid during installation or removal.

2511 Lifting Trunnion Analvsis

The Universal Transport Cask primary lifting trunnions are designed to meet the heavy lifting
requirements of NUREG-0612 and ANSI N14.6 for a non-redundant lifting system, that is, a
two-trunnion lift. The two primary lifting trunnions are capable of supporting a maximum load,
defined as six times the design weight of the cask without producing stresses in the cask or
trunnions greater than the material yield strength or ten times the design weight without

producing stresses in the cask or trunnions exceeding the material ultimate strength.

The design weight of the cask, 260,000 Ib, is used for the lifting analysis. The loads on each

primary hfting trunnion for a non-redundant lift are as follows:
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80 OOO Ib (yield strength criteria)
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In addition to the primary lifting trunnions, the cask has the capability of being equipped with
two additional, secondary lifting trunnions to accommodate a redundant (four-trunnion) lift. The
two secondary lifting trunnions are capable of supporting a maximum load, defined as three
times the design weight of the cask without producing stresses in the cask greater than the
material yield strength or five times the design weight without producing stresses in the cask

exceeding the material ultimate strength.

The loads on each lifting trunnion ;_for a redundant lift are as follows:

B el

(Fo, = w = 390 000 lb (yield strength criteria)

[ < .
d e i o e Ak -r.ux-; ST

(Fo. = M —-650 000 lb: (ultimate strength criteria)

i o e A K A B i it

The primary lifting trunnions are welded to the top forging and the secondary lifting trunnions

are bolted to the top forging using twelve 1 1/8-12 UNF bolts.

The properties of the materials used in the lifting trunnion analysis are as follows at the

conservatively high temperature of 350°F:

1. Trunnmons SA-564, Type 630
S, =91.25 ksi
Sy =133.25ksi

2. Top Forging SA-336, Type 304
S, =21.60 ksi
S, =60.75 ksi

3. Filler Matenal AWS E309

to

i
1

o
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Sy =30.4 ksi
Sy = 80.0 ksi
4. Bolting Matenal SB-637, Gr NO7718
S, =139.5 ksi
Su=172.1 ksi

25.1.1.1 Primarv Lifting Trunnions

Trunnion Shank

Per ANSIN14.6, the shear stress is taken as an average value over the cross section.

YIELD STRENGTH CRITERIA:

The shear stress is

By applying the lifting force at the middle of the shank, the bending moment, M,, is:

o= 780000x15—11700001n lb

ot Bt bl M. o i s 6 L e

and. the bending stress is

R A A A ot

1,170, 000~
=43 296 ps1

The combined stress is

o, = [(aj)+(‘3r;)]m ;59428 11)“s1

B b i i b S
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The margin of safety is

ULTIMATE STRENGTH CRITERIA

Trunion Shank

The shear stress 1s Tw =

By applying the lifting force at the middle of the shank, the bending moment, M, is:

My, =1300,000X 15 £950000 35

B R PIVLE- AR

and, the bending stress is

The combined stress is
“‘{?’:‘W R

" 299,110 psi

| DG SRR AREIS SO

The margin of safety is

s

S P
U —1=+034.

O-C Vi

MS =

NP §

Primary Trunnion Base Weld

The primary trunnions are welded to the top forging of the cask body. The geometry of the weld

at extreme locations conforms to the following configuration.

to

n
1

~
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Point A Point B
Vessel Longitudinal Vessel Cross
Plane Section

Sections Through Trunnion Welds

The welded connection is evaluated both at the trunnion/weld interface and at the weld/forging

interface.

Primary Trunnion / Weld Interface

YIELD STRENGTH CRITERIA

The bending moment produces, at the trunnion/weld interface, a pattern of unit shear force as
shown in the following diagram.
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The differential bending moment, dM,. due to the unit shear force gyo. at an angular position 6, is

dM, = (:q>{)Rd6?)(R()) =q, . R7c0s> 6 d6

The value of quay 18

M, = 4_[Fq)m“R: cos® 040

where M, = (F,)(4) = 780,000 x 4 = 3,120,000 in-Ib.
Then

My P312x100 27 oo
= = - = Ib/e

The maximum shear stress, 7 , 18

ymax
g

Cymax —

9 vmax : 27,5 87';‘"1‘ 33794»_‘\— pSlfg

t Yoo 2. sfen D bt ¥ or Srimes  JEE

where the weld depth. t, is 2 in.
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The normal stress, o, .18

e g i e e AP T e

Fy 1 780,000 o
: ———=10,345 psi,.
Ay {7‘(7:)(12)(’2) B

ERSPRP NP NS ST

| np—

Ub_\‘ =

with the lower half of the weld in tension and the upper half in compression.
The weld material, with its lower yield strength, 1s used for the evaluation.

The combined stress is

s = [0+ E08T i”

EECLAPRE N PEREANC

The margin of safety 1s

MS = >, 1= !30400 mlg“;m;:
o 26,067

evy

e i, .v:«u'

ULTIMATE STRENGTH CRITERIA

Using the same procedure as for the yield strength criteria, the maximum unit shear force, Qumax.

15
Qumax = Niu FSZXIO —45978 I/
RP7 . 627 e L0
where M, = (F,)(4) = 1,300,000 x 4 = 5.2 x 10° in-1b.
The maximum shear stress. 7, .18

_ qumu\ 45 978'V TR I :;

anux
t

where the weld depth. t, is 2 in.

The normal stress, o, . 1s
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with the lower half of the weld in tension and the upper half in compression.
The weld matenal. with its lower ultimate strength, is used for the evaluation.

The combined stress is

05 fi :
43,412 psi‘ii
il L Bhas

4.

The margin of safety is

S
c

MS =

evu

Weld / Forging Interface

The weld/forging interface consists of the 1/8 in. root around the trunnion and the surface on the

90° apex angle truncated cone.

The weld/forging interface varies from a maximum on the vessel longitudinal plane, to a
minimum on the vessel cross-section plane. A weld mean section is taken for the analysis; its
perimeter consists of the vertical height, 2.0 in.: the weld root. 0.125 in.; the slant height (mean

between the maximum, 2.83 in. and the minimum, 2.34 in. values), 2.59 in.

The analysis section is taken as the surface of the cylinder, with radius R, concentric with the

trunnion, where R 1s
R=0+0.125+ (0.5)2.59)(sin 45°) = 7.04 in.
The height of the cylinder is taken as

t=2.59cos 45° = 1.83 in.
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YIELD STRENGTH CRITERIA
Shear Stress

The maximum unit shear force, Qymax, 1$

M, T3a2x108 . T
Qym&x_R‘_” : 7042v }-—20038 /

<tur.p s 2o R i S

The maximum shear stress, 7, .1s
Py

9 ymax __ 20 038 :
2o i

Tymax =

where the weld depth, t. 1s 2.59-cos(45°) in.

The normal stress, o, , 1s

L, i it el T LU

Fe 0 77780,000

T TR, —( )(2)(7 04)(2.59)cos45:

O va ekt

with the lower half of the weld in tension and the upper half in compression. The forging

material, with its lower ultimate strength, is used for the evaluation.

The combined stress is

Ouy = [(crb'y ) +(3r_;mux
The margin of safety is

TR R
¥

S, . 2L,600 L.
oo 212565 ook

MS =

ULTIMATE STRENGTH CRITERIA
Shear Stress

The maximum unit shear force, Qumax. 1S
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JQumax =

The maximum shear stress. 7 18

umax ?

_ q umax

umax
t

where the weld depth, t, is 2.59c0s-(45°) in.

The normal stress, o,

with the lower half of the weld in tension and the upper half in compression.
The forging material, with its lower ultimate strength, is used for the evaluation.

The combined stress is

a., =|lo2)+(37, )] 35428 ps;:

cvu ulax
.n.. T R T

The margin of safety is

LT et oy

Su 160,750
MS = -1=
Oevu 135428

Trunnion Base Plate

The trunnion base plate is analyzed, conservatively, as a flat circular plate with its outer edge
fixed according to the method in Roark [28]. The maximum bending (radial) stress in the
trunnion basc plate (upper and lower surface), occurs at the outer edge of the trunnion shank in

the plane of the bending moment and is determined as follows.

AM

at”

g =

T



SAR-UMS® Universal Transport Cask | December 1997

Docket No. 71-9270 Revision UMST-97A
Where p = avariable depending on the ratio b/a

b= radius of the trunnion = 3.25 in.

a= radius of the base plate = 6 in.
then, b/a= 0.542, and £ =0.9793.

M= M, orM,

t= base plate thickness = 3.5 in.

YIELD STRENGTH CRITERIA

A M,

at

The margin of safety is

Qq« [ 18 Do S bt o —-wmj

MS = 1—22‘—5—9 1 +120
Bl 41570 -

evy + 2285w

ULTIMATE STRENGTH CRITERIA

-

09793(5.2x106) Gl
_A M, L= 69, 290 p51

at2 6(35) . 4 i i

The margin of safety is

ru

PR ?2:""' T ‘;"::;
Mg SU o 133,250 1 +09
o 69,200 i

Primary Trunnion Overload

10 CFR 71.45(a) requires any lifting attachment that is a structural part of a package to be
designed so that failure under excessive load would not impair the ability of the package to meet

other 10 CFR 71 requirements.

2.5-11
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Lifting Trunnion Shank

Lifting trunnion shank (Ultimate Shear Strength):

F, = 7d’ (0.55)
4
where
d= 6.5 in.
Sy= 133.25 ksi (ultimate tensile strength of the trunnion)

Trunnion/weld interface

The ultimate shear strength of the trunnion/weld interface is governed by the shear strength of
the weld:

= 5 — A0 w108 T
E,=A, (058 ) =2.40x10"Ibs

where
A. = trunnion/weld interface area, (2)(12)(n) = 75.4 in*
Sy = 80.0 ksi (ultimate tensile strength of the weld material)

Weld/forging interface

The weld/forging interface area, Ay, is taken as the mean of the weld/forging interface width at
gimng gimng
points A and B times the circumference at the mean radius of the weld/forging interface plus the

area of the 1/8-in. root weld:
Ar = 2(T(Rmean) Nmean) + 7(6.1257 - 6.0%) = 119.3 in°.

Where

19
n
]
.
o
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[6.04+0.125+(0.5)2.0tan 45°)Y]+[6.0+0.125+ (0.5)(2.34 sin 45°)] 2041
= = /.04 1.

neean ]

Then, the ultimate shear strength. Fy. of the weld forging interface is:
Fur= (A(0.5)(Sy) = 3.62 x 10° Ibs.

where
S, = 60,750 psi (ultimate tensile strength of the forging).

Thus, the lifting trunnion will fail in shear before the weld or the forging, ensuring that failure
caused by excessive overload on the lifting trunnions will not impair the ability of the cask to

meet other 10 CFR 71 requirements.

Primaryv Trunnion/Top Forging Intersection Analysis

Bending stresses are induced in the top forging and outer shell intersection when the cask i1s
lifted at the lifting trunnions. These stresses are evaluated using a closed form ring solution
described by Blake [29].

An equivalent ning is considered as representative for the region. See Figure 2.5.1.1-1.
The loading of the equivalent ring, is defined as follows:
F= lifting force = (0.5)(260,000) = 130,000 Ib.

q=  dead weight load per unit length
260,000 o ',f

q ='(”)(7735)= 1083 lb/;n.

T, = torque due to the lifting force = (130,000)(8.91-1.5) = 963,300 in Ib:

The actual load case 1s a combination of two cases presented by Blake [29]: (1) Ring under
toroidal moments and. (2) Ring under transverse uniform load. The combined bending and

twisting moments on the equivalent ring, as a function of the angular position, are given by:
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i

T, sin6 ( =&
M= ~qr“L1—7sm8J

T, cos6 | 7 T
T= 5 +qr &9+Ec050—5

The bending moment, M. produces bending (normal) stresses, that are obtained by,

My
o=—
I
where y=11.66/2=5.831n.
and I=(8.84)(11.66°V/12=1167.8in".

The twisting moment, T, produces shear stresses. The locations for evaluation are the upper and

lower sides of the ring cross section. The shear stresses at those positions are, from Spotts [30]:

B T
N a.be”
where b=11.661n.
c=8.841n.

2 depends on the ratio b/c,
for this case, o~ =0.249.

For evaluation, the Tresca failure criteria is selected. The category of stresses at the points

selected is Py + Py,. The corresponding allowable stress is 1.5 Sy, where S, = 19,350 psi for the

forging material, SA-336 Type 304.

The computation of stresses and the evaluation at angular positions 0° to 90°, is summarized in

Table 2.5.1.1-1. The minimum calculated margin of safety is + {1}0

to
in
-
N
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251.1.2 Secondary Lifting Trunnions

The secondary lifting trunnions, together with the primary lifting trunnions, constitute the
redundant load path arrangement for the lifting of the cask. The structural adequacy of the

secondary lifting trunnions is evaluated in the following sections.

Secondary Liftine Trunnion Bolts

The two secondary lifting trunnions are bolted to the upper forging, with their axes in the same

plane as the primary lifting trunnions.

The geometry of the secondary lifting trunnion is shown in Figure 2.5.1.1-2. The lifting force
results in a bending moment producing compression and tension zones in the base plate and the
mounting bolts. Shear stress is effectively eliminated from the mounting bolts by the tight fit of

the trunnion base plate in its corresponding pocket in the top forging.
Each secondary lifting trunnion is attached to the upper forging by 12 bolts 1 1/8-12 UNF-2A.

The location of the neutral axis in the section (see Figure 2.5.1.1-2) is computed by equating the

area moments of the tension and compression zones.

The area moment of the tension zone, Sy, is

S, =(2)(0856)(447 +y+327+y+12+y+y+12)

Xyt
The area moment of the compression zone, Syve. 18

See=Aulys-) —277[(1.171)(4.47 ~y+3.27-y]

Xy
where, the area of the circular segment, A, is
A, =R(a-sinacosa)

and, the center of gravity of the circular segment, yg, is

JRsin' «

Yo = e —sinacosa)

2.5-15
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v =Rcosc
By iteration of the equation Sy, = Syy,
= 112025 rad = 64.1856 degrees
The moment of inertia, Iy, of the section about the neutral axis, is due to:

(1) The moment of inertia of the bolts, [,

‘747[D: ”Di 2 A2 2 2\_ PE !
L=~ g (a1 + A%+ A +A4)/ =173931in.
where Dy = effective bolt diameter, 1.044 in.
A =447 +y
A, =327 +y
A, =120+y
A, =yv+120

v=Rcosa =6cos(1.12025) = 2613 in.
(2) The moment of 1nertia of the circular segment about the neutral axis, L.

L=1,+A.(v,—y) =7184 in*

[

where. I, s the moment of inertia of the circular segment about its horizontal axis at the

center of gravity:

R* . - 16sin® &
[ =—] a—sinacosa+2sin" acosar — — , «
44 9 — sincos)

(3) The moment of inertia of the bolt holes in the compression zone (subtractive), I, is

e N 2N, —n )
[ =2 27;413‘“ N ”fh ]((4.47 -y) +(327-3))

Dy, = bolt hole diameter = 1.17 in.

2.5-16
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Ing = Iy + L -1y = 237.061 in?

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

Tension stress on bolt #1 due to the bending moment, My,, 18

B O ST T T w!ﬂﬁw’!“,

My, yi (L1600 000)(7 083) & 46 6103 p31
INA F 237 06

Obly =

where My, =(F,) D=2 (390 000 )(15+25 ’.;.;1,560000 in- lb

N L m.ﬁ"r&su&m SRS TU N e

o
I

y; =7.0831n.

TR R LR RN T T T "’""

The bolt max1mum pre load torque (me) 1s 510(12) m-lb Wthh produces a tensile stress (o;).in
addition to ,the_‘bendu;g stre_ss,

o, = Fimm _ 36,267 a2, 368 psi
A, 0856 TR
Where:
At=0. 856 in. (1 1/8-in. bolt tcnsﬂe area)
T 51012) .

. —36 267 lbs
kd  0.I5(L125) R

k 0. 15 for lubncated threads
d = 1.125 in. (nominal bolt diameter)

Shear stresses on the bolts do not show up due to the presence of the trunnion base plate,
The total tensile stress (o) in bolt #1 is then;

R R o

Oy =0y, +0, =46,610.3+ 42,368 = 88,978 psi

b A s sdideh e Wit a‘é‘wum‘-_&u ) A A M i

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

The margin of safety is

e S e ted 1o ¢ SR S

S PR
MS _._;_1 2200 pSt 1 5

2.5-17
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ULTIMATE STRENGTH CRITERIA
Tension stress on bolt #1 due to the bending moment, My, is

where My, =F, - D= [650,000)(L5 25) = 2,600,000 in: 1:1b:

L s T

. —77 684142368 = =120, 052’ psi’

I B R S NP LT SPE V) N“fihww.«h

The allowable stress. S, at 350°F is 172,100 psi.

The margin of safety is

In the upper bolts, where the trunnion flange is in compression, the compressive, foree, (Fol e
_447-5F (F ) "1.857 '(’66 5 ',f_,"'"ff”‘f' hes
4474y Y 7083 0 AN

where

F =07(A\)577,684X0.856= 66 458 TE

The minimum tensile force (Fizia) i8

:lic’ tension.Joaded. region
- purin ooy -va

2(17:434 1)1
‘6‘ d"""'f&l”'f’fgwi”?&“ 844 lb}, an
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Secondarv Liftine Trunnion Shank

Per ANSI N14.6, the shear stress is taken as an average value over the cross section.
YIELD STRENGTH CRITERIA

F!’?\N;ﬂ%i;":"““,"“? R TR
F ] .
The shear stress is T, ( ! )5 = 39, 0002 =11, 747p81
(/ Xﬁ 50f

By upplyino the lifting force at the middle of the shank, the bending moment, My, is

f‘“"“ s v,ms-w.n S PTITR S

sy —390000><15 585000m lbﬂ

and, the bending stress is

e Tagte
M s %

. b 585,000 ... %

R AT

The combined stress 1s

*r““w’ S

Oevy = [(afy ) + (31’52). HOS = 29 750 p51

ERCRARE ] .&

The margin of safety is

T s

S.
MS =2 —1-91250—1~ 207
Oevy 129750 "

ULTIMATE STRENGTH CRITERIA

(F

) ! [hirb 2okl SRE Mo T "1'( "w e LT
/s

1.7.650,000 ° 19578 ps1

_L/ (650)2 e

By applying the lifting force at the middle of the shank, the bending moment, My,

The shear stress is

Ca L A T T e Ay

1., = 650,000 X 15= 975,000.in.+ Ib.

and. the bending stress is
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M, 975.000 ,
o = = - = 36,165 pPst

TS s

The combined stress is

A - 0.5 SR | .
Oevy = [(O-s-u ) + (STgu )] :5628?51
The margin of safety is
S 33.2
Ms=—u 133250 e
Oevu L 4?{628,..
Secondary Trunnion Base Plate
d, .
2.51n. ‘ W
I et
— - T 3.387 in.

T 250n. &
_— " L_ —2 Neutral axis —

Two sections which are tangent to the upper and lower quadrants of the shank as depicted in
Figure 2.5.1.1-2 are evaluated. The upper section is labeled Section B-B, and the lower section

is labeled Section C-C. The following sketch illustrates the calculation procedure:

Section B-B

The bending stresses in the base plate cross-section at mid-thickness, Gy, are:
M, -y

_ bpr .
o-bpl - I psi
NA

where My, =F-d; in-lb.

y; = distance to bolt axis from neutral axis of section

vy = 7.083 1. (Location 1)

y»’=  5.883in. (Location 2)
v’ = 3.813in. (Location 3)
yi' = 1.4131n.  (Location 4)

2.5-20
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To determine stresses, the linearly varying load distribution on the compression area of the base

plate is determined. The total force, R, on the compression area is:
R, = 2(T1+T3+T3+T4)

Where T, (i = 1 to 4, corresponding to the locations shown in Figure 2.5.1.1-2) is T; = OppiAs.

The maximum force per unit length, w, on the compression area is:
2
2R,
W= -
3.387
and the value, wg, on the section being considered is:

(0.5)(65) -y
W, =——————(w)
3.387

The linearly varying distributed load produces a bending moment, Mgg, on Section B-B. The

corresponding maximum normal stress (tension or compression) is:

A oM,
BB btl
where M, = W;[: + (W _;’B)[%
b= 2/ \/6' —[%) -117 ] =7.747 in.
t=2.51In.

The shear stress. 73p. is conservatively determined by
_Ry
TBB - b[

YIELD STRENGTH CRITERIA

T, = 27,4311b,
Toy = 22,784.1b
Tsy = 14,767 1b!
Tu = 54721b

My, = Fyda = (390,000)(2.75) = 1,072,500 in-Ib,
Roy = 2(T1y + Tay + Tsy + Tay) = 140,908 1b.
v, = 83203 b
vy = 15,649 Toin;
Mg, = 229“.,77410*.1}3,‘
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The normal stress is;

GMBB» B 27 "“ﬂ
O g, = b[l‘ —'28,501 I

The shear stress 1s:

bt hobien .3

Rh_

T BBy =

mm«--& Zik

The evaluation stress and margin of safety are

f v
L\\ - JBB\ +:‘TBBH

S. T o19smy
and  MS=—_ 1= 91250,
ey 31 270

B M S

ULTIMATE STRENGTH CRITERIA

31,270 f:‘*si

Using the same method as for the yield strength criteria and substituting the loads and allowable

stresses for the ultimate strength case:

Ti.= 457181b.
Tow= 3797310
Tw=  24,6121b.
T.= 91201b

Mypu = Fy d2 =(625.000)(2.75) = 1,787,500 in-1b.

Rpy = 2(Tyy + Tay + Tay + Tay) = 234,846 1D,

w, = 138,677 Ib.
Wgy = 26’086112./1&:
The normal stress is

6MBBu£ 547,41 g

t2
n

[RS]
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The shear stess 1s

yrmx, TR

Tl

T BBu =

A -.M»-AMI

The evaluation stress and margin of safety are

Oevy = VUBBU + ‘%TBBU "51’988 pSl :

and MS =

Section C-C

The bending moment at Section C-C. Mcc, is due to the tension force on the bolts at Location 1,

see Figure 2.5.1.1-2.
MCC = (2T1)(447-327) = 24T|
The normal stress, occ | is

6M

cC

Ccc = bt

The shear stress, ¢, is

v
Trp- =
CC bt

where V=2T,+T

YIELD STRENGTH CRITERIA

The normal stress is

6M N haititie ki 1
ocey = C_,C =3, 166 p51

bt- L.. et 8

where Mce, = 2.4T), = 65,834 inIb.



SAR-UMS® Universal Transport Cask
Docket No. 71-9270

December 1997
Revision UMST-97A

The shear stress is

Tcey = b_ = 5 186 psi‘

ik sdiieine kv

where Ve=2Ty+Tyy) = 300,430»15

The evaluation stress and margin of safety are

g.ﬂr‘ v —vf. e

\/O'C(\ s 3TCC\' = 12 180 p31

S y
Oevy

and MS =

ULTIMATE STRENGTH CRITERIA

The normal stress 1s

vy

oM 2
Oocy = —Su -13,598 p31 ,
where Meew = 24T, = 109,724 mlb

The shear stress is

\r
Tcoy = —b[— = 8 643 pSl

- n.»mas.-.-&u-

where Vo=2(T1u + T :l 382 lbﬁ

The evaluation stress and margin of safety are

LT e g

( v
Cevy =V OcCu” + 370 = 20,234 psi.’

RSSO I

R TPy
and Ms = Su_ B133.250 Bie Loe
Oy m20:234 R AR L I
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Minimum Length of Thread Engsagcement

To prevent damage to the top forging, enough thread engagement length must exist to ensure that

the bolt will fail before stripping the threads in the top forging under overloading conditions.

When the unit tensile strength of the external thread material substantially exceeds that of the
internal thread material, the minimum length of engagement, L., required to develop maximum
strength may be determined as follows.
S, 2A, .
L, = " =1.094 in.
S, 7n- Dsm,n(I +057735(D,,,, — E, .., )J

where Sq = unit tensile strength of the external (bolt) thread = 172,100 psi
Sp = unit tensile strength of the internal (top forging) thread = 60,750 psi
A, = tensile stress area = 0.856 in”
n = threads per inch = 12
Dsmin = minimum major diameter of the bolt thread = 1.1118 in.
Eimax = maximum pitch diameter of top forging thread = 1.0787 in.
For the internal (top forging) thread to develop the unit shear strength, the shear area required is

Tlu <O§S
AS — T

n

T =

For T,, = 45,718 Ib and S, = 60,750 psi, AS, > 1.505 in®.
The internal thread (forging) shear area is

. \
AS,=m-n-L D ,(—+0.57735(D ~E,.)|
4 smin . 2n snun nmax /

and, the corresponding length of engagement is, L. > 0.591 in.

For the external (bolt) thread to develop the unit shear strength, the shear area required is

2.5-25
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L, <058
T= <03
AS o

S

For Ty, = 45,718 1b and S, = 172.100 psi. AS, > 0.53130%

The external thread shear area is

nmdx

| \
AS,=7-n-L,-K (,}— +0.57735(E,,., — Ky ))
=N

where Kimax = maximum minor diameter of the internal thread = 1.053 in.
E.min = minimum pitch diameter of the external thread = 1.0631 in.
and, the corresponding length of engagement is, L, > Q~2811r;‘

The required length of engagement based on the internal threads, L. = 1.094, governs. and is less
than the actual thread length of 2.25 in. ensuring that bolt failure will occur before damaging the

top forging in an overload condition.
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Primary Lifting Trunnion Geometry

Figure 2.5.1.1-1
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Figure 2.5.1.1-2 Secondary Lifting Trunnion Geometry
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Table 2.5.1.1-1

Primary Trunnion/Top Forging Intersection Analysis Results

Angle
(deg.)

Moment
(in-1b)

Bending
Stress

(psi)

Twisting
Moment
(in-1b)

-1,592,029

7,948

481,650
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20 571,985 2,856 857,512 3,780 8,081 4
25 1331,609 1,655 896,875 3,953 8,077 14
30 -100,824 503 4,036 8.088 14

118,611

325,027

516,853

692,629

,,,,,

851,018

990,813

1,210,519

2,898 619 1.3
65 1,110,952 5,546 2,494 7.439 1.6
6,043

1,288,757

80

1,345,071

85

1,379,031

90

1,390,380
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2512 Cask Lid Lifting Analvsis

The cask lid lifting system provides a mechanism to lift the cask lid and place it on the cask body.
The cask lid is lifted by using a wire-rope sling that is load-rated for not less than the weight of the
lid. Swivel hoist rings threaded into four equally spaced holes in the lid are used to attach the sling
to the lid. These holes are clearly marked by engraved black painted letters on the top surface of

the lid. The four slings attach to a strongback at two points, two slings at each point.

The lid-lifting system uses four equally spaced 1-8 UNC-3B threaded holes located on a 66.86-
in. bolt circle. Helicoil thread inserts are used to increase the wear endurance. The lid matenal
1s SA-336, Type 304 stainless steel.

In accordance with the requirements of 10 CFR 71.45(a), a factor of safety of 3 against yielding
is required of any lifting attachment that is a structural part of the package used to lift the
package in the intended manner. Additonally, ANSI N14.6 requires that load-bearing members
of a special lifting device must be capable of lifting 3 times the weight of the package without
generating a combined shear stress or maximum tensile stress at any point in the device in excess
of the minimum tensile yield strength of the materials. The load-bearing members must be
capable of lifing 5 times the weight of the package without exceeding the ultimate tensile
strength of the material.  NUREG-0612 requires that dynamic loads must be considered when

demonstrating compliance with ANSI N14.6.

The requirements of ANSI N14.6 are not applicable to the cask lid because the lid weighs less
than 10,000 Ib: however, since the requirements of ANSI N14.6 and NUREG-0612 envelope
those of 10 CFR 71.45, the cask lid 1s evaluated to these requirements. Therefore, the shear
stress generated in the bolt hole threads in the cask lid during lifting must maintain a factor of

safety of 3 against vield stress and a factor of safety ot 5 against ultimate stress.

The cask lid weighs 8,869 1b. Assuming the load on the hoist ring bolts is purely tensile results
In 4 maximum shear stress on the cask lid bolt hole threads. Using a two-point lifting
arrangement for a redundant load path, and using a dynamic load factor of an additional 10%, the

load carried by cach hoist ring bolt, F,. is calculated as:

g e Wf'*’f"’i

Cas}\ Lid Weight x Dynamic Load - 8 869 X 1 &
\ u 17 Za, 878 Ib,
' 2 Lift Points o2 G
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To carry the load at each lifting point, a swivel hoist ring load-rated at 10,000 1b is used. The
hoist ring has 1-8 UNC-3A threads with a length of 1.54 in.

The shear area, A,, in the cask lid bolt hole threads is calculated as:
1 ,
A =3.1416nL, Dsmin{7—+ 0.57735(D,min - Enmax)] =3694in°
2n

where n = 8 (threads per inch)
L.= 1.54 in. (bolt thread engagement length)
Dymin = 0.9850 in. (minimum major diameter of bolt threads)
Exmax = 0.9254 in. (maximum pitch diameter of lid threads)

The shear stress. T, in the structural lid bolt hole threads is calculated as

-i;“ T T

T= —ﬂ—l 320 5ps1
3 694

FRe B @ S et

At a temperature of 300°F, which bounds all thermal conditions of the lid, SA336, Type 304
stainless steel has a yield strength of 22,500 psi and an ultimate strength of 61,500 psi. Thus, the

shear stress of 1,303 psi produces the following factors of safety:

yield strenoth 22 500 - 1704( 3

(FS)\]le
shear stress .1 320.5. i
Iti t )
(FS), = ultimate s rength 61500 —46 57 (>5)
shear stress - l 320 5
P i
252 Tiedown Devices

The Universal Transport Cask is designed to satisfy the requirements of 10 CFR 71.45 (b) and
the AAR Field Manual, Rule 88 [31], because rail is the most likely mode of transport. In this
analysis. the cask is assumed to be supported horizontally on a railcar and subjected to the more

limiting of either:
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(1) A static force applied to the center of gravity of the package having a vertical
component of 2 times the weight of the package, a horizontal component along the
direction in which the vehicle travels of 10 times the weight of the package, and a
horizontal component in the transverse direction of 5 times the weight of the package
in accordance with 10 CFR 71.45 (b); or

(2) A 7.5-g longitudinal force, a 4-g vertical force. and a 1.8-g lateral force, in
accordance with AAR Field Manual, Rule 88.

These loads are transferred to the rail supports by bearing on the rear rotation pockets,
the front shear ring, and the tiedown assembly. Dynamic effects are negligible when
considered in combination with the large applied load factors. In accordance with
10 CFR 71.45 (b), the structural components integral with the cask that are used for
tiedown must be capable of withstanding the specified forces without generating stress in

any matenal of the package in excess of its yield strength.

2521 Tiedown Component Loading

The Universal Transport Cask is tied down to the transport vehicle by means of the
following: (a) rotation pockets near the bottom at Point i (Figure 2.5.2.1-1); and (b) two
46 saddle supports. the tiedown assembly, and a shear ring near the top end at Point |
(Figure 2.5.2.1-1). Longitudinal force towards the bottom of the cask is resisted by the
rotation pockets. A shear ring welded to the cask top forging resists the longitudinal
force towards the top end of the cask. A 0.70-in. gap between the shear ring and the

saddle support accommodates any thermal expansion of the cask.

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 2.5.2.1-2, the distance
of the centroid from the center of the cask is determined by calculating the centroid for g

= 60° and subtract the contribution of the 14° arc.

For q = 60°, “vq = 36.148 in.



SAR-UMS® Universal Transport Cask April 1997
Docket No. 71-9270 Revision 0

The centroid of the 14° arc is determined as 'y 14 =43.277 in.

The distance of the centroid from the center of the cask of the actual bearing area
between
0 = 14° and 60° is calculated as "y 5 =33.978 1n.

The three loading cases for the tiedown components are vertical, longitudinal, and lateral
loads. the reaction forces for each loading case are determined below by using the

equations of equilibrium.

Vertical Loads Per 10 CFR 71.45 (b)

In the Downward Direction. using W = 260,000 1b., Fy = - 2W =- 520,000 Ib.
By summing moments Mz about Point j, the reaction forces are determined to be
Riy max = 132,668 1b. Riymin = 126,772 Ib.

By summing vertical forces, the reaction forces are determined to be Rj, max = 266,456 1b.

Note that Ri; = R;, = 0 because of the gap provided in the shear ring.
In the Upward Direction, Fy =+ 2W = 520,000 Ib. Similarly, by summing moments M,
about point j:

Riy max = -132.668 1b. Riy max = -266.456 1b.

Note that the support saddle cannot carry any upward load. Hence the negative R;,

reaction force is resisted by the tiedown strap.

Longitudinal Load Per 10 CFR 71.45 (b)

In the Forward Direction, using Fx = + 10W = 2,600,000 lb. and summing horizontal
forces. it is determined that Rj, = - 2,600,000 lb.

By summing moments about Point j, it determined that Ry, = - 250,433 Ib.

2.5-33
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By summing vertical forces, it is determined that Rj, = 500,866 Ib.

In the Aft Direction, using F, = - 10W = -2.600,000 Ib. and summing horizontal forces.
it 1s determined that R,, = 1.300,000 1b.

By summing moments about j. it is determined that R;, =-22.111 Ib.
By summing vertical forces, it is determined that Rj, = 44,222 b,

Lateral Load Per 10 CFR 71.45 (b)

To find the reactions resisting the lateral load, F, = 5W = 1,300,000 Ib., the location of
the bearing pressure between the support saddle and the cask surface must be found. The

contact surface is one-half of the saddle. as shown in Figure 2.5.2-2.
For the 60° arc. "y = 30.231 in., and for the 14° arc,’y = 42.116 in.

The centroidal location of the resultant force acting on the support saddle between the 14°

and the 60° angular distance from the vertical is determined as “Yacr = 30.04 in.

The horizontal distance from the center of the cask to the support point (Figure 2.5.2.1-2)
1s
d =46.05 in.

By summing the moments, the reaction forces are determined to be R, max =- 663,341 1b
and R, min = - 633.859 1b.

By summing forces along the Z-axis, the reaction force is determined to be Ry; max =
- 660,141 Ib.

By summing forces along the Y-axis, it is determined that Ry, =-R'..
By summing moments about the longitudinal axis of the cask, the reaction forces are

determined to be
- R’y max = 196,626 1b and  Rjy max =- 196,626 Ib.
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For the Opposite Lateral Load, the reactions for this case are opposite to those for the

previous case, and

F, =-5W =-1,300,000 Ib
Therefore, R, max = 663341 1b

R, max = 666,141 1b

Ry max = 196,626 1b.

Vertical Loads Per AAR Field Manual. Rule 88

In the Downward Direction, Fy =-4W =-1,040.000 Ib. By summing moments M,

about Point j, the reaction forces are determined as:

Riy max = 265,336 1b Riy min = 253,543 1b.
By summing vertical forces. the reaction force is determined as Rjy max = 532,914 Ib.
(Note that R;, = Rj = 0 because of the gap provided in the shear ring.)

In the Upward Direction, F, =+ 4W = 1,040,000 lb. Similarly, by summing moments
M, about Point j:

Riy max = - 265,336 b Ry, max = - 532,914 Ib.

Note that the support saddle cannot carry any upward load. Hence the negative Rj, is

resisted by the tiedown strap.

Longitudinal Load Per AAR Field Manual, Rule 88

In the Forward Direction, F, =+ 7.5W = 1,950,000 Ib. By summing horizontal forces,
it is determined that R, = - 1,950,000 Ib.

2.5-35
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By summing moments about Point j, R;, =- 187.825Ib.
By summing vertical forces. R, =375.650 Ib.

In the Aft Direction, F, =-7.5W = - 1,950,000 Ib. By summing horizontal forces. it is
determined that Ri; = 975,000 Ib.

By summing moments about Point j. it is determined that Ry = - 16,902 1b.
By summing vertical forces, it is determined that R, = 33,805 Ib.

Lateral Load Per AAR Field Manual, Rule 88

The lateral load 1s F, = 1.8W = 468,000 Ib. By summing the moments, the reaction
forces are determined to be R, may = - 238,803 Ib and R, iy = - 228.190 1b.

By summing forces along the Z-axis, the reaction force is determined to be Rj, my =
- 239810 Ib.

By summing forces along the Y-axis, it is determined that R, = - R';.

By summing moments about the longitudinal axis of the cask, the reaction forces are
determined to be Rj,=-70,7851b and - R, = 70,785 Ib.

For the Opposite Lateral Load, F, = - 1.8W =- 468,000 Ib. The reactions for this case

are opposite to the previous case:
R\, max = 238,803 Ib Ri; max = 239,810 1b
R,, =70,7851b - R =-70,785Ib.

Loads Summaryv

The results of all the loading cases are summarized in Tables 2.5.2.1-1 and 2.5.2.1-2.

2.5-36
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Figure 2.5.2.1-1 Front Support and Tiedown Geometry
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Figure 2.5.2.1-2 Shear Ring Geometry
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Figure 2.5.2.1-3 Free-Body Diagram of Cask Subjected to Lateral Load
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Table 2.5.2.1-1 Reactions Caused by Tiedown Devices (from [0 CFR 71.45 (b))
Reactions (Ib)

Load Case | Load (Ib) Rj R;, R;, Rix R;, R;,
Al F, = -520.000 0 266,456 0 0 132.668 0
A2 F, = 520,000 0 -266,456 0 0 -132,668 0
Bl F,=2.600.000 | -2.600.000 | 500.866 0 0 -250,433 0
B2 F, = -2.600.000 0 44222 0 1.300.000 -22,111 0
Cl F,= 1.300.000 0 0 -606,141 0 -196,626 -663.341
C2 F, =-1.300.000 0 0 666,141 0 196,626 663,341

Combined Reactions (Ib)
Al+Bl1+Cl -2,600.000 | 767.322 -600,141 0 -314.391 | -663.341
Al+Bl +C2 -2.600.000 | 767.322 666,141 0 78.861 663,341
Al+B2+ClI 0 310.678 -660.141 1.300.000 -86.069 -063.341
Al+B2+C2 0 310,678 660,141 1,300.000 307.183 663.341
A2+ Bl +Cl -2.600.000 | 234410 -666,141 0 -579.727 -663.341
A2+ Bl +C2 -2,600,000 | 234,410 666.141 0 -180.475 663,341
A2+ B2+ Cl 0 222234 -666.141 1.300,000 | -351.405 -663.341
A2+ B2+ C2 0 222234 660.141 1,300.000 41.847 063.341
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Table 2.5.2.1-2 Reactions Caused by Tiedown Devices (from AAR Field Manual
Rule 88)
Reactions (Ib)
Load Case Load (Ib) R;, R;, Rix Riy R,
Al F,=-1.040.000 0 532914 0 265,336 0
A2 F, = 1.040.000 0 -532914 0 -265.336 0
Bl F, = 1.950.000 | -1,950,000 | 375,650 0 -187.825 0
B2 F, =-1.950.000 0 33,168 975,000 -16,584 0
Cl F, = 468.000 0 0 -239.810 0 -70,785 -238.,803
C2 F, = -468.000 0 0 239810 0 70,785 238,803
Combined Reactions (Ib)
Al+ Bl +Cl -1,950.000 | 908.564 -239.810 0 6.726 -238,803
Al+Bl +C2 -1,950.000 | 908,564 239810 0 148,296 238,803
Al+ B2+ Cl 0 566,082 -229.810 975,000 177,967 -238.803
Al +B2+C2 0 566.082 239.810 975.000 319,537 238.803
A2+ Bl +Cl -1,950,000 | -157,264 -239.810 0 -523.946 -238,803
A2+ Bl +(C2 -1.950,000 | -157.264 239,810 0 -382.376 238,803
A2+B2+Cl 0 -499.746 -239.810 975,000 -352.705 -238,803
A2+ B2+(C2 0 -499,746 239.810 975.000 -211,135 238,803

2.5-41
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2522 Rear Support

The transport cask rear tiedown attachment is at the rotation pockets. The two rotation
pockets are stainless steel forgings located near the bottom of the cask and spaced at

approximately 180-degree positions in line with the two primary lifting trunnions.

25221 Matenal Properties at 200°F

The yield strength of each material at 200°F is the allowable stress. The shear stress
allowable for noncontainment structures is 0.6 S,. The bearing stress allowable is equal
to S,. For the A-240 Type 304 Stainless Steel, Cask Outer Shell and Shear Ring:
S, =25.0 ksi Su=71.0 ksi.
For SA-336 Type 304 Stainless Steel. Cask Top Forging:
S,=25.0ksi S, =66.2 ksi.
For Type XM-19 stainless steel forging, Rotation Pockets:
S, =47.0 ksi Sy =99.5 ksi.
Loads
conditions specified in 10 CFR 71.45 (b) produce the more critical loads on the rotation

pockets.

Bearing Stress in Rotation Pocket

The Rotation Pocket diameter = 10 in., and the Trunnion Pin dizameter = 8 in.

Inspection of the load combinations i Table 2.5.2.1-1 indicates that Case A2 + B2 + C1

is most critical for bearing stress on the rotation pockets:

)
n
1
I
)



SAR-UMS"® Universal Transport Cask April 1997
Docket No. 71-9270 Revision 0

F, = 670,000 b

Ap, = T(8.0)°/4 = 50.26 in”

F, .
Ser = = 13,300 psi

br

F = J(F)° + (F)° 1=1.349,000 Ib

Where
F. = 1,300,000 Ib F, =- 360,000 Ib.

Length of engagement, a =46.55-42.94 =361 in.

A clearance of 42.94 - 42.55 = 0.39 in. exists between the end of the pin and the rotation
pocket. Consider that the cask is off center by this amount and the minimum engagement
length1s 3.61 - 0.39 =322 in.:

Ap = (10.0)(3.22)=322in°

Fr . Shr\‘
= 41,894 psi and MS =—2-1=+0.12.
Ahr Sbr

Spe =

Shear Stress In Rotation Pocket, Horizontal Loading: Double Shear:

Inspection of the load combinations in Table 2.5.2.1-1 indicates that Case B2 is most

critical for horizontal shear on the rotation pocket:
Minimum shear area, A, = 0.5(1,300,000)/(0.6)(47,000) = 23.05 in®
Minimum edge distance from pocket centerline = 23.05/3.22 = 7.16 in.
Edge distance provided = 13.0 - 5.38 = 7.62 in.

MS =7.62/7.16 - | = +0.06.
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The result is conservative: additional metal provided by the tapered portion of the

rotation pocket is neglected.

Shear Stress In Rotation Pocket Vertical Loading: Single Shear

Inspection of the load combinations in Table 2.5.2.1-1 indicates that Case A2 + Bl + C1

1s most critical for vertical shear stress on the rotation pocket where R, = 580.000 Ib.
The minimum required projected bearing length in the vertical direction is
Ly = 580.000/ (3.22)(47.000) = 3.8 in.
Included angle = cos’! (4.5/5) = 26°.
Bearing length provided = 2(5)sin 26 = 4.4in. > 3.8 in.
MS = 44/38-1= +0.16.
The minimum shear area is
A.= (580.000)/(0.6)(47.000) = 20.6 in’
The minimum distance from rotation pocket centerline = 20.6/3.22 = 6.39 in. < 7 in.

MS = 7/6.39-1= +0.09.

1)
Y]I'l
N
N
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Stress 1in Weld at Interface with Rotation Pocket

Assume that the entire load is transferred to the cask outer shell through the weld at the

base of the rotation pocket. The effective thickness of weld is

= [(1.50)" + (1.375)7]%° = 2.035 in. (Section B-B, 3 Sides).

The section properties of weld group are

Area (Ay) = (21.035)(15.07) - (18.00)(11.00) = 119 in*

— 1507 (21.035)°/2 - (1L00)(18.00)(1.0 + 18.0/2)

X = =11.38 in
119.0
(21.035)(15.07)°  (18.0)(11.00)°
I ) _( ) ) 4003 in®
X 12 12
- vy ~ =y 2 / _ N2 2 \ V3 ( 2
1}:””'07’(1;1'033) +1507(21035) 2122 _ 138 ___(11»0()1(%8-01 - 110(180] | 10+ 2 —11.381 - 6201in*
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where

b=19.521n. h=13.0351n.

t, = 1.01n. tp = 2.0351n.

From Table 2.5.2.1-1. the loads for Case A2 + B2 + C1 are the highest combination loads
on the weld group are F, = 1,300,000 Ib and F, = -360,000 Ib.

Foo= (Fy + F)% =1349,000 1b

e, = 11.38—538=6.01n. e, = 5.25-3.22/2 =3.64in.;
conservatively use 3.9 in.

M, = F, (e,) = 1,404,000 in-Ib

M, = F,(e,) =5,070.000 in-lb

M, = F, (e,) =2.160.000 in-Ib.
The component stresses on the effective thickness weld group are: |

~ M.c, (5.070.000)(11.38)

S L = 6301 =9.304 psi (bending stress at points A & C)
g M.c. (1.404.000)(7.535) 2643 psi (bendine st Cooints B & C
L= = = Z. 2% g N < y .
e 0 1003 ps1 (bending stress at points )
Fx 1.349.000 . :
S;=— = ——— = 11,336 psi (resultant direct shear stress)
Aw 119.0
» 2,160,000 : . :
(SsT)a = M = = 4245 psi (torsional shear stress at point A)

2 bhta (2)(19.52)(13.035)(L.0)
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.
(Ss1)B = Mz 2,160,000 = 2086 psi (torsional shear stress at

2 bhts (2)(19.52)(13.035)(2.035)

point B)

The von Mises equivalent stresses at points A, B, and C are

. 70.5 _
Sea :[SRC + 3(Ss + (Ss1)4 )h} 28,546 psi

23,397 pst

5 2705
SEB :[SEC + 3(Ss + (SST)B)]

Sec =[(Sac + Suc)® + 383" = 22,984 psi.

‘The minimum margin of safety at the rotation pocket/weld interface is based on the yield
strength of the XM-19 material, S, = 47.0 ksi:

47.000
28.546

MS = -1 = +065.

Stress at Cask Body/Rotation Pocket Weld Interface

b=19.94
2875 _
f l B — ¥
v < | i
‘ i
| s
‘ T t
| : oL A ! |
16751 114 L ' * h=13.875
: ‘ c.g. !
1 f
I -
- Y
Y !
" 12.07
2.875 « >
=
o - - 18 . « 2.875
21875 R
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Section properties of weld/cask interface:

Area (Ay) = (21.875)(16.75) - (18.0)(11.0) = 168 in°

where b=19941n. h=13.8751n.

ta=1.01n. tg = 2.8751n.

— (16.75)(21875)°/2 - (110)(18.0)(1.0 + 18.0/2) ,

X = =1207 in.

168
21 75" (18.0)(11.0)°
I :( 1.875) (16.75) o 8.0)(11.0) — 6570 in*3
12 12

lzw 16”5m187s»|“187 1207] - %—110{180)( o+—]~1 07‘ = 8.886in"

Loads On Weld/Cask Interface

Inspection of the load combinations in Table 2.5.2.1-1. indicates that Case A2 + B2 + C1
1s most critical for the rotation pocket recess are F, = 1,300.000 {b and F, = -360.000 Ib.

Fo o= (F; + F)" =1.349,000 Ib

e, = 12.07-538=6.71n. e, = 5.25-3.22/2 =3.64in;
conservatively use 3.9 in.

M, = F, (e,) = 1.404.000 in-Ib

M, = F, (e,) = 5.070.000 in-1b

M, = F, (e,)=2412,000 in-Ib.
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The component stresses on the effective thickness weld group are:

My 3 2. . . .
Sac = e (5.167,500)(12.07) = 6,887 psi (bending stress at points A & C)
Iy (8886)

Mycy  (1,404.000)(8.375)

S = =1,790 psi (bending stress at points B & C)
BT 6570 P P
S. = Fr _ 1,373,000 = 8,030 psi (resultant direct shear stress)
7417
(SsT)a = Mz 2412000 = 4385 psi (torsional shear stress at point A)
2bhta  (2)(19.94)(13.875)(1.0)
2,412,000 . . ‘
(SsT)B = Mz 4120 = 1517 psi (torsional shear stress at point B)

Jbhig  (2)(19.94)(13.875)(2.875)

The Von Mises equivalent stresses at Points A, B, and C are:

2 o] 5 .
Sga = [S,gc+3(ss~ +(S§T)A)}O =17.279 psi

. . . 0.5 4
Su =[Sk + 3(SsT + (SH)w) | = 14267 psi

Sie =[(Sac + Suc)* + 383 = 16,393 psi.

The minimum margin of safety at the weld/cask interface is based on the yield strength of

cask material A-240. Type 304 stainless steel outer shell with S, = 25 ksi and is:

25,000
©17.279

-1 = +045.

The positive margins of safety show that the rotation pockets satisfy the requirements of
10 CFR 71.45 (b).
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25273 Front Support

The longitudinal force toward the top end of the cask 1s resisted by a shear ring welded to

the cask top forging. The shear ring bears on the shipping frame along two 46-degree

g.
).

arcs (Figure 2.5.2-1
The load on the shear ring is Rj = 2,600,000 Ib.

Assuming that the neoprene cradle cushion compresses to 0.25 in. thick, the effective
width of the ring in direct bearing against the side of the support frame is 1.65 in. The

bearing pressure is

Aprg = (2)(92/360)(1)(42.88)(1.65) = 113.6 in”
Shre = 2.600,000/113.6 = 22,887 psi.

The allowable bearing stress on the surface of SA-336 Type 304 stainless steel is
(Stre)atiow = 25,000 psi at a temperature of 200°F.

23,750
22,887

The margin of safety for bearing is MS = 4-1=+0.09.

The shear stress across the weld is
Si=R,/A, = 2.600.000/185 = 14,054 psi
where Ay = 1(0.5)(85.26 + 82.61)(92/360)(1.375)(2) = 185 in".

L. , (0.6)(23.,750)
The margin of safety for shearis MS= ———5-1= +0.07.
- ’ 14,054
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2524 Overload

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 pockets and shear ring welds is compared with
the shear capacity of the outer shell.

25241 Shear Capacities at Rotation Pockets

w

Rotation Pocket Weld

The effective shear arca of the weld is 119 in” as shown in Section 2.5.2.2.1. The filler
material used to weld the rotation pocket to the cask body is AWS E309, with an ultimate
tensile strength of 80.0 ksi. Apply;ﬁ:gtheybn Mises._ failure criterion, the ultimate shear

capacity of the weld is

Fu = (119)(0.577)(80,000) = 5,493,040 Ib.
Cask Body
The area of the interface between the weld and the cask body is 168 in®. The cask body
has a tensile strength of 71 ksi. The ultimate shear capacity of the cask body at the
interfacing area with the weld is

Fen = (168)(0.577)(71.000) = 6,882,436 Ib > 5,493,040 Ib.
Thus, the weld will fail in shear before the cask body, thereby ensuring 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.
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25242 Shear Capacities at Shear Ring

Shear Ring Weld

The effective shear area of the weld is 185 in”, as shown in Section 2.5.2.3. The filler
material used to weld the shear ring to the cask body is AWS E316L with an ultimate
tensile strength of 70.0 ksi. Applying the von Mises failure criterion, the, ultimate shear
capacity of the weld is:

F.. = (185)(0.577)(70.000) = 7,472,150 Ib.

Cask Top Foreging

The area of the interface between the weld and the cask body is 185(1.423/1.375) = 191.5
in®. The cask body has a tensile strength of 71 ksi. The ultimate shear capacity of the

cask body at the interfuacing area with the weld is
Fon = (191.5)(0.577)(71.000) = 7,845,181 1b > 7,472,150 Ib.
Thus, the weld will fail in shear before the cask body. ensuring that failure caused by

excessive overload on the shear ring will not impair the ability of the package to meet the

other requirements of 10 CFR 71.
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26 Normal Conditions of Transport

This section presents the evaluation of the Universal Transport Cask for structural integrity for

the normal conditions of transport.

10 CFR 71.71 requires that the Universal Transport Cask be structurally adequate for the
following normal conditions of transport: (1) heat, (2)cold, (3) reduced external pressure,
(4) increased external pressure, (5) vibration, (6) water spray, (7) free drop, (8) corner-drop,
(9) compression, and (10) penetration. In the free-drop analyses. the cask impact orientation
evaluated 1s the orentation that inflicts the maximum damage to the cask. The regulation
requires that the cask be evaluated for the normal conditions of transport at the most unfavorable

ambient temperature in the range from -40°F to +100°F.

The results of these evaluations demonstrate that the cask satisfies the requirements of 10 CFR

71.71 for normal conditions of transport.
2.6.1 Heat

The Universal Transport Cask is analyzed for structural adequacy in accordance with the
requirements of 10 CFR 71.71(c)(1), “Heat (normal condition of transport).” The cask is loaded,
ready for shipment, and supported in the horizontal position with an ambient temperature
environment of 100°F, an P internal pressure of TSI) psig (from Section 3.4 .4, iﬁeéélétilg?te}l
pressures are 7.3 psig and 5.0 psig for casks containing PWR and BWR fuel, respectively),

maximum decay heat load. maximum solar insolation, and still air.

The stress analysis of the cask is performed by using a three-dimensional finite element model
and the ANSYS computer program [32]. The model considers thermal heat, internal pressure,
bolt preload, gravity, and combined loading conditions. The finite element model is described in
Appendix 2.10.2. The temperature-dependent material properties considered in the analysis are

documented in Section 3.2.
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The following categories of load on the cask are considered for the heat condition:

to

Closure lid bolt preload—The required total bolt preload on the lid bolts is _'5_“2'“{"1:0} b
(111,680 Ib/bolt for 48 bolts). Bolt preload is applied to the model by imposing initial

strains to the bolt shafts.

Internal pressure—For analysis purposes, an internal pressure of JSQ psig M_ 1s applied on
the interior surfaces of the cask cavity in the outward normal direction. On the basis of
the calculated maximum normal operating cavity pressures for PWR and BWR casks (izi
and 5.0 psig, respectively) use of 150 psig 1s conservative. The pressure loading region
includes the mating surfaces of the lid and upper body forging outward to the lid seal

centerline.

Thermal—The heat transfer analyses performed for maximum normal operating
conditions determine the cask temperature distribution for the heat condition. For the’
heat condition. the cask is considered to be in the horizontal position subjected to an
ambient temperature of 100°F, with maximum decay heat load and maximum solar
insolation, in still air. The cask temperature distribution obtained for this heat condition
1s used as input to the ANSYS analysis to determine the stresses in the cask. The ANSYS
analysis determines the stresses resulting from thermal expansion of the cask from its
initial 70°F condition to its normal transport temperature condition. These stresses
include the effects of the differential thermal growth within the components, which result
from the temperature difference across the cask walls. The cask temperature distribution
is also used in the ANSYS structural analysis to determine the values of the temperature-

dependent material properties.

Gravity—The mechanical loads consist of gravity acting on the cask structure and its
contents. The cask is assumed to be loaded and resting in the horizontal position on the
front and rear cask supports. Mechanical loads resulting from a 1-g application of the
cask structure and contents are imposed on the model. The weight of the cavity contents

1s imposed on the model as a contents pressure on the contact surface of the cask cavity.

Fabrication and Installation—The effects of stresses resulting from the processes used in

fabrication and installation are negligible.

tw
CP
t2
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26.1.1 Summary of Pressures and Temperatures

The maximum normal condition temperatures are summarized in Table 2.6.1.1-1 for the various
PWR and BWR cask components. Summaries of pressures for the PWR and BWR canister 'ﬁg‘
cask configurations are listed in Tables 2.6.1.1-2 and 2.6.1.1-3, Tespectively. The Maximum
Normal Operating Pressure. (MNOP), as defined in NUREG-1617 [57], Table 4c1; s 7.3 psig
(Section 34412 1 )

26.1.2 Thermal Expansion Evaluation

The differential thermal expansions between the basket disks and the canister and the canister
and the cask are evaluated based on bounding results from the PWR thermal analyses. In
performing the calculations, nominal dimensions of the various components are used. The data

used in the evaluation are presented in Chapter 1.0.

All thermal expansions are calculated using the following relation:
Al =]y o AT

where Al is the resulting change in linear dimension, l; is the original dimension, ¢ the material
thermal expansion coefficient. and AT temperature differential. The original dimensions are
expressed in terms of room temperature, so the calculated temperature differences are based on

70°F environment temperature.

26.1.2.1 Canister/Cask Radial Thermal Expansion

The maximum canister shell temperature is 398.7 °F. The thermal expansion coefficient of E&E
304L stainless steel at 400 °F is 9.19E-6 in/in-°F [21]. The increase in diameter of the canister is then

Ad = dyp ot AT = 67.06 (9.19E-6 in/in-°F) (398.7 - 70) = 0.203 in.

The canister diameter increases to 67.06 + 0.203 = 67.263 in.

Since this diameter is smaller than the nominal diameter of the cask cavity (67.61 in.), a
diametrical clearance of 67.61 - 67.263 = 0.347 in. is assured during normal operating conditions

cven without considering the thermal expansion of the cask inner shell.
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26.1.2.2 Canister/Cask Axial Thermal Expansion

The maximum canister shell temperature is 398.7°F. This temperature is conservative to use for
the axial expansion since a temperature gradient exists along the length of the canisters. The
thermal expansion coefficient of 'i"ype 304L stainless steel at 400°F is 9.19E-6 in/in-°F. The
longest canister configuration is PWR Class 3 with a length of 191.95 in. The increase in length

of the canister 1s then

Al =1, AT = 191.95 (9.19E-6 1n/in-°F) (398.7 - 70) = 0.58 in.
The canister length increases to 191.95 + 0.58 = 192.53 in.
The minimum cask shell temperature is conservatively assumed to be 150°F (bounding case
since the minimum temperature in forging is 237.5°F). The thermal expansion coefficient of
Type 304 stainless steel at 70°F is 8 46E-6 in/in-°F. The cask cavity is 192.5 in. in length. The
increase in length of the cask cavity is then

Al =192.5 (8.46E-6 in/in-°F) (150 - 70) = 0.13 in.
The cask cavity length increases to 192.5 + 0.13 = 192,63 in. The resulting axial gap is
192.63 - 192.53 = 0.1 in. Therefore, the canister and cask will expand axially and not bind during

normal transport conditions.

26.1.3 Stress Calculuations and Comparison to Allowable Stresses

The stresses throughout the cask body are calculated for the individual and combined loading
conditions . The loading conditions are: (1) _150 psig internal pressure (including bolt
preload): (2) thermal heat (100°F) loads: and (3) gravity. Stress results for the individual loading
case of 150 psig internal pressure (including bolt preload) are documented in Tuables 2.6.1.3-1
and 2.6.1.3-2. Stress results for the thermal loading case are documented in Table 2.6.1.3-3.
Stress results for the individual gravity cases are documented in Table 2.6.1.3-4 and 2.6.1.3-5.

The conventions used for the stress summary tables are:
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1. All stresses are in ksi.
\

Section stress locations are shown in Figures 2.10.2.2-1 through 2.10.2.2-4.

3. The stress intensities (SI) presented in the tables represent the maximum SI occurring at
any circumferential Jocation or the specified section. The stress components correspond
to the section having the largest SI.

4. Angles shown in the tables are in degrees and they identify the circumferential location

where the maximum stress intensity occurs. These angles are measured from the x-axis

rotating about the y-axis.

3. Any stress component that 1s shown to be 0 ksi 1s defined as being less than 0.1 ksi.

6. The stress intensities shown in the tables are rounded to the nearest 0.1 ksi. The margins
of safety are calculated prior to rounding the stress intensities.

7. “Heat(100°F)” refers to 100°F ;mggni‘tem?ef&uig;gggﬁtug solar insolation and

ey
eI

1] air.

8. Stresses are reported in a cylindrical system and X, Y, Z cormrespond to radial,

circumferential and axial respectively.

These tables document primary membrane (Py), primary membrane plus primary bending (P, +
Py). primary plus secondary (P + Q), and critical Py, Py, + Py, and P + Q stresses in accordance
with the criteria presented in Regulatory Guide 7.6. As described in Section 2.6.7, procedures
have been implemented to document the nodal and sectional stresses as well as to determine the
critical stress summary for all cask components.

For the individual loading condition of internal pressure (ufclbdméj;&_lbpltin‘?;l&d}j the
maximum calculated primary membrane stress intensity is 109 ksi and the maximum calculated
primary membrane plus bending stress intensity is T€9 ksi E:“ For the individual thermal
loading condition, the secondary membrane stress is 13.9 ksi. For the individual gravity loading
condition (includiﬁg lid boltprp]oad), the maximum calculated primary membrane stress
intensity is 1.8 ksi and the maximum calculated primary membrane plus bending stress intensity
1s 4.7 Ksi in regions where bolt preload LSéc{t;gnﬁO) is not considered. Conservatively combining
the maximum stresses without regard to location for the internal pressure and gravity load cases,
the maximum calculated primary membrane stress intensity is 12.7 ksi. the maximum calculated
primary membrane plus bending stress intensity is §£§ ksi, and the maximum calculated primary

plus secondary stress is 35.5 ksi.
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To show that the Universal Transport Cask meets the requirements for normal conditions of
transport, the calculated stress intensities are compared to the allowable stress criteria presented
in Regulatory Guide 7.6. For normal conditions, the primary membrane, primary membrane plus
bending, and primary membrane plus bending plus secondary stresses; are compared to the

following stress allowables:

P <Sn
Pn + Py, <158,
Pn+P,+Q <3S,

I S Sy T e e e g oy

T e g e : S g e % & RS % SG ¥ e e
Using the conservatively calculated stresses, the minimum margin of safety for the Pay Pt Prt

bprivgels -

and P + Q stresses in the cask for the heat condifion are;

Stress State Max. Stress (ksi)  Allowable Stiess () [Margin'of SRy
Pn 127 200 5 0%

P+ Py 216 300 .
P+Q 35.5 57.4 0.6

Since the margins of safety are all positive, the Universal Transport Cask satisfies the

requirements of 10 CFR 71.71(c)(1) for the heat (normal transport) condition.
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Table 2.6.1.1-1 Maximum Component Temperatures—Normal Conditions of Transport,

Maximum Decay Heat, Maximum Ambient Temperature

Temperature °F) Temperature (°F)
Cask with PWR Fuel Canister Cask with BWR Fuel Canister
Canister Gas: Canister Gas: Canister Gas: Canister Gas:
Component Airf Helium Airf Helium
Cask Lid O-Rings/Vent Port O-ring' 268 266 207 204
Lower Drain Port O-ring’ 225 224 232 230
Cask Radial Quter Surface 279 266 267 256
Radial Neutron Shield 314 293 501 B86
Lead Gamma Shield 328 306 @ 298
Aluminum Disk Exterior 292 D68 S,éi @8
Aluminum Disk Interior 683 B05 EoB 515
Support Disk Exterior 211 255 213 m
Support Disk Interior 686 608 610
Canister Shell 399 408 369 363
Canister Shield Lid 272 270 212 DOR
Canister Bottom Plate 325 324 264 263
Maximum Fuel Rod Cladding 808 3]5 670 EE
Cask Bottom 218 m D29 228
Bottom Forging 22—5 224 R32 B30
[nner Shell 3@8 aﬁ Bﬁﬁ EE
Outer Shell 323 301 809 293
Top Forging® 256 250 196 194
Cask Lid 268 266 201 R04
Cask Lid Bolt’ 268 266 207 Rod
Average Gas Temperatwre in the 492 453 432 868
Canisters’
Conditions 106°F ambient temperature

20 kW decay heat load. 1.1 peaking factor - PWR
16 kW decay heat load. 1.22 peaking factor - BWR
Solar insolation

Cask cavity gas: helium

Canister cavity gas: air or helium

Cask Iid O-rings and vent port O-rings not explicitly modeled—taken to be the maximum cask lid temperature.
'\\LFHUL umpcralure

P

pﬁmux,wclpdlﬁkcum :lmnmmmmpmmrq of the botiom SorEHE,

ST

5. Calculated asa volumetri vcrage?

6 ;Ihc dcmgn basis covcr gasin _ﬁ:e,gamstcrgs
structural cvaluauon.

wmv—ﬂmm g ot e W}vq

15 for aifas the.COVET ZAS are PrOVISE.AS WOTSL-Gase, JeMpEates.
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Table 2.6.1.1-2 Summary of Canister Pressures During Normal Conditions of Transport
CANISTER INTERNAL CANISTER INTERNAL
CONDITION PRESSURE(PWR) PRESSURE(BWR)
Normal

(3% Rod Failure) | 1.44 atm = 21.90 psia = 6.50 psie

e a4

Pressure used for

Canister Apalysis 23 psig 25 psig

Table 2.6.1.1-3 Summary of Cask Pressures During Normal Conditions of Transport
| Cask Cavity Internal Cask Cavity Internal
Pressure Condition Pressure (PWR) Pressure (BWR)
Normal !

(3% Rod Failure) [ 1.50atm=21.98 psia=73psig | 1.34atm Z19.74 sia= 5.04 bsiz

N

Cask Lid Closure l |

Analysxs :8; psig S_Q psig
Cask Body Finite
Element Analysis | 150 psig 150 psig
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Table 2.6.1.3-1

P Stresses—igﬁ psig Internal Pressuref, ﬂégﬁ:(lOO"FS

Cylindrical Stress Components (ksi)

Section Angle Sx

SY SZ SXY SYZ

SXZ

SI (ksi)

Allowable
Stress
(ksi)

] 180 -0.1
2 180 0.0
3 105 0.3
4 20 1.0
5 10 0.5
0.7
1.0
2.5
3.7
0.1
24
3.3
1.1
3.7
0.5
0.4
-0.1
-0.1
-0.1
0.1
-0.1
0.1
19
0.3
0.3
03
0.3
0.3
-0.3
0.3
3.1
1.4
0.8
2.8

5 1.7
36 180 0.3

7 0 0.8

t2
12
LIdBoooe coocofococoocoodoocooocooocoo

o
(@]

8 0 -0.8
9 10 0.8
0 80 1.1
41 30 12

0.0 0.9 0.2 0.0
0.0 1.1 0.2 f0.1
0.5 0.6 0.4 :0.3
0.1 <17 0.4 £03
:0.1 -1.5 0.0 0.0
0.1 22 D2 0.0
2.7 23 ol 0.1
0.0 -3.6 0.2 0.3
0.5 5.6 1.5 0.3
7.8 -6.3 0.4 D3
Q17 8.6 1.6 0.2
5.5 3.6 0.3 03
85 23 0.8 03
06 52 2 b.1
0.0 45 0.9 0.1
0.4 0.2 14 12
4.6 1.1 0.0 0.2
5.4 0.9 0.0 0.1
5.8 0.8 0.0 0.0
5.6 0.9 0.0 0.1
5.0 1.1 0.1 0.1
3.3 1.1 0.2 03
1.3 0.1 1.3 0.0
2.5 43 0.0 0.4
4.8 3.7 0.0 0.2
5.9 3.6 0.0 0.1
6.4 3.7 0.0 0.0
6.1 3.6 0.0 0.1
5.0 3.6 0.0 0.2
3.1 39 0.1 £0.3
i6 0.1 14 0.1
0.7 0.3 ) 0.8
0.4 209 04 0.5
1.6 14 19 1.4
0.3 0.2 07 (0.3
0.5 3.9 0.8 0.1
0.1 0.4 -0. 0.0
01 06
01 07
1.7 0.2

0.0 1.1

SEEEY
NG FiE ROt

0.0
0.0
0.5
0.4
0.0
0.0
0.0
0.4
0.2
04
o4
0.1
0.1
-0.1
0.3
0.3
02
02
02
0.2
0.2
0.1
0.0
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.0
05
0.6
14
0.0
0.6
0.0
0.0
0.0
D.1
0.1

12
13
14

b

200
200
200

P

pi il
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Table 2.6.1.3-2

Pm + Py Stresses—ig(j psig Internal Pressuref, H&aﬁlOOoFi

Cylindrical Stress Components (ksi)

Section Angle Sx

Sy Sz Sxy Syz

SI (ksi)

Allowable

Stress
(ksi)

1 180 1.8
2 180 0.0
3 180 0.9
4 20 -1.0
2.3
f1.1
2.5
5.8
17
2.6
49
-6.6
6.8
5.7
4.3
0.9
-0.1
0.1
-0.1
-0.1

21 -0.1
22 0.8

-0.3
-0.2
0.2
0.2
-0.2
0.2
0.2
0.2
0.2
1.2
1.1
-0.2
1.0
-0.8
6.9
-4.6
2.8
5.1
41 0 24

o
S8ocococooococofoocooofooooc oo oo g

(VYRR VSRS VRS
O OO0~ O n
s
0 OO
o

OO

N
()
[o.o]
(e

0.1 4.4 0.2 0.0
0.0 3.1 f02 0.1
:0.1 1.7 0.3 0.0
12 a3 02 20.3
0.1 4S5 0.0 0.0
02 17 02 0.0
6.6 0 0.4 D2
109 5 04 D4
17.8 9 04 0.5
6.9 5.1 0.5 0.3
87 53 1.0 D3
4.7 4.6 0.1 0.2
6.7 4.4 0.8 04
6.3 239 0.5 0.2
114 0.0 1.0 03
1.1 0.9 2.0 9.5
7.3 8.0 0.0 0.0
22 1.4 0.0 0.2
2.5 72 0.0 02
7.6 7.5 0.0 0.1
1.3 0.9 20 96
0.9 26 0.8 0.9
4.9 8.7 0.0 0.1
73 10.5 0.0 0.0
9.1 12.0 0.0 0.0
0.8 12.8 0.0 Do
9.3 12,5 0.0 0.0
7.9 114 0.0 0.1
4.9 9.7 D.o :0,1
1.2 44 0.5 02
1.0 p 8 2.1 2.0
15 25 07 .7

6.3 2.0 0.6 0.7
02 B0 0.6 20.6

0.6 5.6 1.3 04
02 81 01 Do
0.2 2 :0.3 0.0

05 W2 97 O

‘0.2 5% 02 0.0

o

4.3
k30
]
53

304
300
300
200

* Including cask lid bolt preload.

2.6-10
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Table 2.6.1.3-3

... Thermal (Q) Stresses—Heat (100°F)

B
Cylindrical Stress Components (ksi)

Section Angle S« Sy Sz Sxy Syz Syz SI (ksi)
1 80 45 29 0 0.3 0 0 4.6
2 0 34 4.2 0.1 -0.1 0.1 -0.1 4.1
3 180 7.3 5.3 7.3 -0.1 -0.3 3 6
4 0 7 -0.6 -4 0.3 0.7 -0.4 11.1
5 0 -5.3 -1.5 -0.3 -0.9 -0.2 0.2 53
6 0 2.7 -1.5 -0.1 -0.1 0 0 2.6
7 0 -4.5 2.2 -8.4 -0.2 -0.1 -1.8 6.9
8 0 -4.5 -2.2 -8.4 -0.2 -0.1 -1.8 6.9
9 0 -0.4 -1.4 -9.6 0.1 0 -0.9 9.3
10 70 -1 1.5 2.1 -0.8 0.3 -0.3 35
Il 50 0.6 22 2.7 -1.1 1.3 -0.7 4.1
12 20 0 2.1 33 -0.4 0.5 -0.2 3.6
13 0 0.4 22 32 -0.3 0 04 3
1 20 0 2.1 3.3 -04 0.5 -0.2 3.6
5 0 0.4 22 32 -0.3 0 0.4 3
16 0 -0.1 3.3 19 -0.3 0.1 0.1 3.5
17 0 -0.1 4.7 3.5 -0.5 0.1 0 5
18 0 -0.2 5 3.5 -0.5 0 0 5.3
19 0 -0.2 5.1 3.4 -0.5 0 0 53
20 0 -0.2 52 35 -0.5 0 0 55
21 0 -0.2 5.1 34 -0.5 -0.1 0 54
22 0 -0.1 34 25 -0.3 -0.1 -0.1 3.6
23 0 -0.3 -1 -5.1 0.1 0.2 -0.2 49
24 0 -0.2 -3 -6 0.3 04 0 59
25 0 -0.1 53 -12 0.5 0.2 0 11.9
26 0 -0.2 -5.6 -13.7 0.5 0.1 0 13.6
27 0 -0.1 -5.1 -13.8 0.5 0 0 13.8
28 0 -0.1 -5.4 -14 0.5 0 0 13.9
29 0 -0.3 -6.2 -14 0.6 -0.1 0 13.7
30 0 -0.3 -6.3 -12.3 0.6 -0.2 0 12
31 0 -1 -3.7 -8 03 -0.6 -0.1 7.2
32 10 -0.2 0.6 32 0 0.1 -0.2 34
33 10 3.7 25 5.7 -0.1 0 -1 3.6
34 0 0.2 -2 -4.4 0 -0.5 -0.5 4.8
35 0 0 -0.7 2.5 0.1 -0.1 -0.1 25
36 0 -0.2 1.4 -1.4 -0.2 -0.1 0 29
37 150 -2.7 -29 0 0.8 0 0 3.6
38 180 27 2.6 0 0.1 0 0 2.7
39 120 04 -0.3 -2.9 -0.1 -0.1 0.2 3.4
40 180 -1.4 1.6 0.7 04 0.1 0.3 32
4] 10 0 2.8 5.5 0 0.3 0.1 5.5

2.6-11



SAR-UMS® Universal Transport Cask
Docket No. 71-9270

May 2000

Revision UMST-00A

Table 2.6.1.3-4

P, Stresses—1-g Gravity Loadf. Eéi}leOoFﬁ

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy Sz Sxy Svz Sxz ST (ksi) (ksi) MS
1 120 0 0 0 -0.1 0 0 0.1 20 171.86
2 10 0.1 0.1 0 0 0 0 0.1 20 '1‘5‘931’
3 105 0 0 0 -0.1 0 0 0.1 20 134.04
4 10 0.2 -0.3 -0.1 0 0 -0.1 0.2 20 1935
5 10 0.1 -0.1 0 0 0 0 0.1 20 137:89
6 0 0.2 0.2 0 0 0 0 0.2 20 9238
7 0 0.2 -0.3 0.1 0 0 0 0.4 20
8 10 0.2 0.4 0.1 0 0 0.1 0.4 20
9 10 -0.3 -0.5 -0.1 0 0 0.1 0.4 20
10 0 -0.3 -0.6 -0.5 0 0 0 0.3 19.1
1 0 -0.3 -0.7 -0.7 0 0 0.1 ] 19.1
12 10 0.4 0.4 0.4 0 0 0 0.8 19.1
13 0 -0.3 -0.3 0.6 0 0 0 0.9 19.1
14 10 0.4 -0.5 0.2 0 0 0.1 0.4 19.7
15 0 0.2 -0.5 0.1 0 0 0.1 0.4 19.7
16 50 0 0.1 0.1 0 0.2 0 0.4 19.7
17 0 0 0.1 0.3 0 0 0 0.3 19.7
18 0 0 0.1 0.4 0 0 0 0.4 19.7
19 0 0 0.1 0.4 0 0 0 0.4 19.7
20 0 0 0.1 0.4 0 0 0 0.4 19.7
21 0 0 0.1 0.4 0 0 0 0.4 19.7
22 40 0 0.3 0.1 0 0.1 0 0.4 19.7
23 40 0 -0.1 0 0 -0.2 0 0.4 19.]
24 50 0 0 0 0 0.2 0 0.4 19.1
25 60 0 0 0 0 0.1 0 0.3 19.]
26 0 0 0.1 0.3 0 0 0 0.3 19.1
27 0 0 0.1 0.4 0 0 0 0.4 19.1
28 0 0 0.1 0.3 0 0 0 04 19.1
29 0 0 0.1 0.3 0 0 0 0.3 19.1
30 60 0 0 0 0 0.2 0 0.3 19.1
3 50 0 0.5 0 0 0.2 0 0.7 19.]
32 60 0 0.6 0 0 0.2 0.1 0.7 20 2552
33 60 0.4 0.7 0.1 -0.1 0.1 0.1 1.1 20 1743
34 60 0.3 1 0.2 0 0.2 0.1 1.3 20 14,36
35 70 -0.2 0.7 0.1 0 0.2 0.3 1.1 20 16,64
36 180 1 1.4 -0.3 0.1 0 0.3 1.8 20 1021
37 0 -0.3 -0.2 0 0 0 0 0.3 20 3815
38 120 -0.3 -0.3 0 0 0 0 0.3 20 ES;E
39 80 0.2 -0.4 0.8 0.1 0 0 0.6 20 32.53
10 80 -1.6 -2 -3.3 0.1 0 -1l 2.9 20 5189
11 0 -0.2 -0.1 -0.1 0 0 0 0.2 20 118763

* Including cask lid bolt preload.
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Table 2.6.1.3-5

Pm + Py Stresses —1-g Gravity Load;f. HE&t(lOOOF‘j

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sy Sy Sz Sxy Syz Sxz SI (ksi) (ksi) MS
1 165 0 0.1 0 0 0 0 0.1 30 205.04
2 180 0 0.2 0 0 0 0 0.2 30 f69.16
3 90 0.1 0 0.1 0.1 -0.1 0 0.3 30 fi6.23
4 10 -0.1 0.3 0 0 0 0 0.3 30 §0833
5 40 0.1 0.2 0 0 0 0 0.2 30 i70.82
6 0 0.2 0.3 0 0 0 0 b3 30 ifi62
7 0 0.2 0.4 02 0 0 0 0.5 30 §3.59
8 0 0.1 0.3 0.4 0 0 0.1 0.7 30 30.85
9 0 0.1 -0.1 0.8 0 0 0 0.9 30 ¥k
10 0 0.2 0.5 -0.4 0 0 0 0.3 28.7 8453
11 0 0 0.5 0.5 0 0 0.1 0.6 28.7 8805
12 10 -0.5 0.4 0.3 0 0 0 0.9 28.7 L)
13 0 -0.6 0.4 0.4 0 0 0 1 28.7 b644
14 10 -0.5 0.4 0.4 0 0 0 0.9 29.6 B2.69
15 0 0.1 -0.1 0.8 0 0 0.1 i 29.6 P92
16 50 0 0.1 0.1 0 0.2 0 0.5 19.7 B3.96
17 0 0 0.4 0.4 0 0 0 0.4 19.7 §3782
18 0 0 0.5 0.5 0 0 0 0.6 19.7 84,63
19 0 0 0.4 0.2 0 0 0 0.6 19.7 Bii28
20 0 0 0.5 0.6 0 0 0 0.6 19.7 B84
21 0 0 0.4 0.5 0 0 0 0.5 19.7 86,74
22 40 0 0.4 0.3 0 0.2 0 0.6 29.6 B8.36
23 40 0 0.1 0 0 0.3 0 0.6 28.7 §7.05
24 40 0 0.1 0 0 0.3 0 0.5 19.1 8634
25 0 0 0.4 0.3 0 0 0 0.4 19.1 82,84
26 0 0 0.5 0.5 0 0 0 0.5 19.] B5.34
27 0 0 0.5 0.5 0.1 0 0 0.6 19.1 B261
28 0 0 0.5 0.5 0.1 0 0 0.6 19.1 B346
29 0 0 0.5 0.4 0 0 0 0.5 19.1 BT41
30 50 0 0.2 0.1 0 0.2 0 0.4 19.1 BT75
31 10 0 0.6 0.1 0 0.3 0 0.8 28.7 8162
32 50 0 0.6 0.3 0 0.2 0.1 1 30 29.8
33 70 0.8 0.4 0.7 -0.2 0.2 0.1 1.4 30 50.33
34 50 0 0.6 1.4 0 0.3 -0.1 2.1 30 13755
35 70 -0.3 0.5 11 0 0.4 1.5 3.1 30 g5
36 70 3.2 1.9 ] 0.1 0.2 0.4 2.3 30 Ersg
37 0 3.7 -3.6 0 0 0 0 3.7 30 7.06
38 30 -39 3.7 -0.1 0 0 0 3.8 30 6.82
39 70 3 2.7 1.2 0 0 0 4.7 30 5.32
40 0 -3.1 6.3 9. 0.2 0.1 0.3 6.7 30 3.45
41 0 -0.3 -0.1 0 0 0 0 0.4 30 8273

* Including cask lid bolt preload.
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Cold

o
=
i

The Universal Transport Cask body and closure lid are analyzed for structural adequacy in
accordance with the requirements of 10 CFR 71.71(c)(2), “*Cold (normal condition of transport).”
The cask is loaded and ready for shipment in the horizontal position, with an ambient
temperature environment of -40°F, an analyzed internal pressure of iSQ psig, no decay heat load.
no solar insolation, and in still air and shade. Noteth_‘g? gltgoﬁémhbwé’ éb]ﬁonmnailsusmd

with the minimum internal pressiirex_han internal pressure “of 150, p51g, which correspbnds s 10 the

e e ]

maximum internal pressure, is conservatively used.

26.2.1 Summary of Pressures and Temperatures

The minimum normal condition temperatures are summarized in Table 2.6.2.1-1 for the various
PWR and BWR cask components (Note that the temperatures in air are used only for structural
calculations and are not intended to be used as thermal design basis). Maximum internal
pressures generated in the canister and cask are listed in Table 2.6.1.1-2 and 2.6.1.1-3. Closure
bolts are qualified for a maximum pressure of 80 psig (Section 2.6.7.6). Q[‘he Maximum N,gmal
Operating Pressure (MNOP), as defined by NUREG-1617 [57], Table, 4—1 is.7. 3 psxg (SWHEm
3.4.4.1.2.1).

2622 Thermal Expansion Evaluation

The discussion presented in Section 2.6.1.2 bounds the worst differential thermal expansion
conditions since the evaluation results in higher temperatures. According to Section 2.6.1.2,
thermal expansion of Universal Transport Cask is less than the minimum clearance between

components.

2623 Stress Calculations and Comparnison to Allowable Stresses

The stresses throuohout the cask body are calculated for the individual and combined loading
conditions The loading conditions are: (1) 150 psig internal pressure (including bolt
preload). (2) cold (-40°F) thermal loads: and (3) gravity. Stress results for the individual loading
case of 150 psig internal pressure (including bolt preload) are documented in Tables 2.6.2.3-1
and 2.6.2.3-2. Stress results for the thermal loading case is documented in Table 2.6.2.3-3.
Stress results tor the individual gravity cases are documented in Table 2.6.2.3-4 and 2.6.2.3-5.

The conventions used for the stress summary tables are:
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l. All stresses are in ksi.

2. Section stress locations are shown in Figures 2.10.2.2-1 through 2.10.2.2-4

3. The stress intensities (SI) presented in the tables represent the maximum SI occurring at

any circumferential location or the specified section. The stress components correspond
to the section having the largest SI.

4. Angles shown in the tables are in degrees and they identify the circumferential location
where the maximum stress intensity occurs. These angles are measured from the x-axis
rotating about the y-axis.

5. Any stress component that is shown to be 0 ksi is defined as being less than 0.1 ksi.

6. The stress intensities shown in the tables are rounded to the nearest 0.1 ksi. The margins
of safety are calculated prior to rounding the stress intensities.

7. “Cold (—4001‘:\")'\’ refers to -40°F ambxentitemperature no solar insolation and E;g decay heat
applied to the cask in still air.

8. Stresses are reported in a cylindrical system and X, Y, Z correspond to radial,

circumferential and axial respectively.

Thesce tables document the primary membrane (Pp,), primary membrane plus primary bending (P,
+ Py). primary plus secondary stresses (P + Q), and critical Py, Py, + Py, and P + Q stresses in
accordance with the criteria presented in Regulatory Guide 7.6. As described in Section 2.6.7,
procedures have been implemented to document the nodal and sectional stresses as well as to

determine the critical stress summary for all cask components.

For the individual loading condition of internal pressure, the maximum calculated primary
membrane stress intensity is 109 ksi and the maximum calculated primary membrane plus
bending stress intensity is Iﬁ9 ksi, . For the individual thermal loading condition, the peak
stress is 13.9 ksi. For the individual gravity loading condition (including cask 1id boit preload),
the maximum calculated primary membrane stress intensity is 1.9 ksi and the maximum
calculated primary membrane plus bending stress intensity is 4.7 ksi except in regions affected by
bolt preload. Conservatively combining the maximum stress without regard to location for the
internal pressure and gravity load cases, the maximum calculated primary membrane stress

ntensity is 12.8 ksi, the maximum calculated primary membrane plus primary bending stress

TSN
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Using the conservatively calculated stresses, the minimum margin of safety, for the P Ba
and P + Q stresses in the cask for the cold condition are;

Stress State Max, Stress (ksi) ~ Allowable Stress (ksi  [Margin'of Safety
Pn 123 20.0 +0.8

Pat Py 125 300 104
P+0Q 353 574 F0%

Since the margins of safety are all positive, the Universal Transport Cask satisfies the

requirements of 10 CFR 71.71(c)(2) for the cold condition.
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Table 2.6.2.1-1 Minimum Component Temperatures - Normal Conditions of Transport,
Maximum Decay Heat, Minimum Ambient Temperature (Thermal Cold)

Temperature (°F) Temperature (°F)
Component PWR Cask BWR Cask
Canister Canister Canister Canister
Gas: Gas: Gas: Gas:
Air* Helium Air* Helium
Lid O-Ring' 154 147 69 64
Cask Radial Outer Surface 160 152 149 133
Radial Neutron Shield 197 186 183 164
Lead Gamma Shield 211 199 198 176
Maximum Basket Web” 599 497 524 408
Canister Shell 281 283 242 241
Canister Shield Lid 148 147 74 68
Canister Bottom Plate 208 203 132 128
Maximum Fuel Rod Cladding 744 582 593 442
Conditions:  -40°F ambient temperature

20 kW decay heat load, 1.1 peaking factor - PWR

16 kW decay heat load, 1.22 peaking factor - BWR

No insolance

Cask cavity gas: helium

Canister cavity gas: air or helium
'Cask lid O-ring not explicitly modeled—taken to be the greater of the maximum cask upper forging and the
maximum cask lid temperatures.

“Taken to be the greater of the maximum support disk and the maximum aluminum heat transfer disk temperatures.

* Note that temperatures in air are to be used only for structural calculations and are not intended to be used as

thermal design basis.

2.6-17




SAR-UMS® Universal Transport Cask
Docket No. 71-9270

May 2000

Revision UMST-00A

Table 2.6.2.3-1

Pm Stresses—j:f)j@ psig Internal Pressure®: j(_:b:@]-40°F§

Section Angle

Cylindrical Stress Components (ksi)

Sx

SY SZ SX\' SYZ

SXZ

Allowable
Stress
(ksi)

—_—

180
180
105

o4 ot

]

(=
wn ~J O \O W — D
gooooooooooooocoooooooooooooooo

>
I
o
o

36 180
37 0
38 0
39 10
40 80
41 30

-0.1
0.0
0.3

-1.0
-0.5
-0.7
-1.0
2.5

-3.7
0.1

25
-3.3
-1.1
-3.7
0.4
0.4
0.1
0.1
-0.1
-0.1
0.1
-0.1
1.9
-0.3
-0.3
-0.3
0.3
0.3
03
0.3
3.1

14
0.8
2.9
1.7
0.3
0.8
-0.8
-0.8
1.2
1.2

0.0 0.9 0.2 0.0
0.0 11 0.2 0.1
0.5 0.6 0.4 :0.3
0.1 1.7 0.4 03
0.1 15 0.0 0.0
0.1 22 0.2 D0
2.7 23 0.1 0.1
0.0 -3.6 0.2 0.3
05 56 15 03
-7.8 -6.3 0.4 0.3
2117 8.6 16 0.2
55 3.6 05 0.3
8.5 2.3 0.8 0.3
-0.6 5.2 1.1 0.1
0.1 4.5 0.9 0.1
0.4 0.2 14 12
4.6 1.0 0.0 0.2
5.4 0.9 0.0 0.1
5.7 0.8 0.0 0.0
5.6 0.9 0.0 :0.1
5.0 1.1 0.1 01
3.4 1.1 0.1 03
1.3 0.1 1.3 0.0
2.5 43 0.0 0.4
4.8 3.7 0.0 0.2
6.0 3.6 0.0 0.1
6.4 37 0.0 0.0
6.1 3.6 0.0 -0.1
5.1 3.6 0.0 0.2
3.1 4.0 0.1 04
1.7 0.1 4 0.1
0.7 0.3 12 0.8
0.4 0.9 204 05
1.6 14 ‘19 -
0.3 0.2 -0.7 03
0.5 3.9 0.8 01
0.1 0.4 0.1 0.0

01 D06 03 00
01 07 03 0

L8 02 04 7
0.0 0.1 ‘01 01

0.0
0.0
-0.5
0.4
0.0
0.0
0.0
0.4
(02
04
-04
0.1
0.1
0.1
0.3
0.3
0.2
02
0.2
0.2
0.2
0.1
0.0
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.0
0.5
0.6
1.4
0.0
0.6
0.0
0.0
0.0
0.1
0.1

50

LT LA AT T
+ s Bl 00! RO ond AR L

L R I

§]

L OVION
00, 1

ik ioonpiba .

<]

.
SR O

RSN
AN IOV e

20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20,0
200
20,0
204
20.0
20.0
200
20.0

200

P

~~~~ acvw,

* Including cask lid bolt preload.
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Table 2.6.2.3-2 Pm+ Py Stresses——iSO psig Internal Pressuref; qu_g“(—40°F3

Allowable
Cylindrical Stress Components (ksi) Stress
Section Angle Sx Sy S; Sxy Syz Sxz ST (ksi) (ksi) MS
180 1.8 0.1 4.3 0.2 0.0 £0.1 4.3 30.0 6,06

L7 178 0d b3 s o1 Y B0 On
26 69 51 05 03 s @1 Bo B
9 188 53 10 0.3 07 D39 300 L6
o

1 0.

2 180 00 0.0 30 £0,2 0.1 £0.2 B2 80.0 Bas
3 180 {09 0.1 1.7 D3 go £0.2 2.8 01 D.83
4 20 li.0 12 ‘1.4 :02 Ik (0.4 g9 30,0 D.90
5 4 23 01 45 0.0 Do X %] 50.0 593
6 r1.1 02 47 02 b0 r0.1 85 30,0 .61
7 25 6.6 1.7 04 D2 fo.1 ¥ 300 2.2l
8 58 109 0.5 03 0.4 10.2 0.5 800 B85
9

10

11

12 66 46 46 01 02 0.2 2 0 Re
13 6.8 6.6 44 D.8 04 0.3 13.6 800 21

a

\

.__.
[y

-5.7 6.3 -39 04 0.2 02 120 30.0 1.50
4.3 113 0.0 10 03 0.2 1.6 30,0 )
0.9 1.1 09 2.0 25 0.9 6.4 30.0 50
-0.1 73 79 0.0 0.0 0.8 g2 50.0 Pai

—_
o

—
-

18 0.1 2.2 74 0.0 0.2 0.5 5.7 50.0 P10
19 -0.1 2.4 79 00 0.0 05 §0.4 80.0 .90
20 -0.1 2.5 -7.2 0.0 0.2 0.5 0.7 300 8]
21 0.1 7.6 7.5 D,0 01 0.7 7.8 §0.0 B84
22 0.8 13 0.9 20 2.5 Do 6.5 8070 559
23 203 0.9 2.6 0.8 D9 0.3 43 300 6.02
24 02 5.0 87 .o 0.1 D.8 9.0 30.0 B33
25 0.2 7.4 105 0.0 0.0 1o 109 30.0 .74

0.2 9.2 12.1 0.0 0.0 T 12.5 80,0 1739
02 9.9 12.9 0.0 0.0 2 3
0.2 9.4 12:6 0.0 0.0
0.2 8.0 11.6 0.0 0.1
-0.2 4.9 0.§ 0.0 02 9 ,
-0.2 12 4.4 05 0.2 D4 48 30.0 823
12 1.1 0.8 921 2.0 09 65 50,6 563

odPBoooococoocofooocoocloocoo ocloroo o S

L e 25 g H7 o b8 B2 30 38
34 02 63 20 0.6 0.8 0.3 8.3 80.0 24

35 90 33 0.6 0.6 038 f1.4 20.1 44 30,0 576
36 180 0.8 -0.6 3.7 i3 =0, 0.7 3.9 300 03
37 0 :7.0 02 82 £0.1 p.0 0.0 8.0 30.0 2.4
38 0 4.7 02 7.3 0.3 p.o £0.1 73 30.0 B:22
39 0 :2.9 03 %63 :07 01 0.1 70 B0 829
40 80 5.2 6.9 17 f0.5 ) 0.3 b3 30.0 378
41 0 2.4 02 i3 02 p.o 0.1 22 30.0 12.44
* Including cask lid bolt preload.
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Table 2.6.2.3-3

! Thermal (Q) Stresses— _ Cold (40°F]

Section

Angle

Cylindrical Stress Components (ksi)

Sx

Sy

Sz

SXY

Svz

(S I B

(VS R USRS BV LTS LS BV B WY
Nalie RS e N (I &N

= =
— O

10
10
105
%

QD DO O

105
180
10

10

90
90

180
180
180
180
70

90
90
90
180
180
180
90
90
90
105
180
920

OO ONOTRO

-0.1
0.1
0.0
0.0
-0.2
0.2
-0.3
0.3
0.0
0.0
-0.1
0.3
0.1
0.3
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.1
0.0
0.1
0.1
-0.2
:0.2
0.1
0.2
0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.2
0.3
0.2
0.3
0.0
0.0
-0.1
0.1
0.1
-0.1
0.0
0.1
0.0
0.0
0.0
0.1
0.1
-0.1
0.0
0.0
0.0
0.0
0.2
0.0
0.1
0.0
0.0
0.0
0.2
0.1

0.0
01
0.1
0.0
01
0.1
0.2
02
-0.1
0.0
0.0
0.2
0.1
0.2
‘01
0.0
0.0
0.0
0.0
0.0
0.1
0.0
-0.2
0.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0
00
0.0
00

0.0

',!'

o)
ek = = =db i meb itz

O O I 1O O N e
oo

,,,,,

,
i

e

O

OO D

SO
OO

TP RN N TR T 70 IR N V) BN R T I Y AN VI PV TR T W BT v T IR WY S YD IOW ORI SO S R S9SN BN PR vaep ey Gy ey e | R -




SAR-UMS® Universal Transport Cask
Docket No. 71-9270

May 2000

Revision UMST-00A

Table 2.6.2.3-4 P, Stresses—1-g Gravity Load¥; Cold (-40°F)
Allowable
Cylindrical Stress Components (ksi) Stress
Section Angle Sx Sy Sz Sxy Svz Sxz SI (ksi) (ksi)
1 0 -0.1 0 0 0 0 0 0.1 20
2 0 -0.1 -0.1 0 0 0 0 0.1 20
3 30 -0.1 02 0 0 0 0 0.2 20
4 10 0.2 0.3 -0.1 0 0 -0.1 0.3 20
5 0 -0.1 0.1 0 0 0 0 0.1 20
6 0 -0.2 0.2 0 0 0 0 0.2 20
7 0 -0.2 -0.3 0.1 0 0 0 0.4 20
8 10 -0.1 0.4 0 0 0 -0.1 04 20
9 0 -0.3 -0.5 0 0 0 0.1 0.5 20
10 0 0.2 0.6 0.4 0 0 0 0.3 19.1
11 0 0.3 0.7 07 0 0 0.1 0.4 19.1
12 0 -0.4 0.4 0.5 0 0 0 09 19.1
13 0 0.3 -0.3 0.7 0 0 0. i 19.1
14 0 -0.4 -0.5 -0.1 0 0 -0.1 0.5 19.7
15 0 -0.2 -0.5 -0.1 0 0 0.1 0.5 19.7
16 60 0 0 0 0 0.2 0 0.3 19.7
17 0 0 0.1 0.3 0 0 0 0.4 19.7
18 0 0 0.1 0.4 0 0 0 0.4 19.7
19 0 0 0.1 0.5 0 0 0 0.5 19.7
2 0 0 0.1 0.5 0 0 0 0.5 19.7
21 0 0 0.1 0.4 0 0 0 0.4 19.7
22 10 0 0.3 0.2 0 0.1 0 0.4 19.7
23 10 0 -0.1 0 0 -0.2 0 0.4 19.1
2 50 0 0 0 0 -0.2 0 0.4 19.1
25 0 0 0.1 0.3 0 0 0 0.3 19.1
26 0 0 0.1 0.4 0 0 0 0.4 19.1
27 0 0 0.1 0.4 0 0 0 0.4 19.1
2 0 0 0.1 0.4 0 0 0 0.4 19.1
2 0 0 0.1 0.3 0 0 0 0.3 19.1
30 60 0 0 0 0 0.2 0 0.4 19.1
3l 50 0 0.5 0 0 0.3 0 0.7 19.1
32 60 0 0.6 0 0 0.2 0.1 0.7 20
33 60 0.4 0.7 0.1 -0.1 0.1 0.1 1.1 20
34 60 0.3 1 0.2 0 0.3 0.1 1.3 20
35 70 0.2 0.7 -0.1 0 0.2 0.3 1.2 20 ,
36 180 1.1 1.6 0.2 0.1 0 0.3 1.9 20 4:
37 0 -0.4 0.3 0 0 0 0 0.4 20 5141
38 180 -0.4 -0.3 0 0 0 0 0.4 20 51,53
39 80 -0.3 0.4 -0.8 0.1 0 -0.1 0.6 20 33.72
10 80 -1.6 -2 3.4 0.1 0 -1.2 3 20 6.64
41 0 -0.2 -0.1 0 0 0 0 0.2 20 96.75
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Table 2.6.2.3-5

P, + Py Stresses—1-g Gravity Loadi‘: Co‘]E(—40°F5

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy S Sxy Syz Sxz SI (ksi) (ksi) MS
1 180 -0.1 0.1 0 0 0 0 0.2 30 149.45
2 20 0.2 -0.2 0 0 0 0 0.2 30 152.69
3 30 0.2 0.2 0 0 0 0 03 30 118
4 10 -0.3 -0.3 -0.1 0 0 -0.1 0.3 30 99,67
5 0 0.2 0.2 0 0 0 0 0.2 30 143772
6 0 0.2 -0.3 0 0 0 0 0.3 30 8857
7 0 0.2 -0.3 03 0 0 0 0.6 30 #9013
8 0 0.1 0.2 0.5 0 0 -0.1 D8 30 B2
9 0 0.1 0.1 0.9 0 0 0 1 30 BR.82
10 0 0.1 -0.5 0.4 0 0 0.1 0.4 28.7 £9.04
11 0 0.1 -0.5 0.5 0 0 0 0.6 28.7 B7.89
12 0 -0.6 0.4 0.4 0 0 0 1 28.7 56,8
13 0 0.7 0.4 0.5 0 0 0 12 28.7 5339
14 0 0.5 0.4 0.5 0 0 0 1. 29.6 .02
15 0 0.1 0.1 0.9 0 0 0.1 1 29.6 R7773
16 50 0 0.2 0.1 0 -0.2 0 0.5 19.7 40.89
17 0 0 0.4 05 0 0 0 0.5 19.7 88,44
18 0 0 0.5 0.6 0.1 0 0 0.6 19.7 51052
19 0 0 0.4 0.3 0 0 0 0.7 19.7 £9.11
20 0 0 0.5 0.6 0.1 0 0 0.6 19.7 30,07
21 0 0 0.4 0.5 0 0 0 0.6 19.7 3483
22 10 0 0.4 0.3 0 0.2 0 0.6 29.6 38
23 30 0 0.2 0.1 0 103 0 0.6 28.7 8.69
24 10 0 0.1 0.1 0 0.2 0 0.5 19.1 387
25 0 0 0.4 0.4 0 0 0 D5 19.1 41519
26 0 0 0.4 0.2 0 0 0 0.6 19.1 33,33
27 0 0 -0.4 0.2 0 0 0 0.6 19.1 8074
28 0 0 0.4 0.2 0 0 0 0.6 19.1 R2.46
29 0 0 0.5 0.4 0 0 0 0.5 19.1 86.7
30 50 0 0.2 0.1 0 0.2 0 0.5 19.1 8929
3] 10 0 0.6 0.1 0 0.4 0 0.9 28.7 32,45
32 50 0 0.6 -0.3 0 0.2 0 ! 30 BOIT
33 70 0.8 0.4 0.6 0.2 0.3 0.1 1.4 30 b0.07
34 50 0 0.6 1.4 0 0.3 -0.1 2.1 30 133
33 70 -0.3 0.3 -1.1 0 0.4 1.5 3.2 30 823
36 180 0.4 0.7 -2 0.1 0 0.1 2.7 30 1021
37 0 3.8 3.6 0 0 0 0 3.8 30 6.92
38 30 4 3.8 0.1 0 0 0 3.9 30 6.67
39 70 35 2.7 -1 0 0 0 4.7 30 5.41
40 0 3.2 6.4 9.9 0.2 0.1 0.4 6.7 30 3.49
11 0 0.3 -0.2 0 0 0 0 0.3 30 10917

* Including cask lid bolt preload.
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263 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 (14.7 -3.5 = 11.2). However,
stresses are conservatively calculated for a iS:—Q psig internal pressure as presented in Section
2.6.1.3. The maximum stress intensities in the cask due to the i_:iQ psig pressure plus_gravity are
calculated to be a primary membrane stress of izj ksi with a margin of safety of +§3 and a
primary membrane plus bending stress of "ﬁfé ksi with a margin of safety of @ Therefore,
the requirements of 10 CFR 71.71(c )(3) are met.

264 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 Universal Transport Cask because of the thick outer
shell and end closures of the cask. Conservatively, applying a 20 psig external pressure to the
neutron shield shell produces a compressive hoop stress. With a radius of 46.055 in. (cask outer
radius of 82.61/2 plus 4.75 in. to outer neutron shell) and a thickness of 0.25 in., the calculated
hoop stress is 3,685 psi. This stress is low compared to the material strength and will result in no
adverse impact on the performance of the cask. Based on these observations, the requirements of
10 CFR 71.71 (c)(4) are met.

t
>
N

Vibration

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

Universal Transport Cask. This conclusion is based on the following factors:

l. The minimum natural frequency of the cask is conservatively calculated as 2?23 Hertz [28]

(Table 36, Case 4a). The determination of this natural frequency is made considering

closest rail car mhee]___p ass ove ‘gka ik 1
of 140 rmles/hggg_gx;gOS fcct/sccon |56| is* ve;z conse::yatlvehz_qssu "cd £The:

y;p;agqngl excitggmqq is considered to be insignificant:
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2. The calculated stresses due to vibrations normally incident to transportation are much

smaller than the calculated stresses for the normal transport 1-ft drop event.
The following analysis documents the second factor mentioned above.

ItlscoﬁservatLvely 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. From the l—g stress evaluation presenled in Section 2.6.1.3

intensity is 13,400 psi. |

The maximum stress intensity range for normal transport vibration is obtained by multiplying the
maximum stress intensity from the 1g normal con(“:h‘t\fon by the acceleration values from vibration
‘ for the 2 g loading is Spay = 13.400 psi

and Sy = -13,400 psi. The allowable alternating stress intensity for austenitic stainless steel is

. Thus the maximum stress intensity in the cask ; /z3
determined as the 10" cycle value from the ASME Boiler and Pressure Vessel Code, Section III,
Appendices, Table [-9.2.2 [17]. This value is S, = 23,700 psi: therefore, the margin of safety for

the critical component of the Universal Transport Cask for normal transport vibration is:
MS = (Su/Su0) -1 = (23.700/13,400) - 1 = +.0.77
where Sy, = 12 of the total applied stress range.

The rotation pockets serve as the rear tiedown for the Universal Transport Cask during normal
transport. The rotation pocket 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 cradle. The
critical component on the rotation pocket is the attachment weld between the pocket and the cask
outer shell. which has a maxlmvuﬂg shear stress of 28 546 psi. This g{u shear stress is produced by
the 10.2 g resultant from the combined longitudinal and vertical shock (10.0 g longitudinal and

2.0 g vertical) tiedown load components (Section 2.5.2).
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The ratio of the normal transport vibration acceleration to the resultant acceleration for the
combined longitudinal and vertical shock is used to ratio the stresses. The alternating shear
stresses are Spa, = (2.0/10.2)(28,546) = 5,597 psi and Sy = -(2.0/10.2)(28.548) = -5.597 psi.

The margin of safety for the rotation pocket as a rear tiedown device for normal transport is:
MS = (S./S.0) - 1 =(23.700/5,597) - 1 =%3.2

Therefore, the Universal Transport Cask satisfies the requirements for normal vibration incident

to transportation as required by 10 CFR 71.71(c)(5).

266 Water Spray

Water causes negligible corrosion of the stainless shell of the Universal Transport Cask, and the
cask contents are protected in the sealed cavity. A water spray as specified in 10 CFR
71.71(c)(6) has no adverse impact on the package. The cask surface temperature specified during
the water spray is between 100°F and -20°F. Consequently, the induced thermal stress in the
cask components is less than the thermal stresses that occur during the extreme temperature

conditions for normal transport. Therefore, the requirements of 10 CFR 71.71(c)(6) are satisfied.
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267 Free Drop (1-Foot): Cask Bodv Analysis

The free drop scenario outlined by 10 CFR 71.71(¢c)(7) requires the Universal Transport Cask to
be structurally adequate for a 1-ft drop (normal conditions of transport) onto a flat, essentially
unyielding horizontal surface in the orientation that inflicts the maximum damage to the cask. In
the following subsections, the cask body. impact limiters. closure lid and bolts, neutron shield

shell. and upper ring components are evaluated for the end, side. and corer-drop orientations.

Evaluation of each drop orientation is accomplished by using finite element analysis techniques.
A complete description of the 3D model used to analyze the cask body is presented in Appendix
2.10.2. Appendix 2.10.2 also describes the loadings applied to the finite element model, the
thermal conditions considered, and the locations of the sections on the cask body that are
evaluated. The results of each drop orientation listed above are presented in this section. The
impact limiters and the impact limiter attachments are evaluated in Section 2.6.7.5 for all loading

conditions and orientations.

The analysis is performed using a 20g acceleration for the end and side drops, LUsing & 208
acceleration provides a bounding analysis, as it exceeds the calculated g-1oads for the end and
side drop events shown in Table 2.6.7.5-3.

For normal conditions. the one-ft drop is not a sufficient height to rotate the cask to an oblique
orientation following a drop. Therefore, oblique drop orientations are not considered a credible

event. and are not included in these analyses.

Only the analyses for enveloping structural conditions, representing the more restrictive of either
the PWR or BWR fuel payload configuration are presented. Where necessary, composite
payload of the PWR configuration decay heat load and the BWR configuration weight i1s used for
the cask body analysis. This composite configuration imposes larger impact loads on the cask
components and raises the component temperatures. thereby lowering the material strength,
resulting in u more restrictive loading configuration than either the PWR or BWR pavload

configurations would impose.
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267.1 One-Foot End Drop

In accordance with the requirements of 10 CFR 71.71, the Universal Transport Cask is
structurally evaluated for the normal condition of transport 1-ft end-drop. In this event, the cask
(equipped with an impact limiter over each end) falls a distance of 1 ft onto a flat, unyielding,
horizontal surface. The cask strikes the surface in a vertical position; consequently, an end

o e AT Y Yo o gy pa =,

impact on the bottom end or top end of the cask occurs. ‘The analysis is performed using a 20g

. S et

acceleration, which provides a bounding analysis as it exceeds the calculated g:loads for the end
drop event shown in Table 2.6,7.5-3.

Stress results for the 1-ft top-and bottom-end-drop combined loading are documented in Tables
2.6.7.1-1 through 2.6.7.1-16. These tables document the primary membrane (Pp), primary
membrane plus primary bending (P, + Pp), primary membrane plus primary bending plus
secondary peak stress (P + Q), and cnitical (Pm, Py + Py, and P + Q) stresses in accordance with

the criteria presented in Regulatory Guide 7.6.

As shown in Tables 2.6.7.1-1 through 2.6.7.1-8, the margins of safety for the primary stress
intensity category are positive for all of the 1-ft top-end-drop conditions. The most critically
stressed component in the system is the top forging for the top-end-drop. The minimum margin
of safety for Py, stress intensity for the top-end-drop condition is found to be 1.66 as documented
in Table 2.6.7.1-5. The minimum margin of safety for P, + Py, stress intensity for the top-end-
drop condition is found to be 1.17, as documented in Table 2.6.7.1-6. The minimum margin of

safety for the P + Q stresses (2.43) occurs in the inner shell, as documented in Table 2.6.7.1-8.

As shown in Tables 2.6.7.1-9 through 2.6.7.1-16, the margins of safety for the primary stress
intensity category are positive for all of the 1-ft bottom-end-drop conditions. The most critically
stressed components in the system are the cask body ligaments for the bottom-end-drop. The
minimum margin of safety for Py, stress intensity for the bottom end-drop condition is found to
be D;74, as documented in Table 2.6.7.1-13. The minimum margin of safety for Py, + Py, stress
intensity for the bottom-end-drop condition is found to be 129, as documented in Table
2.6.7.1-14. The minimum margin of safety for the P + Q stresses (242) occurs in the inner shell
as documented in Tuble 2.6.7.1-16.

Because the margins of safety are all positive, the Universal Transport Cask satisfies the

requirements of 10 CFR 71.71(c)(7) for the 1-ft end-drop (normal transport) condition.
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Table 2.6.7.1-1 P, Stresses—1-Foot Top End-Drop, Bolt Preload. Internal Pressure
Allowable
Cylindrical Stress Components (Kksi) Stress

Section Angle Sx Sy S; Sxy Svz Sxz SI (ksi) (ksi) MS
I 70 0.3 0.3 0 0 0 0.1 04 20 4431
2 180 0.3 0.3 0 0 0 0.1 0.4 20 48.47
3 180 0.2 04 0.2 0 0 0.2 04 20 48.37
4 180 0.3 0.2 0.3 0 0 0.3 0.6 20 35.02
5 180 -0.1 -0.1 -0.2 0 0 0 0.1 20 157.23
6 80 -0.1 -0.1 -0.1 0 0 0.1 0.2 20 925
7 0 -0.1 0.1 0.5 0 0 0.1 0.7 20 282
8 180 .1 0 -0.2 -0.1 0 0.4 1.5 20 12.06
9 105 -0.7 -0.6 -0.2 -0.1 0.1 04 0.9 20 21.26
10 135 0.8 -0.5 -1.6 -0.1 0 0.6 27 19.1 6.1
11 135 0.2 -1.1 2.8 -0.1 0.1 0.6 33 19.1 4.85
12 S0 0.2 0.1 0.8 -0.1 0 0 0.8 19.1 243
13 30 0.7 0.4 1.4 -0.1 -0.1 0.1 1 19.1 17.24
14 135 -0.2 -0.1 0.5 0 0 -0.2 0.8 19.7 24.060
13 SO 0.0 0.1 0.5 -0.1 -0.1 0.1 0.6 19.7 33.05
16 0 0 1 0.1 0.1 0 0 1 19.7 18.04
17 0 0 1.3 0.1 -0.1 0 0 1.5 16.7 12.58
18 0 0.1 1.6 -0.3 0.2 0 0 1.9 19.7 9.33
19 0 -0.1 2 0.5 -0.2 0 0 25 19.7 6.79
20 0 0.1 2.8 -0.8 -0.3 0 0 3.7 19.7 4.39
21 0 -0.1 4.1 -1.2 -0.4 0 0 5.3 19.7 2.72
22 0 -0.2 5.6 -1.8 -0.6 0 0.1 7.4 19.7 1.66
23 105 0.1 0.2 -0.6 0 0.2 0.2 1 16.1 18.69
24 120 0.1 1.5 -0.7 0 0.1 0 2.2 19.1 7.59
25 0 0.1 .1 -0.9 0.1 0 0 2 19.1 8.44
20 0 0.2 0.9 -1.2 0.1 0 0 2.1 19.1 8.06
27 0 -0.2 0.7 -1.5 0 0 0 22 19.1 7.82
28 0 -0.2 0 1.7 0.1 0 0 1.7 19.1 10.23
29 10 -0.2 -1.2 1.9 0 0 0 1.7 19.1 10.2
30 20 -0.2 -2.8 -1.9 0 -0.1 0 2.6 19.1 6.41
31 90) 0.4 -3 1.7 0.1 -0.5 0.1 2.8 19.1 5.87
A2 0 0.3 4.3 -2 -0.3 0 -0.3 6.4 20 2.1
33 0 1.1 29 -1.9 -0.2 0 -0.6 5 20 3.02
34 0 34 33 -3 -0.1 0.1 1.2 7 20 1.87
RN 180 -0.6 1.5 21 0.3 -0.2 0.2 3.8 20 4.31
30 0 1.5 | -3.2 0 0.3 0.1 4.8 20 3.18
37 0 -0.3 0.2 -1.2 0 0.2 0.6 14 20 12.85
38 (0 2 -0.2 -1.1 0 0.2 0.5 1.3 20 14.86
39 0 -0.1 -0.3 -3.1 0 0.1 0.2 3 20 5.7
40 0 -2 -2 -0.2 0 -0.1 -1.2 4.8 20 3.15
41 135 -0.2 -0.2 -0.6 0 0 0.2 0.5 20 40.25
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Table 2.6.7.1-2 Py, + Py Stresses—1-Foot Top End-Drop, Bolt Preload, Internal Pressure
Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sy Sy Sz Sxy Svz Sxz SI (ksi) (ksi) MS
1 70 1.4 1.8 0 0 0 0.1 1.8 30 15.46
2 180 0.4 1 0 0.1 0 0.1 1.1 30 27.25
3 180 0.7 0.5 0.7 0 0 0.5 0.9 30 31.7
4 180 0.6 0.5 0.6 0 -0.1 0.5 1 30 27.87
5 180 1.3 1 -0.2 0 0 0 1.4 30 19.94
6 120 0.7 ! 0 0 0 0.1 1.1 30 27.04
7 0 -1.8 -0.4 -0.3 0.1 0 0.1 1.6 30 18.24
8 135 0.3 -0.9 25 0.1 0 0.4 3 30 8.96
9 135 0.3 0.7 3.4 0 0.1 0.1 3.1 30 8.58
10 135 1.6 0 -1 -0.1 0 0.5 2.8 28.7 9.25
11 135 2 0.2 2.1 0.1 0 0.7 43 28.7 5.7
12 105 0.7 0.2 0.4 -0.1 0 -0.1 1.1 28.7 23.98
13 120 -0.6 -0.1 1 0.1 0 0.1 1.6 28.7 16.74
14 180 0.4 -0.1 0.7 0 0.1 0.2 1.3 29.6 22.42
15 80 1.5 0.7 1.6 -0.1 0.2 0.2 1.2 29.6 24.18
16 20 0.1 1 0 0 0.1 0 1.1 IR 585
7 20 -0.1 1.5 -0.1 0 0 0 1.6 29.¢ §8708
18 30 -0.1 1.8 0.2 0 0 0 2 29.6 i3743
19 0 0 2.2 0.5 0.2 0 0 2.7 09,6 9.91
20 20 0.2 32 0.7 0 0 0 296 p.66
21 0 0 43 1.2 0.4 0 0 5.5 29.6 K36
R 10 -0.3 5.1 -3.8 0 0.1 0.1 9 29.6 2.32
23 80 0.1 0.3 0.6 0 0.2 0.1 1 28.7 27.23
24 180 0.2 1.7 0.7 0.2 0 0 25 28.7 50,56
25 0 0.2 1.5 0.8 0.1 0 0 23 28.7 §171
26 0 0.2 1.4 -1 -0.1 0 0 2.4 2877 1078
27 0 -0.2 1.3 1.3 0.1 0 0 2.6 P87 5.99
28 0 3 0.6 15 0 0 0 2.2 87 2327
29 0 0.3 1.9 2.1 0.2 0 0 1.9 287 1324
30 20 -0.1 3.3 2.3 0 -0.1 0 3.2 28.7 B8
31 0 0.6 4.6 6.3 0.4 0.1 0.2 5.8 28.7 3.95
32 0 0.6 4 3.2 -0.5 0 0.2 7.2 30 3.14
33 0 0.5 1.7 4.2 0.2 0 0.4 6 30 4.04
34 0 0.2 0.9 14 0 0.1 0.3 13.8 30 1.17
35 0 -1 1.4 3.3 0.2 0.2 1.2 5.3 30 4.63
36 0 0.7 -0.3 5.9 0 0.4 0.1 5 30 4.35
37 10 1 2.9 0.8 0 0.1 0.6 3.8 30 6.91
38 0 2.7 0.1 1.3 0.2 0.3 0.5 3 30 6.05
39 0 18 1.4 2.9 0.2 0.2 -0.2 7. 30 2.88
40 0 1.6 5.4 134 0 0 -0.1 8.7 30 2.43
41 135 0.1 0.3 1.1 0 0 0.2 1.2 30 23.27
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Table 2.6.7.1-3 Pn+Py, +Q Stress’es»TI—Foot Top End-Drop, Bolt Preload. Internal
Pressure. Thermal Hot

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy Sz Sxy Svz Sxz SI (ksi) (ksi) MS
] 80 5.8 4.4 0 0.3 0 0 5.8 60 9.28
2 0 4 5.2 -0.1 -0.1 0.1 0 53 60 10.41
3 10 -3.2 32 -0.1 0.1 0 0.2 6.5 60 8.28
4 0 7 -0.9 -4.4 0.3 0.6 -0.5 11.6 60 4.15
5 0 -4.7 -1.8 -0.5 -0.9 0.2 -0.2 4.5 60 12.2
6 0 -1.8 -0.1 -0.3 -0.2 0 0.1 1.7 60 337
7 0 -1.7 -0.3 -3.4 -0.1 -0.1 -0.8 35 60 15.99
8 0 -1.7 -0.3 -3.4 -0.1 -0.1 -0.8 33 60 15.99
9 40 -1.3 -0.5 -3 -1 1.3 0.4 4.3 60 13.08
10 0 -0.8 0.1 -33 -0.2 -0.2 -0.1 3.5 574 15.38
11 40 -1.3 -0.5 3 -1 1.3 0.4 4.3 574 12.40
12 0 -0.6 2 4.5 -0.3 0.1 -0.2 5.2 57.4 10.11
13 0 -0.7 1.3 2.1 -0.3 0.1 -0.2 29 57.4 19.05
14 0 -0.6 2 45 -0.3 0.1 -0.2 5.2 59.1 10.45
15 90 -0.1 1.8 2.6 -0.1 -0.3 0 2.8 59.1 20.38
16 0 -0.1 34 1.7 -0.3 0.1 0.1 3.6 59.1 15.5
17 0 -0.1 53 3 -0.5 0.1 0 S5 59.1 9.66
18 0 -0.2 59 27 -0.6 0 0 6.2 59.1 8.48
19 0 -0.2 6.5 23 -0.7 0 0 6.8 59.1 7.74
20 0 -0.2 7.4 2.1 -0.7 0 0 7.7 59.1 6.64
21 0 -0.2 8.4 1.4 -0.8 0 0 8.8 59.1 5.75
22 0 -0.2 87 1.4 -0.8 0.1 0 9 59.1 5.55
23 0 -0.2 0.1 -5 0 0.2 0 5.2 574 10.08
24 0 -0.9 0.8 -6.6 -0.1 0.5 0 7.5 574 6.63
25 0 0.3 3.1 -12.7 0.3 03 0 12.5 57.4 3.59
26 0 -0.4 -3.6 -14.8 04 0.1 0 14.4 57.4 2.97
27 0 -0.3 32 -15.2 04 0.1 0 15 574 2.83
28 0 -0.3 -4 -15.5 04 0 0 15.3 57.4 2.76
29 0 -0.6 -5.8 -15.8 0.6 -0.1 0 15.3 574 275
30 0 0.6 74 -14.6 0.7 -0.2 0 14 574 3.1
3] 0 1.5 7 14.2 0.5 0.3 0 12.8 57.4 3.48
32 0 -0.2 54 24 -0.6 0.1 -0.7 8.1 60 6.37
33 0 0.3 3 -6 -0.3 -0.1 -0.6 9 60 5.66
R 0 0.4 25 16.8 0.2 -0.3 0.4 17.2 60 249
35 0 0.2 0.8 124 0.1 0.1 0.6 123 60 3.86
36 0 5.7 4.1 223 0.1 0.2 0.2 8 60 6.48
37 10 31 4.5 -0.8 -0.2 0.2 0.4 3.8 60 14.79
38 135 S8 2.6 -0.7 03 0 02 S 60 10.67
39 0 1.3 2.9 -15.7 04 0.3 0.3 17.1 60 25
40 0 0.1 24 -13.8 03 0.2 0.1 139 60 33
41 0 0.2 2.8 6.3 -0.3 0.2 0.1 6.6 60 8.13
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Table 2.6.7.1-4 Pm + Py + Q Stresses—1-Foot Top End-Drop, Bolt Preload, Internal
Pressure, Thermal Cold

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy Sz Sxy Svz Sxz ST (ksi) (ksi) MS
l 0 0.7 34 -0.1 -0.4 -0.1 0.2 3.5 60 15.99
2 0 1.3 2.9 0 -0.1 0 0.1 3 60 19.28
3 10 -4.2 1.8 -0.4 0.3 0 0.4 6.1 60 8.9
4 0 11.6 -0.7 -1.2 0.5 1 -1.1 13.9 60 3.33
5 0 -3.3 -2.3 -0.3 -0.4 0.1 -0.1 3.2 60 17.77
6 135 2.4 23 -0.3 0.3 0 0 24 60 24.06
7 180 -2 0.5 -0.3 0.3 0 0.2 2.6 60 21.87
8 30 0.3 -0.9 3.6 -0.7 0.6 1.7 5.4 60 10.05
9 40 -4.3 -3.4 -6.6 -1 1.4 1.1 5.1 60 10.79
10 30 0.3 -0.9 3.6 -0.7 0.6 1.7 5.4 57.4 9.56
11 30 0.3 -0.9 36 -0.7 0.6 1.7 5.4 574 9.56
12 10 -3.8 -0.1 1.5 -0.2 0.3 0.4 5.4 57.4 9.62
13 10 -0.2 1.1 2.5 -0.2 0.2 0.8 32 574 17.16
14 10 -3.8 -0.1 1.5 -0.2 0.3 0.4 54 59.1 9.95
15 40 4.2 2.5 4.1 -0.6 -0.3 0.6 2.6 59.1 21.39
16 0 -0.1 33 1.7 -0.3 0.1 0.1 35 59.1 16.08
17 0 -0.1 54 2.8 -0.5 0.1 0 5.6 59.1 9.58
1§ 0 -0.2 6.1 25 -0.6 0 0 6.4 59.1 8.3
19 0 0.2 6.6 2.1 -0.7 0 0 6.9 59.1 7.57
20 0 -0.2 7.5 1.8 -0.7 0 0 7.8 59.1 6.58
21 0 -0.2 8.4 1.2 0.8 -0.1 0 8.7 59.1 5.77
AR 0 -0.5 4.2 -4.6 -0.5 0.1 -0.1 8.8 59.1 5.73
23 0 0.2 -0.7 -35 0.1 0.3 0.1 53 57.4 9.9
24 0 l 1.6 -6.7 -0.2 0.6 0 8.4 57.4 5.85
25 0 0.3 3.4 -14 0.3 0.3 0 13.8 57.4 3.17
26 0 0.4 -39 -16.2 0.4 0.2 0 15.8 57.4 2.62
27 0 -0.2 35 -16.6 0.4 0.1 0 16.4 57.4 25
28 0 -0.3 -4.3 -17 0.5 0 0 16.7 57.4 243
29 0 0.6 -6 -17.3 0.6 -0.1 0 16.7 57.4 2.43
20 0 0.7 7.6 -15.9 0.7 -0.3 0 15.3 57.4 2.75
3 0 1.5 -6.6 -14.5 0.5 -0.6 0 13 57.4 3.41
32 0 0.2 5.1 3 -0.6 0.1 -0.7 8.4 60 6.17
33 0 3 3 -6 -0.3 -0.1 -0.6 9.1 60 5.59
34 0 0.3 23 -16 0.2 -0.6 0.4 16.3 60 2.68
RN 0 0.2 -0.7 -12.3 0.1 0.1 0.6 12.2 60 3.93
36 0 6 4.5 1.8 0.1 0.2 0.4 7.9 60 6.61
37 10 29 42 -0.8 -0.1 0.2 0.4 35 60 16.04
38 135 0 -2.9 -0.7 0.3 0 0.2 54 60 10.2
39 0] 1.3 24 -15.3 0.3 0.3 0.5 16.6 60 2.61
40 0 0 2 -13.6 0.3 0.2 0 13.6 60 3.43
41 10 -0.7 1.6 32 0 0.3 0.3 4.0 60 13.86
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Table 2.6.7.1-5 Cnitical Py, Stress Summary (ksi)—1-Foot Top End-Drop. Bolt Preload.
Internal Pressure
SI | Allowable  Margin of
Component Section ' Angle (ksi) | Stress (ksi) | Safet;
| 4 180 0.6 20 35.02
2 8 180 1.5 20.0 12.06
3 11 135 33 19.1 4.85
4 14 135 0.8 19.7 24.06
5 21 0 53 19.7 272
6 22 0 7.4 19.7 1.66
7 23 105 1 19.1 18.69
8 30 20 2.6 19.1 6.41
9 31 90 2.8 19.1 5.87
10 34 0 7 20 1.87
11 40 0 4.8 20 3.15
12 41 135 0.5 20 40.25
Table 2.6.7.1-6 Critical Py, + Py, Stress Summary (ksi)—1-Foot Top End-Drop, Bolt
Preload. Internal Pressure
SI | Allowable | Margin of
Component | Section | Angle (kSI) Stress (kSl) Safety
| | 70 1.8 30 : 15.46
2 9 135 3.1 30 8.58
- 3 11 135 43 28.7 5.7
4 14 180 1.3 20.6 22.42
5 2] 0 5.5 29.6 4.36
6 22 10 8.9 296 2.32
7 23 80 1 28.7 27.23
8 30 20 32 287 | 8.08
9 31 0 5.8 | 28.7 3.95
10 34 0 13.8 1 30 1.17
11 40 0 8.7 30 243
RE 11 135 | 1.2 30 23.27
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Table 2.6.7.1-7 Critical P, + Py + Q Stress Summary (ksi)—1-Foot Top End-Drop, Bolt
Preload, Internal Pressure, Impact, Thermal H_&
SI | Allowable | Margin of
Component | Section ' Angle ‘(kswl‘i Stress ¢ (ksx) E;Ety

1 4 0 P 11.6 60 4.15
2 5 0 4.5 60 12.2
3 12 0 5.2 57.4 10.11
4 14 0 5.2 59.1 10.45
5 21 0 8.8 59.1 5.75
6 22 0 9 59.1 5.55
7 23 0 5.2 57.4 10.08
8 29 0 15.3 57.4 2.75
9 31 0 12.8 57.4 348
10 34 0 17.2 60 2.49
11 39 0 17.1 60 2.5

12 41 0 | 66 60 8.13

Table 2.6.7.1-8

Preload. Internal Pressure, Impact, Thermal Cold

Critical P, + Py + Q Stress Summary (ksi)—1-Foot Top End-Drop, Bolt

SI Allowable |Margin of
Component | Section Angle (rl€sf) Stfegsm r.Saf"etr);
| | 4 0 139 60 I 333
2 8 30 54 60 © o 10.05
3 10 30 54 57.4 9.56
4 14 10 5.4 59.1 9.95
5 21 0 8.7 59.1 5.77
6 22 0 8.8 59.1 5.73
7 23 0 53 57.4 9.9
8 29 0 16.7 57.4 243
9 31 0 13 57.4 341
10 34 0 163 60 2.68
11 39 0 16.6 60 2.61
12 41 10 4 60 13.86
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Table 2.6.7.1-9 P Stresses—1-Foot Bottom End-Drop. Bolt Preload, Internal Pressure

Cylindrical Stress Components (ksi) 51 Stress |
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Table 2.6.7.1-10

Pm + Py Stresses—1-Foot Bottom End-Drop, Bolt Preload, Internal Pressure
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Table 2.6.7.1-11

P+ Py + Q Stresses—I1-Foot Bottom End-Drop, Bolt Preload, Internal

Pressure, Impact, Thermal ﬁg}

Allowable |Margin
Cylindrical Siress Components (ksi) 5i Stress bt
Section | Angle Sy Sy S; | Sw Svz Sxz (ksi) (&sl) Safety
1 0 | 25 :1.2 3 0.5 03 1 5.9 50 9.09
2 180 | 02 £0.9 rs :0.1 D 0.2 2.8 ko 20,54
3 180 1.1 I5 ) £l 0.5 {02 7.1 50 r48
] 0 94 0.8 39 13 i1 07 138 60 B34
5 0 0.3 i 62 03 0.3 2 .5 ’ b.97
6 180 | 2.4 107 16 D 01 0.5 ] ko 3327
7 0 | 62 | -147 | 34 24 0.2 N3 12 B0 ]
8 0 62 | -147 | 34 24 D2 03 12 B0 ]
9 0 07 | 176 | 2.8 115 02 02 | 112 B0 B
10 180 | 53 23 4.8 41 D3 01 838 74 | B3l
11 180 0.9 22 2 271 04 202 56 574 b2z
12 180 21 03 34 2.1 0.4 0.1 4.8 5%.4 10.94
13 180 9.3 3.4 6.7 21 0:6 0:1 7.4 57.4 Fa
14 0 0 66 | 08 | -08 0.2 01 1.5 59.1 893 |
15 0 0.1 -84 05 @ 02 D 0.1 B9 59:1 ]
16 0 0.1 04 65 0 0.1 0.6 6.9 591 | k51
17 0 0.2 14 6.6 0 0 0.7 6.9 59:1 55
18 0 02 17 6.2 0 D 0.6 65 591 BY |
19 0 02 18 5.8 D 0 0.6 6.1 )1 861
20 0 02 2 57 0 0 0.6 6 59.1 B2
21 0 02 22 52 ) 0 0.5 5.4 59:1 P89
22 0 01 | 06 3.2 0.2 0.1 03 3.4 59.1 1642
23 0 0.7 9.8 3.3 0.3 D 0.3 9.2 574 §21
24 0 04 | 82 | 35 0 04 0.4 79 574  B29 |
25 0 0.4 139 45 0 | <02 0.5 13.6 574 B:23
26 0 0.4 -15.5 4 0 20.1 0.4 15.1 574 big
27 0 -0.2 -15.4 i3 0 0 03 15.2 514 78
28 0 02  -153 | 32 D 0 03 15.1 57.4 R8T
29 0 05  -15.1 | -39 0 0.1 0.4 14.7 524 | ka1
30 0 -0.5 -13.1 3.7 0 0.3 0.3 12.7 57:4 k51
31 0 09 37 04 0.1 0.6 i 7.4 57.4 572
32 0 -0.1 .14 1.9 0.4 [} 0.3 34 60 164,
33 0 0.1 i1 2.5 0 0.1 0.2 35 50 16.02
34 0 -1 58 206 0.9 04 0.2 55 60 D.94
35 0 0 9.8 0.9 0.5 D -0.1 9.9 60 .08
36 0 - 0 ;1.6 2.9 0.4 0.1 0.3 4.7 50 J¥ET
37 150 | 36 0 49 0 0 04 5 50 | 5]
38 70 38 0.1 5.1 D.1 t0.1 0.7 53 %) 0%
39 0 1.1 :1.6 2.9 '1.2 0.3 0.1 5.5 60 . B9
40 60 06 54 ' 32 08 | 16 3.3 112 60 437
41 180 | 02 1.7 2.2 11 | D6 0.3 4.8 60 157
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Table 2.6.7.1-12 P, + P, + Q Stresses—1-Foot Bottom End-Drop, Bolt Preload. Internal

Pressure, Impact. Thermal Cold

Allowable |Margin

Cylindrical Stress Components (Ksi) SI Stress pf

Section | Angle | Sx | Sy Sz | Sv | S¢ Sx3 (ksi) {ksi) Safety
1 180 | 03 k1 14 D :0.1 D 25 K0 23.23
2 180 | 13 0.7 17 0.2 D 01 2.4 B 239
3 180 | 26 7.1 14 i DS | {02 5.8 50 9.36
4 180 26 | 71 ;1.4 0 D.5 0.2 5.8 0 0.36
5 0 1.2 0.5 3.9 01 = 01 0.1 3.4 b0 12.67
6 | 120 | 37 | 03 46 0 D i 5.6 B0 b7
7 ' 0 0.5 3.9 0.6 0.2 D 0.1 835 60 1248
8 . 180 | 28 52 | 05 3.1 0.2 0.5 102 60 491
9 180 6.2 £1.2 1.4 1.4 0.1 0.6 B b0 b.s1
10 180 59 15 25 51 D 04 2 574 'BY)
11 180 2.8 5.2 05 31 0.2 05 | 102 52:4 .65
12 180 29 10.2 1.6 2.9 0.5 03 6.7 574 isi
13 180 11.8 4 5.6 2.4 0.6 0.7 9.5 p7.4 5.04
14 0 | 01 | 71 12 : 0.3 0.1 74 591 §.04
15 180 0 9.5 -1.6 0.2 0.2 0.2 D.6 99.1 b-12
16 @ 20 | 03 2 3.6 0 0.1 14 B 591 864
17 20 0.2 ‘14 | 25 0 0 i 12 59.1 [3.04
18 30 | 04 1.2 1.5 0 0 0.9 3.2 59.1 7.33
19 20 0.1 | 1 | 14 0 0 0.5 2.6 59.1 21,65
20 20 0.1 09 12 D 0 0.5 2.2 59.1 p5.36
21 150 0.2 08 | 07 0 0 -0.5 1.8 59.1 81.79
22 0 0 -1.1 0.7 0 0 | 01 1.8 59:1 32.29
23, 180 0.6 5.5 4 0 | 03 05 51 57.4 103
24 0 03 0 21 | 26 0 0 0.3 24 57.4 23.26
25 180 0.4 1.3 0.8 0 0 0 21 57.4 R6.16
26 0 0.2 17 1 0 0 0.1 2.2 57.4 20.52
27 0 02 ' :lS 1.5 0 0 0.1 3.1 57.4 17.63
| 28 0 -0.2 :1.3 1.6 0 0 0.1 8 574 18.39
29 0 02 1 sl 1.7 0 0 0.1 2.8 57.4 19.31
30 0 -0.1 -0.9 1.8 0 0 0.2 2.7 574 20.19
31 0 0.1 10 23 0 0 0.2 35 574 15.57
32 0 0 08 | 14 | D1 0 0.1 2.2 60 26,09
33 10 | 17 21 0.6 0.4 01 | 04 3.1 60 18.18
34 0 -0.1 1.4 2 o | P 0.2 3.4 ko 16:56
3 | 0 0.1 . 79 0.6 05 -0l 0.1 81 60 6.45
36 | 80 12 12 0.2 0 | 05 | 02 | 26 ) 223
37 50 ) D . &9 0.1 0.1 0.3 2.2 6Q 258
38 20 £3.6 0.1 2.8 D.1 0 p3 3.6 ko 15.48
39 0 0.6 £1.2 1.2 i1 0.2 0 3.2 0 f8.01
40 | 10 35 | 43 14 | 14 = D3 0.9 8.4 50 b:14
41 ' 180 06 | 43 = 19 :0.9 0.1 0.2 4.2 60 13.45
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Table 2.6.7.1-13

Critical Py, Stress Summary (ksi)—1-Foot Bottom End-Drop, Bolt

Preload. Internal Pressure

| | SI Allowable | Margin of
Component | Section | Angle (ksD Stress (ksi) | Safety
i 3 | f8o 50 50 3]
p) - I ) 53 b0 X
B 10 180 110 19.1 P74
4 15 180 74 19.7 Fe7
5 16 0 5.8 19.7 Bi38
6 22 0 i 197 it
7 .23 90 28 9.1 )
8 | 28 0 76 | 191 P41
9 31 0 2.9 19.1 5%
io 34 0 2.9 20 )
11 40 80 39 B0 7.06
12 41 180 4.8 20 8717

Table 2.6.7.1-14

Critical Py + Py Stress Summary (ksi)—1-Foot Bottom End-Drop. Bolt

Preload. Internal Pressure

- SI Allowable | Margin of
Component | Section Angle | (ksi) Stress (ksi) Safety
1 3 180 5.6 30 432
2 8 180 7.1 30 .9
3 10 180 125 28.7 1.29
4 15 180 7.8 29'6 B79
5 16 20 6.2 29.6 879
6 22 0 1.8 29.6 1513
7 23 180 5.1 28.7 4759
8 27 0 50 | 28.7 g47
9 31 0 33 | 28.7 T8
10 35 0 432 80 6:17
11 40 10 6.5 30 B.63
12 41 180 73 30 814

2.6-38



SAR — UMS® Universal Transport Cask May 2000
Docket No. 71-9270 Revision UMST-00A

Table 2.6.7.1-15 Critical Py, + Py + Q Stress Summary (ksi)—1-Foot Bottom End-Drop,
Bolt Preload, Internal Pressure, Thermal Hai

SI Allowable | Margin of
éla*n’{ﬁ’asﬁeﬂ't“ Section Angle (ksD) -S-FFemksmﬂ m
1 4 D 3.8 60 B34
5 9 0 172 60 P49
3 10 180 88 574 551
4 15 0 89 591 56i
5 16 0 6.9 591 751
6 22 0 34 591 6.42
7 23 0 52 574 521
8 27 0 15.2 574 B8
9 31 0 74 574 72
10 35 D 99 60 508
11 40 60 112 60 137
12 41 180 438 60 (1557

Table 2.6.7.1-16 Critical Py, + Py + Q Stress Summary (ksi)—1-Foot Bottom End-Drop,
Bolt Preload, Internal Pressure, Thermal Cold

o L ) SI Allowable | Margin of

Component | Section Angle (ksi) Stress (ksi) Safety
1 4 180 58 60 D36
2 8 180 102 60 7971
3 10 180 112 57.4 4.12
4 15 180 9.6 59.1 517
5 16 20 6.1 591 .
6 22 D 18 59.1 37:20
7 23 180 5.1 57.4 0.3
8 27 D 3.1 574 763
9 31 0 35 57.4 15:57
10 35 0 8.1 60 6.45
11 40 10 84 60 6:14
12 41 180 %) 60 13745
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2672 One-Foot Side Drop

In the I-ft side-drop event, the cask (equipped with an impact limiter over each end) falls a
distance of 1 foot onto a flat, unyielding, horizontal surface. The cask strikes the surface in a
horizontal position. thereby resulting in a side impact on the cask. The types of loading involved
in a side-drop event are closure lid bolt preload, internal pressure load, thermal load, and inertial
body load. lhc analysis is performed using a 20g acoeleration 1oad® which provides s baod unding
analysis, since it exceeds the calculated g-loads, for the one-foot S8 drop. event shown 1o dabje

2.6.7.5-3.

The same conditions evaluated for the end-drop are also used in the side drop evaluation. Stress
results for the combined 1-ft side-impact loading condition are documented in Tables 2.6.7.2-1
through 2.6.7.2-8.

As shown in Tables 2.6.7.2-5 and 2.6.7.2-6, the margins of safety for the primary stress intensity
category are positive for the 1-ft side-drop condition. The most critically stressed component in
the system is the cask body ligament region. The minimum margin of safety is found to be +0.04
for primury membrane stress intensity. as documented in Table 2.6.7.2-5. The minimum margin
of safety 1s found to be 0.4 for primary membrane plus bending stress intensity, as documented in
Table 2.6.7.2-6.

As seen from the tables, the minimum margin of safety for primary plus secondary stress
intensity for the 1-ft side-drop is 1.18 (Table 2.6.7.2-8).

Because the muargins of safety are all positive. the Universal Transport Cask satisfies the

requirements of 10 CFR 71.71(¢)(7) for the 1-ft side-drop (normal transport) condition.
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Table 2.6.7.2-1

Py, Stresses—1-Foot Side-Drop, Bolt Preload, Internal Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sy Sy Sz Sxy Svz Sxz SI (ksi) (ksi) MS
1 180 -0.7 1.5 0.0 0.1 0.0 0.1 2.4 20.0 7.47
2 135 0.2 1.2 0.0 1.1 0.0 0.2 2.6 20.0 6.79
3 105 0.5 1. 1.1 -1.0 -1.0 0.3 3.0 20.0 5.72
4 10 4.1 -6.2 2.1 -0.1 -0.3 -1.3 48 20.0 3.14
5 10 -3.0 2.4 -0.1 0.2 0.0 0.0 2.9 20.0 5.96
6 10 -3.5 4.2 -0.1 0.0 0.0 0.1 4.1 20.0 3.87
7 0 42 -6.1 25 0.1 0.2 -0.3 8.5 20.0 1.35
8 10 -1.6 7.8 -0.4 0.2 -0.7 -0.8 8.0 20.0 1.50
9 10 5.2 9.2 -0.2 0.1 -0.9 1.5 9.7 20.0 1.07
10 0 453 -11.6  -10.2 0.6 -0.4 0.4 7.3 191 (Y]
1 0 6.1 2140 154 0.7 0.3 22 10.3 §9:1 083
12 0 -8.3 7.7 8.8 -0.1 05 0.6 17.5 191 0.09
13 0 3.2 5.9 13.0 0.0 -0.5 1.0 18.5 1971 503
14 10 7.4 -10.6 2.8 0.1 -0.6 2.5 9.0 19.7 1.18
15 0 4.4 -10.2 2.3 0.5 -0.3 2.0 9.1 19.7 1.16
16 50 0.0 1.5 1.3 -0.1 3.7 -0.1 7.4 19.7 1.66
7 0 -0.1 2.0 6.2 0.3 -0.3 0.1 6.4 19.7 2.09
18 0 -0.1 1.6 7.9 -0.3 -0.2 0.0 8.1 19.7 1.43
19 0 -0.1 1.6 8.6 0.3 0.0 0.0 8.8 19.7 1.23
20 0 -0.1 1.7 8.5 -0.3 0.1 0.0 8.6 19.7 1.28
21 0 -0.1 22 74 -0.3 0.2 -0.1 75 19.7 1.63
22 60 0.0 2.1 0.7 0.0 3.2 0.2 6.6 19.7 2.00
23 40 -0.2 2.1 1.2 0.0 -3.6 0.4 7.8 19.1 1.45
2 50 -0.1 3.1 1.5 0.0 -3.7 -0.1 7.5 19.1 1.55
25 0 -0.3 4.0 5.6 0.4 -0.3 0.0 6.1 19.1 2.15
2 0 -0.3 4.1 7.6 -0.4 -0.2 0.0 7.9 19.1 1.42
27 0 0.3 42 8.4 0.4 0.0 0.0 8.7 19.1 1.19
2 0 -0.3 4.1 8.1 0.4 0.1 0.0 8.5 19.1 1.24
2 0 -0.3 4.0 6.9 -0.4 2 0.0 7.2 19.1 1.66
30 60 0.0 2.8 0.9 0.0 3.1 0.0 6.4 19.] 2.00
31 50 -0.1 2.8 1.6 0.0 43 0.2 8.7 19.1 1.19
32 70 0.1 23 -0.1 0.1 3.4 0.4 7.2 20.0 1.78
33 80 -1.0 0.9 -0.1 -0.7 2.2 0.1 1.7 20.0 3.23
34 60 0.8 2.3 1.4 0.2 35 0.2 7.1 20.0 1.82
35 0 11 4.8 0.4 0.3 0.0 0.9 5.6 20.0 2.54
36 180 1.4 6.8 -0.8 0.8 0.2 1.1 8.1 20.0 1.47
37 0 3.0 0.4 -0.1 0.0 0.0 0.2 3.1 20.0 5.49
38 0 3.4 1.7 0.1 0.0 0.0 -0.4 3.4 20.0 4.90
39 0 235 2.8 1.0 0.0 -0.1 -0.2 46 20.0 3.33
40 10 -3.7 5.5 3.2 0.1 0.2 -0.5 2.7 20.0 6.49
41 0 -5.0 2.8 1.3 -0.2 0.0 0.6 3.9 20.0 4.12
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Table 2.6.7.2-2 P + Py, Stresses—1-Foot Side-Drop. Bolt Preload, Internal Pressure
Allowable
Cylindrical Stress Components (ksi) Stress
Section Angle Sx Sy Sz Sxy Syz Sxz ST (ksi) (ksi) MS
1 180 1.8 53 0.1 0.1 0.0 0.1 5.2 30.0 4.73
2 180 1.0 4.9 0. 0.2 -0.1 0.1 4.8 30.0 5.22
3 90 2.7 1.3 25 -1.5 -1.8 1.0 54 30.0 4.51
4 90 2.9 1.3 2.1 -1.6 -2.0 1.3 5.8 30.0 422
5 60 -4.3 -5.0 -0.1 -0.4 0.0 0.0 5.0 30.0 4.96
6 0 -4.3 -0.6 -0.2 0.1 0.0 0.1 6.4 30.0 371
7 0 2.5 -6.1 6.3 0.1 -0.3 -0.4 12.3 30.0 1.43
8 0 1.0 -3.5 12.0 0.2 -0.5 -1.4 15.7 30.0 0.91
9 0 1.6 -1 20.8 0.3 -0.6 0.0 226 30.0 0.33
10 0 2.7 -10.3 -8.4 0.6 -0.3 -0.8 7.9 30.0 2.80
11 0 1.3 -10.4 -11.5 0.9 -0.4 1.2 13.4 30.0 1.24
12 10 -11.3 -8.4 7.8 0.1 -0.5 0.1 19.5 30.0 0.54
13 0 -12.3 -8.8 99 -0.3 -0.6 0.8 22.6 30.0 0.33
14 10 9.1 7.4 9.7 0.1 -0.6 -0.9 18.5 20.6 0.60
15 0 2.5 2.2 18.3 0.3 -0.4 1.2 20.5 29.6 0.44
16 50 0.0 33 1.4 -0.1 -4.8 -0.1 0.8 19.7 1.02
17 0 -0.1 8.6 8.9 -0.8 -0.1 0.1 9.1 19.7 1.16
18 0 -0.1 9.9 11.2 -1.0 -0.1 0.0 11.3 19.7 0.74
19 0 -0.1 10.2 2.1 -1.0 0.0 0.0 [2.3 19.7 0.60
20 0 -0.1 9.9 11.9 -1.0 0.0 0.0 12.3 197 0.60
21 0 0.0 8.4 10.1 -0.8 0.0 -0.1 10.2 19.7 0.94
R 10 0.1 2.7 1.3 -0.1 4.8 0.1 9.7 29.6 2.07
23 40 -0.2 -1.5 1.7 0.0 -3.5 0.4 11.3 287 1.54
2 10 0.2 4.7 1.6 -0.1 -4.8 -0.1 10.2 19.1 0.88
25 0 -0.2 10.5 8.2 -09 -0.1 0.0 11.3 19.1 0.69
2 0 0.2 122 10.8 -1.1 -0.1 0.0 12.3 19.1 0.55
27 0 -0.2 13.0 11.9 -1.2 0.0 0.0 13.4 19.1 0.43
28 0 0.2 12.8 11.5 -1.2 0.1 0.0 [13.4 19.1 0.43
2 0 0.2 1.7 9.9 -1.0 0.1 0.0 12.3 19.1 0.535
30 0 -0.2 97 6.2 -0.9 0.2 -0.1 10.1 19.1 0.90
3 40 -0.2 2.9 02 -0.1 6.5 0.1 134 287 1.15
32 50 0.0 20 -1.7 0.0 4.7 0.1 10.2 20.0 1.95
33 60 2.1 -0.3 2.4 -2 3.6 0.2 8.5 20.0 2.52
34 S0 0.1 0.5 24 0.1 4.7 -0.4 10.0 30.0 2.0l
35 S0 0.4 22 -0.] 0.1 18 1.1 8.2 30.0 2.65
36 180 -0.2 5.8 -2.5 0.8 0.2 0.7 8.6 30.0 2.48
37 90 7.0 -85 -0.2 -0.3 0.0 0.1 8.4 30.0 2.56
38 LSO -0.3 -7 -0.2 -0.1 0.0 -0.3 7.0 30.0 3.30
39 0 24 -6.3 25 02 0.0 -1.3 9.1 30.0 228
10 0 1.7 6.0 37 0.4 0.0 |4 8.6 30.0 2.48
31 0 -6.6 2 0.7 -0.2 -0.1 0.4 7.4 30.0 3.06
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Table 2.6.7.2-3 P+ Py + 9 Stresses—1-Foot Side-Drop, Bolt Preload, Internal Pressure,
Thermal Hot

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy SZ Sxy Syz sz SI (kSI) (kSl) MS
1 90 2 43 0.1 0.1 0.0 0.1 8.1 60.0 6.40
2 180 3.2 8.3 0.0 0.3 -0.1 0.2 8.3 60.0 6.21
3 80 10.7 3.2 10.7 -0.6 -0.9 4.1 9.9 60.0 5.09
4 0 5.9 -5.6 -6.8 0.6 0.7 -1.2 13.2 60.0 353
5 20 -4.2 -89 0.2 2.0 -0.1 0.1 9.8 60.0 5.15
6 20 -3.1 -7.6 -0.1 2.1 0.0 0.1 8.3 60.0 6.21
7 20 1.4 -3.3 8.5 -2.7 -3.0 04 14.4 60.0 3.17
8 20 1.4 -3.3 8.5 -2.7 -3.0 0.4 144 60.0 3.17
9 10 -0.2 -3.1 15.6 -0.2 -1.5 0.5 18.9 60.0 2.18
10 0 1.0 -8.4 -9.9 0.1 -0.6 -0.6 11.2 60.0 4.36
11 0 -0.4 -10.0 -11.0 0.0 -0.4 1.5 11.2 60.0 4.36
12 0 9.1 -5.3 13.8 -0.7 -0.2 -0.3 23.0 60.0 1.6l
13 0 8.3 1.5 220 -0.1 -0.6 2.9 21.0 60.0 1.86
14 0 9.1 -5.3 13.8 -0.7 -0.2 -0.3 23.0 59.1 1.57
13 0 8.3 1.5 22.0 -0.1 -0.6 2.9 21.0 59.1 1.82
16 0 -0.1 11.2 10.3 -1.1 -0.1 0.0 115 59.1 4.14
17 0 -0.2 14.0 14.0 -1.3 0.0 0.1 14.4 59.1 3.11
18 0 -0.2 15.2 15.8 -1.5 0.0 0.0 16.1 59.1 2.67
19 0 -0.2 15.5 16.3 -1.5 0.0 0.0 16.6 59.1 2.55
20 0 -0.2 15.3 15.9 -1.5 0.0 0.0 16.3 59.1 2.62
21 0 -0.2 139 13.9 -1.3 0.0 -0.1 14.3 59.1 3.14
202 0 -0.1 10.2 11.3 -1.0 0.0 -0.2 11.5 59.1 4.14
23 40 -0.2 -:2.0 1.5 -0.1 -4.7 0.2 10.1 574 4.70
24 0 1.1 7.8 0.3 -0.7 0.3 0.1 5.0 574 5.35
25 0 23 11.0 1.3 -1.2 0.1 0.0 135 57.4 3.27
26 0 -2.5 13.2 2.1 -1.4 0.0 0.0 16.0 57.4 2.58
27 0 -2.0 14.2 23 -1.5 0.0 0.0 17.0 57.4 2.37
28 0 2.6 3.7 1.6 -1.4 0.0 0.0 16.4 57.4 2.49
29 0 2.5 12.0 0.4 -1.3 0.0 0.0 14.8 57.4 2.88
30 0 22 9.2 201 -1.0 0.0 0.0 11.7 574 3.90
31 40 -0.3 0.1 0.0 -0.1 5.9 0.0 11.8 574 3.80
32 50 -0.2 34 1.3 0.0 54 -0.1 11.1 60.0 4.41
33 40 27 1.8 5.8 -4.1 4.5 -1.0 13.0 60.0 3.60
34 60 0.1 1.1 -5.3 0.0 4.0 0.0 10.4 60.0 4.78
35 0 -0.1 -10.2 -6.4 0.8 0.6 0.1 10.3 60.0 4.84
36 180 5.0 9.0 0.0 0.7 0.0 1.7 9.8 60.0 5.15
37 150 11.0 -11.3 -0.1 0.6 0.0 -0.1 11.5 60.0 4.22
K 180 9.1 -10.0 -0.2 0.0 0.0 -0.1 9.8 60.0 5.15
29 0 0.6 -8.9 1.5 0.9 0.3 0.2 10.7 60.0 4.62
40 180 1.1 4.7 -6.3 0.7 0.1 -0.3 11.1 60.0 441
41 10 2.4 2.0 15.2 0.0 0.1 -0.9 17.7 60.0 2.40
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Table 2.6.7.2-4 P, + Py + Q Stresses—1-Foot Side-Drop, Bolt Preload, Internal Pressure,
Thermal Cold

Allowable
Cylindrical Stress Components (ksi) Stress
Section Angle Sx Sy Sz Sxy Svz Sxz SI (ksi) (ksi) MS
1 180 1.0 5.9 -0.1 0.3 0.0 0.2 6.1 60.0 8.90
2 180 0.4 59 0.0 0.3 -0.1 0.2 6.0 60.0 9.07
3 90 4.8 2.7 36 -1.5 2.0 2.0 6.4 60.0 8.42
4 0 9.6 -6.4 S35 0.7 1.0 2201 16.7 60.0 2.58
5 20 -5.5 -7.8 0.0 -1.0 0.0 0.0 82 60.0 6.30
6 0 -4.9 -8.7 -0.1 0.0 0.0 0.0 8.6 60.0 5.96
7 0 09 -3.6 12.1 0.0 0.4 0.1 15.8 60.0 2.79
8 0 0.9 -3.6 12.1 0.0 -0.4 0.1 15.8 60.0 2.79
9 0 -0.4 -2.0 21.9 0.1 -0.4 04 239 60.0 1.51
10 0 30 -8.0 -8.4 0.5 -0.5 -0.1 11.8 60.0 4.08
11 0 24 -11.8 -12.5 3 -0.5 2.5 11.5 60.0 4.22
12 0 -15.0 -84 12.0 -0.8 -0.3 0.0 27.1 60.0 1.21
13 0 10.7 1.8 24.6 0.2 -0.5 31 234 60.0 1.56
14 0 -15.0 -84 12.0 -0.8 -0.3 0.0 27.1 59.1 1.18
15 0 10.7 1.8 24.60 0.2 -0.5 31 234 591 1.52
16 0 -0.1 10.5 9.6 -1.0 -0.1 0.1 10.7 59.1 4.53
17 0 -0.2 13.5 13.4 -1.3 0.0 0.1 14.0 59.1 323
I8 0 0.2 15.0 15.3 -1.5 0.0 0.0 15.7 59.1 2.76
19 0 0.2 15.3 15.8 -1.5 0.0 0.0 16.2 59.1 2.64
20 0 -0.2 15.0 15.5 -14 0.0 0.0 15.9 59.1 271
21 0] -0.2 154 13.6 -1.3 0.0 -0.1 13.9 59.1 3.26
n» 30 -0.2 4.1 25 -0.1 5.4 0.1 111 391 4.33
23 30 -0.2 38 1.8 -0.1 -4.2 0.5 10.3 574 4.59
24 0 -1.2 8.7 02 -0.8 0.3 0.1 10.2 574 4.653
25 0 2.3 11.9 0.7 -1.3 0.2 0.0 147 574 291
26 0 28 142 1.3 1.5 0.1 0.0 17.3 57 4 2.33
27 0 29 151 1.4 -1.0 0.0 0.0 18.3 574 2.14
28 0 29 14.6 0.9 -1.6 0.0 0.0 17.8 574 223
2 0 228 13.0 -0.3 -1.4 0.0 0.0 16.1 574 2.56
3 0 24 10.4 27 1.1 0.0 0.0 13.2 574 333
R 40 -0.3 04 -0.5 -0.1 6.0 0.0 11.9 57 382
32 50 -0.1 28 0.9 00 5.4 0.0 11.0 60.0 1.46
33 40 1.6 1.0 3.6 3.8 4.2 -0.8 12.0 60.0 3.99
34 0 5.0 10.0 -13.5 0.0 -0.5 2.8 10.2 60.0 4.90
35 60 0.1 23 -5.3 0.0 4.5 0.6 9.7 60.0 5.22
30 180 5.1 94 0.2 0.8 0.0 2.0 10.0 60.0 5.02
37 180 -1 4 -11.2 -0.2 0.1 0.0 -0.1 11.2 60.0 4.36
38 180 9.1 -10.0 -0.2 0.0 0.0 -0.1 9.8 60.0 518
39 0 0.5 -7 1.5 0.8 0.2 0.2 8.7 60.0 5.87
40 180 -0.7 5.2 -5.9 0.7 0.0 -0.2 11.2 60.0 4.36
41 0 -4.0 -4.0 11.6 -0.2 0.0 -1.2 15.9 60.0 2.77
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Table 2.6.7.2-5 Critical Py, Stress Summary (ksi)—1-Foot Side Drop, Bolt Preload,

Internal Pressure

\ SI Allowable | Margin of
Component | Section Angle @slj Stresgw(l?s“ls ;*S\?amf‘ewty?
1 4 10 4.8 20 3.14
2 9 10 9.7 20 1.07
3 13 0 18.5 19.1 D.08
4 15 0 9.1 197 516
5 19 0 8.8 19.7 WX
6 22 60 6.6 19.7 .00
7 23 40 7.8 19.1 145
8 27 0 8.7 19.1 1:19
9 31 50 8.7 19.1 1519
10 36 180 8.1 20 1:47
11 39 0 4.6 20 B 33
12 41 | 0 3.9 20 412
Table 2.6.7.2-6 Critical Py, + Py, Stress Summary (ksi)—1-Foot Side-Drop, Bolt Preload,
Internal Pressure
SI Allowable | Margin of
Component  Section Angle (ksi) Stress (ksi) rSZ?éty
1 4 90 5.8 30 4.22
2 9 0 . 226 30 0:33
3 13 0 22.6 28.7 0.33
1 15 0 20.5 29.6 0.44
3 19 0 12.3 29.6 1.40
6 22 40 9.7 206 | 207
7 23 40 11.3 28.7 1:54
8 27 0 13.4 28.7 .15
9 31 40 134 | 287 1315
10 32 50 102 | 30 1.95
1 39 | 0 9.1 30 . 228
12 41 0 7.4 30 | B.06
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Table 2.6.7.2-7 Critical P, + Py = Q Stress Summary (ksi)—1-Foot Side-Drop, Bolit

Preload, Internal Pressure, Thermal Hqg

SI Allowable | Margin of
Component | Section | Angle ksi) Stress (ksi) Emj
l 4 0 129 60 3.66
2 7 20 14 60 33
3 12 0 224 574 1.56
4 ‘ 14 0 224 59.1 1.64
5 19 0 16.2 59.1 2.64
6 22 0 11.2 59.1 4.29
7 ‘ 23 40 9.8 57.4 4.88
8 ! 27 0 16.6 57.4 2.46
9 | 3] 40 11.5 57.4 | 4.01
10 33 40 | 12.7 60 | 3.74
11 40 180 ‘ 10.8 60 4.54
12 4] 10 17.2 60 249
Table 2.6.7.2-8 Critical Py, + Py + Q Stress Summary (ksi)—1-Foot Side-Drop Bolt

Preload. Internal Pressure. Thermal Cold

‘ SI | Allowable | Margin of
Component Section | Angle (lESl) Stress(ksﬁlﬁj ‘ FS‘afNetj
I 4 0 E 16.3 60 2.68
2 L 7 0 154 60 2.9
3 o 0 264 574 | 1.18
3 14 0 264 1 591 1.24
3 19 0 15.8 i 59.1 2.74
6 22 50 108 i 591 4.48
7 23 30 10 L 574 4.74
8 27 0 178 | 574 2.22
9 31 40 11.6 57.4 3.94
10 33 40 11.7 60 4.14
11 37 180 | 10.9 60 4.5
12 41 0 \ 15.5 60 2.87
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2673 One-Foot Corner Drop

In this event, the Universal Transport Cask (equipped with an impact limiter over each end) falls
a distance of 1 foot onto a flat, unyielding, horizontal surface. The cask strikes the surface on its
top or bottom corner. The cask center of gravity is considered to be directly above the initial
point of impact for the corner-drop condition. For the cask, the orientation angle is 23° and 23.5°

for the top and bottom corner-drops, respectively.

Results for the top corner and bottom comer 1-ft drop evaluations are presented in Tables
2.6.7.3-1 through 2.6.7.3-16. For the top-comer-drop loading case including impact, bolt
preload, and internal pressures the minimum margin of safety resulting from calculated Py, stress
intensity is 1.54 (Table 2.6.7.3-5) and the minimum calculated P, + Py, stress intensity margin of
safety 1s 1.11 (Table 2.6.7.3-6). As seen from the tables, the minimum margin of safety for

primary plus secondary stress intensity for the 1-ft top corner-drop is 2.32 (Table 2.6.7.3-8).

For the bottom-corner-drop loading case including impact, bolt preload, and internal pressures
the minimum margin of safety resulting from calculated P, stress intensity is 0.84 (Table
2.6.7.3-13) and the minimum margin of safety resulting from calculated P, + Py, stress intensity
1s 1.34 (Table 2.6.7.3-14). As seen from the tables, the minimum margin of safety for primary

plus secondary stress intensity for the 1-ft bottom corner-drop is 2.14 (Table 2.6.7.3-16).

Because the margins of safety are all positive, the Universal Transport Cask satisfies the

requirements of 10 CFR 71.71(c)(7) for the 1-ft corner-drop (normal transport) condition.
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Table 2.6.7.3-1 P Stresses—1-Foot Top Corner-Drop, Bolt Preload, Internal Pressure
Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle S« Sy Sz Sxv Svz Sxz SI (ksi) (ksi) MS
1 180 -0.1 0.6 -0.1 0 0 0.1 0.9 20 21.74
2 180 0 0.8 0 0 0 0.1 0.9 20 20.22
3 180 0.2 1 0.1 0.1 0 0.1 l 20 18.38
4 0 -1.2 -1.9 0 0.1 0 -0.2 2 20 9.24
5 10 -1.1 -0.9 -0.1 0.1 0 0 1 20 18.67
6 0 -1.3 -1.7 -0.1 0 0 0.1 1.6 20 11.48
7 0 -1.6 -2 22 0 -0.1 -0.2 4.3 20 3.66
8 0 2 -3.1 0 0.3 -0.2 -0.3 3.6 20 4.54
9 40 2.6 223 0.7 0.4 -1.7 1.5 5.8 20 2.44
10 0 2.2 -5.6 -6.7 0.3 -0.2 -0.1 4.6 19.1 3.14
11 0 -4.8 -7.8 -10.9 0.3 -0.1 1.7 7.1 19.1 1.7
12 0 -3.8 -3.3 3.1 0 -0.1 0.4 6.9 19.1 1.75
13 ) -4.1 =35 33 0 -0.1 -04 7.5 19.1 1.54
14 0 -2.7 -3.8 0.1 0.1 -0.1 -0.6 4 19.7 391
15 0 -2.6 -4.1 0.1 0.2 0 0.1 4.2 19.7 3.67
16 60 0 0 -0.1 0 -1.3 0 2.6 19.7 6.53
17 70 0 04 -0.7 0 -1 0 2.3 19.7 7.66
18 90 0 0.5 -1.6 0 -0.5 0 23 19.7 7.48
19 105 0 0.7 -1.9 0 -0.2 0 2.6 19.7 6.44
20 103 0 1.2 -1.9 0 0.1 0 3.1 19.7 5.26
21 80 0 22 -1.3 0 0.8 0 3.9 19.7 4.1
22 60 -0.1 38 -09 0 1.6 0.1 5.6 19.7 25
23 50 0 1.1 0.1 0 25 0.2 5 19.1 2.8
24 0 0.1 4.8 0.9 -0.5 -0.3 0 5 19.1 2.82
25 80 0 24 -0.9 0 -0.7 0 3.5 19.1 1.4
26 90 -0.1 2 -1.4 0 -0.1 0 34 19.1 4.58
27 90 -0.1 1.8 -1.6 0 0.2 0 3.4 19.1 4.65
28 90 -0.1 1.4 -1.5 0 0.5 0 31 19.1 5.21
29 70 -0.1 0.8 -1.1 0 1 0 2.7 19.1 6.03
20 50 -0.2 0.1 -0.9 0 1.3 0 2.7 19.1 6.02
3l 40 -0.3 -0.6 -1.2 0 1.7 0.1 20 19.1 4.38
32 70 -0.1 32 -1.1 0.1 1.6 0 53 20 274
33 180 0.4 2.1 -1.8 0.2 0 -0.3 4 20 4.05
34 0 1.2 0.5 -3.6 0.1 0.3 0.5 5 20 299
35 180 -0.4 2.3 -1.6 0.4 -0.2 0.3 4 20 3.98
RI¢ 180 1.2 32 2.3 0.3 -0.2 T 5.7 20 2.54
37 0 1.5 -0.3 -0.9 0 0.2 0.5 1.6 20 11.85
38 10 L5 -0.8 -0.5 0.1 0.1 04 1.3 20 14.92
39 80 -0.1 -0.7 -1.9 0 0 -0.1 1.8 20 10.25
40 S0 1.7 -1.7 -4 0 0 1.4 3.7 20 4.47
41 0 1.7 -1.2 -0.3 0 0 0.3 1.5 20 12.18
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Table 2.6.7.3-2

Py, + Py, Stresses—1-Foot Top Corner-Drop, Bolt Preload, Internal

Pressure

Allowable

Cylindrical Stress Components (ksi) Stress

Section Angle Sx SY Sz Sxy SYZ S\y SI ('\Sl) (kSl)
1 180 1 2.6 0 0.1 0 0.1 2.6 30
2 180 0.1 1.9 0 0.1 0 0.1 2 30
3 90 1.1 0.5 0.6 -0.5 -0.6 0.4 1.8 30
4 90 1.1 0.5 0.4 0.5 -0.6 0.5 2 30
5 2 2.6 2.5 -0.1 0 0 0 24 30
6 0 2.1 3.2 -0.1 0.1 0 0.1 3.1 30
7 0 0.2 -1.5 5.5 0 0.1 0 7 30
8 0 3.1 0.6 9.6 0.1 0.2 -0.3 9.1 30
9 0 1.5 1.8 15.6 0 -0.3 0.5 14.2 30
10 0 -0.7 4.7 55 0.4 -0.1 -1 53 28.7
11 0 0.7 5.2 7.9 0.3 0.2 0.6 8.7 28.7
12 0 4.5 35 2.9 0.1 0.1 0.4 75 28.7
13 0 -6 -4 3.1 -0.1 0.2 0.1 9.1 28.7
14 0 3.5 3.2 2.9 0 0.1 0 6.4 29.6
13 0 1.6 2.4 4.8 0.1 -0.1 -0.7 7.3 29.6
16 50 0 0.7 0.1 0 -1.8 0 3.6 596
17 0 0 3.4 2.8 -0.3 -0.1 0 3.5 20.6
1S 0 0 43 35 -0.4 0 0 44 99,6
19 0 0 4.8 3.5 0.5 0 0 4.9 29.6
20 0 0 5.1 3.1 0.5 0 0 5.3 20.6
21 0 0 5.3 1.8 -0.5 0 0 5.4 29.6
22 10 0.2 3.8 2.3 0 2.1 0.1 7.4 29.6
23 50 0 0.6 1.4 0.1 34 0.2 7.2 28.7
24 0 0 6.6 2.3 0.6 0.2 0 6.7 28.7
23 0 -0.1 5.7 3 0.5 0 0 59 28,7
26 0 -0.1 5.6 3.4 -0.5 0 0 5.8 28.7
27 0 0.1 553 33 0.5 0 0 5.7 28.7
28 0 -0.2 4.8 2.7 0.4 0 0 5 88.7
29 60 -0.1 2.9 0.2 0 1.1 0 3.9 28.7
30 50 0.2 1.1 -0.5 0 1.6 0 3.7 28.7
3l 10 0.2 0.2 0.3 0 25 0.1 5.1 28.7
a2 50 0.3 2.9 2.8 0 2 -0.1 7 30
33 7 0.3 2.1 0.9 0.9 1.6 -0.3 47 30
34 60 -0.1 0.1 8.4 0 1.7 -0.4 9 30
35 180 -0.6 23 1.8 0.4 0.3 1.1 49 30
36 180 -0.3 2.6 2. 0.4 -0.3 0.5 5.7 30
37 70 0.5 3 0.8 0.4 0.1 0.6 3.1 30
38 80 3.7 0.3 0.4 0.1 0 0.4 42 30
39 80 1.6 1.3 1.6 0.1 0 0.3 6.3 30
10 0 3.6 5.6 116 0.1 0 0.2 8 30
kY 0 25 1.3 0.4 0.1 0 0.3 2.9 30
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Table 2.6.7.3-3 Pn+Py +Q Stress:cvsw_—l—Foot Top Corner-Drop, Bolt Preload, Internal
Pressure, Thermal Hot

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle S« Sy S Sxy Svz Sxz SI (ksi) (ksi) MS
1 90 5 3.7 0 0.3 0 0.1 5 60 10.93
2 180 24 4.7 0 0.2 -0.1 0.1 4.7 60 11.63
3 10 -3.2 28 -0.1 0.3 0 0.1 6 60 8.935
4 0 7 -1.3 -4.5 0.4 0.7 -0.6 11.7 60 4.15
5 20 -7 -4.6 0.1 -1.3 -0.1 0 5.2 60 10.56
6 40 2.4 2.2 -0.2 -1.7 0 0 3.8 60 14.94
7 40 2201 -0.8 0.8 -1.7 -1.6 -0.6 5.5 60 9.96
8 0 1.2 2201 54 -0.2 -0.2 1.3 7.2 60 7.35
9 30 -1.6 -1.4 -7.1 2.1 1.8 1.1 6.6 60 8.11
10 0 3.6 -0.8 -4.5 0 -0.3 0.5 8.2 57.4 595
11 0 1.2 201 54 -0.2 -0.2 1.3 7.2 574 6.98
12 0 -3.9 -0.8 39 -0.5 0 02 7.9 57.4 6.27
13 10 -0.3 0.6 4.8 -1.7 -1.7 0.1 7.3 57.4 6.85
14 0 -39 -0.8 39 -0.5 0 0.2 7.9 59.1 6.5
15 40 -0.3 0.6 4.8 -1.7 -1.7 0.1 7.3 59.1 7.09
16 0 -0.1 5.7 4.1 -0.6 0.1 0.1 5.9 59.1 9.01
17 0 -0.2 8.1 5.7 -0.8 0.1 0 8.4 59.1 6.07
18 0 -0.2 8.9 56 -0.9 0.1 0 9.3 59.1 5.38
19 0 -0.2 9.3 4.9 -0.9 0.1 0 9.7 59.1 512
20 0 -0.2 9.7 39 -1 0.1 0 10.1 59.1 4.85
21 0 -0.2 9.8 2 -1 0.1 0 10.2 59.1 4.7
2 40 -0.4 48 -3.2 0 3 0 9.9 39.1 4.94
23 0 0.3 0.3 -4.6 0 0.2 0.2 4.3 57.4 12.23
24 0 -0.9 4.3 -4 -0.4 0.5 0 &4 574 5.85
25 0 -0.4 -4.8 -11.6 0.4 0.2 0 11.2 57.4 4.11
2 0 -0.4 57 -135 0.5 0.1 0 13.1 574 3.38
27 0 228 6.1 -7.9 -0.8 0.1 0 14.1 574 3.08
26 0 0.4 -39 -15 0.6 0.2 0 14.7 574 2.9
2 0 -0.6 -0.8 -16.2 0.6 0.2 0 15.6 57.4 2.67
30 0 -0.7 -7 -16 0.7 0.1 0 154 574 2.73
31 0 -1.4 -4.2 -15.4 0.3 -0.3 -0.1 14.] 57.4 3.07
32 0 0.2 4.9 -4.0 0.8 0.3 -0.9 9.9 60 5.08
33 0 0.3 2.7 -6.6 -0.4 0.1 -0.7 9.4 60 5.37
34 0 0 4.8 -15.5 0.4 -0.1 0.4 15.6 60 2.84
35 0 -0.2 5.6 -13.9 0.5 0.5 04 13.8 60 3.34
36 0 4.0 15 53 0.6 0.3 -0.7 10 60 498
37 180 5.0 -1.9 -0.6 04 -0.1 0.4 5.1 60 10.79
38 180 -8.8 -5 -0.7 0.4 -0.1 02 g.2 60 6.31
39 80 1.2 -3.8 -10.4 0.6 0.7 0.6 11.9 60 4.05
40 0 24 9.5 -15.1 0.8 0.3 -0.7 13 60 3.63
41 10 -0.3 1.1 57 0 0.1 0.2 6 60 8.95
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Table 2.6.7.3-4 Pm + Py + Q Stresses—1-Foot Top Corner-Drop, Bolt Preload, Internal
Pressure, Thermal Cold

Allowable
Cylindrical Stress Components (ksi) Stress
Section Angle Sx Sy Sz Sxy Svz Sxz ST (ksi) (ksi) MS
1 0 1.2 35 0 -0.2 0 0.1 3.6 60 15.87
2 0 0.9 3.1 0 -0.1 0 0.1 3.1 60 18.42
3 10 -3.6 2.1 -0.4 04 0 0.5 5.8 60 9.35
4 0 11.1 -1.7 -1.1 0.5 1.1 -1.3 13.8 60 3.34
5 50 -3.6 -3 -0.1 -0.6 0 0 39 60 14.53
6 0 2.4 -3.6 -0.1 0 0 0 34 60 16.56
7 10 0.4 -0.2 4.8 -0.1 -0.1 -0.1 5.1 60 10.83
8 0 -0.3 -3.8 -7 0.1 -0.2 1.9 7.7 60 6.78
9 0 -0.3 0.5 9.2 -0.1 0 0.1 94 60 5.36
10 0 -0.3 -3.8 -7 0.1 -0.2 1.9 7.7 57.4 6.43
11 0 -0.3 -3.8 -7 0.1 -0.2 1.9 7.7 574 6.43
12 0 -5.9 2 4.4 -0.5 0 0 10.4 574 4.54
[3 0 5.7 25 9.9 0 -0.1 1.2 7.7 57.4 6.45
14 0 -5.9 -2 4.4 -0.5 0 0 10.4 59.1 4.71
15 0 5.7 25 9.9 0 -0.1 1.2 7.7 59.1 6.68
16 0 -0.1 5.3 37 -0.5 0.1 0.1 5.5 59.1 9.79
17 0 -0.1 7.8 53 -0.8 0.1 0 8.2 59.1 6.25
18 0 -0.2 8.8 5.2 -0.9 0.1 0 9.2 59.1 5.44
19 0 -0.2 9.2 4.4 -0.9 0.1 0 9.6 59.1 5.16
20 0 -0.2 9.6 34 -1 0.1 0 10 59.1 493
21 0 -0.2 9.6 1.4 -0.9 0.1 0 10 59.1 493
22 30 -0.3 38 -4.4 0 2.8 0 99 59.1 496
23 0 -0.3 -1.3 -55 0.1 0.3 0.3 53 57.4 9.85
24 0 -1 4.7 -4.4 -0.5 0.5 0 9.2 57.4 5.21
25 0 -0.4 -4.7 -12.9 0.4 0.2 0 12.5 574 3.58
26 0 -0.5 -5.8 -15 0.5 0.1 0 14.6 574 293
27 0 2.8 6.6 9.1 -0.9 0.1 0 15.7 57.4 2.64
28 0 -0.4 -6 -16.6 0.6 0.2 0 16.3 57.4 251
29 0 -0.7 -6.9 -17.9 0.6 0.2 0 17.3 57.4 2.32
30 0 -0.7 -7 -17.6 0.6 0.1 0 16.9 57.4 2.39
31 0 -1.3 -4 -16.3 0.3 -0.3 -0.2 14.9 57.4 2.84
32 0 -0.3 4.2 -5.8 -0.7 0.3 -1 10.3 60 4.84
33 0 3 2.1 -7 -0.3 0.1 -0.8 9.2 60 5.55
34 0 0 -39 -15.1 04 -0.1 0.4 15.1 60 2.96
33 0 -0.2 -4.5 -14 0.4 0.5 0.3 13.8 60 3.35
30 0 4.7 -1.4 -6.2 0.6 0.4 -0.2 11.1 60 4.42
37 180 -6.2 2.2 -0.6 0.3 -0.1 04 5.7 60 9.56
38 180 9.4 -5.6 -0.6 0.4 -0.1 0.1 8.8 60 5.81
39 0 3 -7 -11.7 0.7 0.2 -0.2 12 60 3.98
40 0 2.3 -8.4 -15.2 0.7 0.3 -0.7 13.1 60 3.58
41 10 -1.4 0.2 S 0 0.4 0 6.5 60 8.26
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Table 2.6.7.3-5

Critical Py, Stress Summary (ksi)—1-Foot Top Corner-Drop, Bolt Preload.

Internal Pressure

SI Allowable | Margin of

Component | Section | Angle (ksn) Stress (ESI) ?Séfet)"

| 4 0 2 20 9.24

2 9 40 5.8 20 2.44

3 13 0 7.5 19.1 1.54

4 15 0 4.2 19.7 3.67

5 21 80 39 19.7 4.1

6 22 60 5.6 19.7 2.5

7 23 50 5 19.1 2.8

8 L24 0 5 19.1 2.82

9 31 40 3.6 19.1 4.38

10 36 180 5.7 20 2.54

11 40 80 37 20 4.47

12 41 0 1.5 | 20 12.18

Table 2.6.7.3-6

Critical Py, + Py, Stress Summary (ksi)—1-Foot Top Corner-Drop, Bolt
Preload, and Internal Pressure

f SI  Allowable Margin of

Component Section Angle | (ksi)  Stress (ksi) rrSafe‘ty‘
] l 180 26 30 10.39
2 9 0 bo14.2 30 1.11
3 13 0 9.1 287 2.15
4 15 0 73 29.6 3.04
3 21 0 5.4 29.6 4.45
6 22 40 74 296 3.01
7 23 50 7.2 28.7 3.01
8 24 0 6.7 28.7 3.30
9 31 40 5.1 28.7 4.66
1O 34 60 9 30 2.33
11 40 0 8 30 2.74
12 41 0 | 209 30 9.31
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Table 2.6.7.3-7 Crnitical P, + P, + Q Stress Summary (ksi)—1-Foot Top Comer-Drop,
Bolt Preload, Internal Pressure, and Thermal Eé"f
SI Allowable | Margin of
Component | Section Angle ﬁ(s"lv) S‘E;gswsm(lzs;) {'S;f“e*i)“’
| 4 0 11.7 60 4.15
2 8 0 7.2 60 7.35
3 10 0 8.2 57.4 5.95
4 14 0 7.9 59.1 6.5
5 21 0 10.2 59.1 4.79
6 22 40 9.9 59.1 4.94
7 23 0 4.3 57.4 12.23
8 29 0 15.6 57.4 2.67
9 31 0 14.1 57.4 3.07
10 34 0 15.6 60 2.84
11 39 80 11.9 60 4.05
12 41 10 6 60 8.95
Table 2.6.7.3-8 Critical P, + Py, + Q Stress Summary (ksi)—1-Foot Top Comer-Drop,

Bolt Preload. Internal Pressure, and Thermal Cold

SI | Allowable | Margin of
Component' Section | Angle (ksi) | Stress (ksi) ;ngéis'
1 4 0 13.8 60 3.34
2 9 0 94 60 5.36
3 12 0 10.4 57.4 4.54
4 14 0 10.4 59.1 4.71
S 20 0 10 59.1 4.93
6 22 30 9.9 59.1 4.96
7 23 0 5.3 57.4 9.85
8 29 0 17.3 57.4 2.32
9 31 0 14.9 57.4 2.84
10 34 0 15.1 60 2.96
11 40 0 13.1 60 3.58
12 41 10 6.5 60 8.26
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Docket No. 71-9270 Revision 0
Table 2.6.7.3-9 Pu Stresses—1-Foot Bottom Comner-Drop, Bolt Preload. and Internal
Pressure
Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy Sz Sxy Syvz Sxz SI (ksi) (ksi) MS
1 180 -0.7 0.6 -0.9 0.1 0 -0.1 1.5 20 11.93
2 180 -0.4 0.8 -0.5 0.1 0 0.1 1.4 20 13.27
3 0 -1.3 -3.2 -6.4 0 -0.5 -0.2 5.2 20 2.82
4 180 -0.8 0.9 -1.8 0.2 0.2 0.3 2.8 20 6.07
3 180 -0.4 0.6 -0.8 0 0.3 -0.6 1.9 20 9.6
6 180 -0.1 0.9 -0.3 0.1 0.1 0.1 1.4 20 12.89
7 10 -1 -2 -0.1 -0.1 -0.2 0.3 2.1 20 8.57
8 10 2.4 0.4 -0.3 -0.6 -09 1.2 4.2 20 378
9 0 -1.6 -4.1 -3.4 0.3 -0.3 04 2.8 20 6.09
10 0 0.5 -3.7 -4.9 04 -0.1 34 7 19.1 1.19
11 0 1.4 -4.3 -8 0.5 -0.2 22 104 19.1 0.84
12 10 -1.4 -1.9 2.6 0.1 -0.5 -1.2 5 19.1 2.8
13 10 1.7 -0.5 4.8 -0.1 -0.6 0.2 54 19.1 254
14 0 260 -4.3 -4.8 0.2 -0.6 2.4 54 19.7 2.65
13 0 -0.4 -3.8 -4.8 0.3 -0.3 1.2 5.1 19.7 2.85
16 S50 0 23 -1.8 0] -1.6 -0.1 5.2 19.7 2.77
17 70 0 | -1.9 0 -1.1 0 37 19.7 4.37
18 90 0 0.4 2.3 0 -0.5 0 2.9 19.7 5.78
19 90 0 0.1 -2.3 0 0.2 0 2.4 19.7 7.12
20 105 0 -0.1 2.2 0 0.1 0 2.2 19.7 8.14
21 105 0 -0.2 -1.8 0 0.3 0 1.8 19.7 9.94
22 70 0 0.4 -0.8 0 09 0.1 2.1 19.7 8.41
23 20 0.2 -3 -2.7 0 -1 04 3.8 19.1 4.03
24 40 -0.1 0.8 -1.5 0 -1.5 0 37 19.1 4.14
25 60 -0.1 1.5 -1.2 0 -1.2 0 3.6 19.1 4.28
260 30 0.1 2 -1.5 0 -0.8 0 3.8 19.1 4.03
27 90 -0.1 2.3 -1.7 0 -0.4 0 4 19.1 3.74
28 90 -0.1 2.4 -1.6 0 0 0 4.1 19.1 3.7
29 80 0 2.5 -1.2 0 0.4 0 39 19.1 392
30 0 0.1 3.8 1.2 -0.4 0.2 0 4 19.1 3.74
R 40 -0.1 29 0.1 0 2 0 5 19.1 2.81
32 30 0.1 09 -0.8 0 0.9 0.2 2.6 20 6.72
33 80 -0.8 09 -0.3 -0.2 0.6 0.1 2.1 20 §.45
34 60 0 1.8 0.3 0.2 1.6 0 36 20 4.55
35 180 0.1 1.8 0 0.3 0 0.1 2 20 8§91
36 180 1.1 3.1 -0.5 0.3 0 0.5 38 20 4.27
37 10 -1 0.3 -0.1 0.2 0 0 1.1 20 17.94
38 0 -1.2 -0.7 -0.1 0 0 0.2 1.2 20 16.26
390 0 -1.2 -1 0 0 0.1 0 1.2 20 15.19
40 80 -1.3 -2 -3 0 0 -1 2.6 20 6.57
41 0 -1.8 -1 -5 -0.1 0.1 0.5 42 20 382
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Table 2.6.7.3-10

P + Py Stresses—1-Foot Bottom Corner-Drop, Bolt Preload, and Internal

Pressure
Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sy Sy S, Sxy Svz Sxz SI (ksi) (ksi) MS
1 180 -0.9 1.2 -1 0.1 0.1 -0.1 2.2 30 12.48
2 10 2.6 19 0.2 0.1 -0.1 0.1 2.4 30 11.36
3 0 1.9 2.4 4.6 0.1 -0.5 0.3 6.5 30 3.58

4 0 4.8 4.3 -8.1 -0.1 -0.7 0.9 43 30 6
5 180 22 2.1 0.4 0.4 0.2 0.5 45 30 5.66
6 120 45 2.9 -0.3 -0.3 0 0.1 4.8 30 5.2
7 150 22 1.3 0.5 -0.1 0 0.6 3.6 30 7.26
8 0 0.9 4.2 6.5 0.5 -0.1 2.9 9.4 30 2.18
9 0 3.3 -7 113 0.5 0.2 1.3 8.5 30 2.53
10 0 -0.5 45 -6.6 0.4 -0.1 3.4 9.2 28.7 2.13
1 0 4.6 2.8 5.9 0.6 0.2 3.1 12.3 28.7 1.34
12 0 -3 2.6 1.8 0.1 -0.5 22 6.6 28.7 3.35
3 10 2.6 2.2 3.3 0.1 0.6 -0.7 6.1 28.7 3.67
14 0 2.6 6.4 123 0.3 0.6 23 10.9 29.6 1.72
15 0 5.4 8.4 159 0.3 0.2 1.2 10.7 29.6 1.75
16 50 -0.1 3 -1.8 0 -2 -0.1 6.3 29.6 B67
17 60 0 2.8 -1 0 1.3 0 4.6 596 5.39
18 0 0 4.1 2.1 0.4 0 0 43 20.6 5.94
19 0 0 3.9 2.7 0.4 0 0 4.1 29.6 6.29
20 0 0 3.5 2. 0.4 0 0 3.6 29.6 716
21 0 0 2.5 2.3 -0.3 0 0 2.6 p9.6 10,45
22 30 0 0.9 0.1 0 1.3 0.1 2.8 29.6 9.66
23 0 0.4 3.9 6.2 0.4 0.2 0.4 5.9 28.7 3.83
24 40 0.2 1.2 1.7 -0.1 -1.9 0 49 2877 4389
23 60 -0.1 3.3 -0.6 0 1.4 0 4.8 28.7 5.01
26 0 -0.1 5.3 1.9 0.5 0 0 55 28.7 8.24
27 0 -0.1 6 2.7 0.6 0 0 6.2 28.7 3.60
28 0 0.1 6.2 3 0.6 0 0 6.4 287 8.48
29 0 0.1 2 2.9 0.6 0 0 6.3 8.7 3.52
30 0 0 6.2 2.1 -0.6 0.1 0 6.4 28.7 3.52
3 10 0.1 3 -1 0 3 0 7.3 28.7 2.94
32 60 0.1 1 1.6 0 1.3 0.1 3.6 30 7.29
33 70 1.9 0.1 2.4 0.6 | 0.4 3.7 30 7.21
34 50 0.1 1.6 0.3 0 2.1 0.1 1.6 30 5.54
35 70 0.3 0.5 -0.6 0 1.4 1.5 4.1 30 6.26
36 180 0.3 2.3 2 0.4 0 0.3 4.4 30 5.83
37 0 5.7 5.3 0.1 0 0 0 5.5 30 4.45
38 0 44 53 0.2 0 0 -0.2 5 30 4.94
39 0 3. 1.6 1.3 0 0 0.4 5.9 30 4.11
10 0 14 6.4 7.5 0.3 0 0.8 6.3 30 3.79
41 0 0.3 1 7.2 0 0 0.9 7.1 30 3.2
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Table 2.6.7.3-11 Pn+ Py, +Q Stressggrl -Foot Bottom Corner-Drop, Bolt Preload. Internal
Pressure, Thermal Hot

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy Sz Sxy Svz Sxz SI (ksi) (ksi) MS
| 0 -1.9 1.9 -1.2 -1 03 -0.4 4.5 60 12.29
2 180 25 29 -0.7 0 0 -0.1 3.6 60 15.87
3 0 0.4 -0.1 -8.4 -0.1 -0.9 0.5 9 60 5.69
4 0 6.3 -0.1 -5 0.2 -0.2 -0.3 11.4 60 4.25
5 20 -4 -9.2 -0.6 -14 -0.1 -0.5 9 60 5.66
6 50 -4.1 02 -0.6 -1.9 0 -0.1 57 60 9.46
7 40 -10.1 -5.9 -9.6 -2.6 2.5 -3 10 60 498
8 0 34 -0.5 -3.9 -0.2 -0.5 4.5 11.6 60 4.18
9 0 -0.8 -4.8 -12.6 0.3 -0.8 -1.4 12.3 60 3.88
10 0 8.3 2.6 l 0 -0.6 53 12.9 574 344
11 0 34 -0.5 -39 -0.2 -0.5 45 11.6 57.4 3.95
12 50 -5.5 -1 3 -0.9 -0.4 -0.6 8.8 574 5.5
13 40 4.4 34 7.9 2.2 -2.8 1.5 9 57.4 5.38
14 0 -0.6 -2.9 -14.1 0.2 -0.5 -1.6 139 59.1 3.25
15 0 -1.3 -4 -17.6 02 -0.2 0.8 16.3 59.1 2.62
16 0 -0.1 9.2 0.1 -0.9 0 0 9.5 59.1 5.25
17 0 -0.2 9.8 3.1 -1 -0.1 0 10.2 59.1 4.82
18 0 -0.2 9.8 4.5 -1 -0.1 0 10.2 59.1 4.8
19 0 -0.2 9.6 5.3 -1 -0.1 0 10 59.1 492
20 0 -0.2 9.4 59 -0.9 -0.1 0 9.8 59.1 5.06
21 0 -0.2 8.5 5.8 -0.8 -0.1 0 8.8 59.1 571
22 0 -0.1 5.7 4 -0.6 -0.1 -0.2 6 59.1 8.89
23 0 0.8 -5 -13 0.4 -0.1 0.1 2.2 57.4 3.69
24 0 -0.5 -4.5 -10.4 0.4 0.1 0 10 57. 4.76
25 0 -0.3 -6.4 -14.4 0.6 0 0 14 57.4 3.1
26 0 0.5 6.6 -15.1 0.6 -0.1 0 14.7 57.4 29
27 0 -0.3 -39 -14.5 0.6 -0.1 0 14.3 57.4 3.02
28 0 -0.3 -0 -14.2 0.6 0 0 13.9 574 3.12
29 0 -0.5 6.4 -14.1 0.6 0 0 13.6 574 3.21
30 0 -0.5 54 124 0.5 -0.1 0 11.9 574 3.81
31 0 -0.3 36 -7.9 0.2 -0.1 -0.2 7.6 574 6.56
32 50 -0.1 25 2.2 0 1.8 0.1 4.2 60 13.13
33 40 1.2 21 3.5 20 1.8 -0.3 6.1 60 8.89
34 0 -3 5 -8.9 -0.2 -0.6 -1.8 6.9 60 7.66
35 60 -0.1 l -3.9 0 1.6 0.7 7. 60 6.74
36 70 5 22 0.8 1 1.4 0.8 5.7 60 9.44
37 30 -7.8 -8.1 -0.1 -1.5 0 0 9.3 60 5.45
38 60 -7.9 -3.8 -0.2 -0.3 0 -0.1 7.7 60 6.73
39 0 -1.4 1.4 -1.7 -0.3 -0.3 -1.3 7.3 60 7.26
40 70 22 24 -8.5 0.9 0.3 -0.6 7.1 60 7.41
41 00 22 0.3 1.6 0 -1.1 -1.1 5.1 60 10.82
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Table 2.6.7.3-12 Pm + Py + Q Stresses—1-Foot Bottom Comer-Drop, Bolt Preload. Internal

Pressure, Thermal Cold

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sy Sz Sxy Syz Sxz ST (ksi) (ksi) MS
1 180 22 0.6 -1 0.3 0 -0.2 29 60 19.42
2 10 -3.4 -2.6 -0.3 -0.1 -0.1 0.2 3.1 60 18.13
3 0 5.5 -3 -11.7 -0.1 -1 -1 9.1 60 5.6
4 0 10.1 -1.9 -4.5 04 0.1 -1.3 14.9 60 3.04
5 10 -3.8 -6 -0.6 -0.4 -0.1 -0.4 5.5 60 9.95
6 135 -6.6 -3.1 -0.5 -0.3 0 0 6.1 60 8.87
7 180 2.5 2 -0.7 0.5 0 0.7 4.8 60 11.44
8 0 2.3 -35 -8.7 0.3 -0.4 6.1 16.4 60 2.66
9 0 -3.8 -7.8 -15.9 0.3 -0.1 1.9 12.7 60 3.73
10 0 23 -35 -8.7 0.3 -0.4 6.1 16.4 57.4 2.5
11 0 23 -35 -8.7 0.3 -0.4 6.1 16.4 57.4 2.5
12 2 -3.8 -1.7 3.1 -0.3 -0.5 -1.6 7.7 57.4 6.45
13 2 11.4 4.9 10.8 -1 -1.6 25 9.5 57.4 5.04
14 0 2.2 -5.8 -16.6 0.3 -0.6 24 15.2 59.1 29
15 0 -3.5 -7.9 2201 0.4 -0.3 1.3 18.8 59.1 2.14
16 0 -0.1 8.8 -0.7 -0.8 -0.1 0 9.6 39.1 5.19
17 0 -0.2 9.6 24 -1 -0.1 0 10 59.1 4.94
18 0 -0.2 9.8 4 -1 -0.1 0 10.1 59.1 4.83
19 0 -0.2 9.6 49 -1 -0.1 0 10 59.1 4.92
20 0 -0.2 93 535 -0.9 -0.1 0 9.7 59.1 5.09
21 0 -0.2 8.3 53 -0.8 -0.1 0 8.6 59.1 5.84
22 0 -0.1 5 34 0.3 -0.1 -0.2 52 59.1 10.32
23 0 -0.8 -7.3 -15.3 0.7 0 0.3 14.6 57.4 2.94
24 0 -0.5 -3.8 -11.6 0.4 0.1 0 11.1 57.4 4.16
25 0 0.3 -6.4 -16 0.6 0 0 15.6 57.4 2.68
26 0 -0.5 -6.7 -16.8 0.6 -0.1 0 16.4 574 2.51
27 0 2.8 6.4 94 -0.8 0 0 15.9 537.4 2.61
o8 0 27 6.6 -89 -0.8 -0.1 0 15.5 574 27
2 0 -0.6 -6.5 -15.6 0.6 0 0 15.1 57.4 28
3 0 -0.6 54 -13.7 0.5 -0.1 0 13.1 574 337
3l 0 -0.3 -3.1 -8.3 0.3 -0.2 -0.2 8 57.4 6.13
A2 410 -0.1 1.5 2.5 0 1.7 -0.1 39 60 1451
33 40 0.6 1.7 3 -1.7 1.5 -0.4 5.2 60 10.5
34 0 -3.9 -3.5 -10.5 -0.2 -0.6 201 8 60 6.52
35 0 0 -4 -6.9 0.3 0.2 0.5 7 60 7.56
30 80 6.1 2.6 2.4 0.6 0.8 0.7 4.7 60 11.72
37 30 7.7 7.9 -0.2 -0.9 0 0 8.5 60 6.04
38 180 -6.5 -7.3 -0.2 0 0 -0.1 7.1 60 7.49
39 0 -0.9 4.5 -1.3 -0.2 -03 -1 6.7 60 7.98
40 50 -1.9 27 -8.1 0.6 0.2 -0.6 6.7 60 8
41 50 -0.3 0.8 4.5 0 03 0.9 5.2 60 1051
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Table 2.6.7.3-13

Preload, Internal Pressure

| SI | Allowable | Margin of
Component | Section | Angle | ﬁ(ST)' Stress | (Tss”l‘) rSafgti
1 3 0 5.2 20 2.82
2 8 80 4.2 20 3.78
3 11 0 10.4 19.1 0.84
4 14 0 5.4 19.7 2.65
5 16 50 5.2 19.7 2.77
6 22 7 2.1 19.7 8.41
7 23 20 3.8 19.1 4.03
3 28 90 4.1 19.1 3.7
9 31 40 5 19.1 2.81
10 36 180 38 20 4.27
11 40 80 2.6 20 | 657
12 41 0 4.2 20 \ 3.82

Table 2.6.7.3-14

Preload, Internal Pressure

] "SI | Allowable ’ Margin of
Component  Section Angle h(Sl) Stress(kSI) 'Saféty
l 3 0 6.5 30 3.58
2 8 0 94 30 2.18
| 3 11 0 12.3 28.7 1.34
| 4 14 0 10.9 206 1.72
5 16 50 6.3 29.6 3.67
0 22 50 2.8 296 9.66
7 23 0 5.9 287 3.83
8 28 0 6.4 28.7 3.52
9 3] 40 73 287 2.94
| 10 34 50 16 30 | 554
11 40 ; 0 6.3 30 379
12 41 f 0 7.1 30 32

Critical Py, Stress Summary (ksi)—1-Foot Bottom Corner-Drop, Bolt

Critical Py, + Py Stress Summary (ksi)—1-Foot Bottom Comer-Drop. Bolt
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Table 2.6.7.3-15

Bolt Preload, Internal Pressure, Thermal Ec;}

SI Allowable | Margin of
Component| Section | Angle m Stress (ksi) rsgngy
1 4 0 11.4 60 ! 4.25
2 8 0 11.6 60 4.18
3 10 0 12.9 57.4 3.44
4 15 0 16.3 59.1 2.62
5 18 0 10.2 59.1 4.8
6 22 0 6 59.1 8.89
7 23 0 12.2 57.4 3.69
8 26 ; 0 14.7 57.4 2.9
9 31 \ 0 7.6 574 6.56
10 35 60 7.8 60 6.74
11 37 30 9.3 60 5.45
12 41 60 5.1 60 10.82

Table 2.6.7.3-16

Bolt Preload, Internal Pressure, Thermal Cold

SI | Allowable | Margin of
Component | Section Angle (l€s1) Stlw'e‘s-;(i(‘svl’) rSglfei:;
1 4 0 14.9 60 3.04
2 8 0 16.4 60 2.66
3 10 0 16.4 57.4 2.5
4 15 0 18.8 59.1 2.14
5 18 0 10.1 59.1 4.83
6 22 0 5.2 59.1 10.32
7 23 0 14.6 574 2.94
8 26 0 16.4 57.4 2.51
9 31 0 8 574 6.13
10 34 0 8 60 6.52
11 37 30 8.5 60 6.04
12 41 50 5.2 60 10.51

2.6-59
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2674 One-Foot Oblique Drop

One foot is not a sufficient height to rotate the cask to an oblique orientation following a drop.
Therefore. one-foot drops at oblique orientations are not considered as a credible event, and are

not included in these analyses.
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2.6.7.5 Impact Limiters

The Universal Transport Cask design includes removable upper and lower impact limiters to
ensure that the design impact loads on the cask are not exceeded for any of the defined impact
load conditions. These impact load conditions include the cask falling 1-ft or 30-ft and landing
(1) on its side so that both impact limiters are impacted simultaneously, (2) vertically on one
impact limiter at either end, or (c) obliquely (including C.G. over the comner) on one impact

limiter at either end.

The impact limiters decelerate the cask by applying a force in a direction opposite to the motion
of the cask. The deceleration force is generated by crushing the redwood and balsa wood
materials of the impact limiter between the cask and the unyielding surface. The energy absorbed
during crushing is net force, the vector sum of the cask weight (downward) and the deceleration
force (upward) multiplied by the distance crushed. The amount of energy an impact limiter can

absorb is calculated for various cask impact orientations, from vertical (0°) to horizontal (90°).
The impact limiter analysis is based on the assumptions that the cask impacts upon an unyielding
surface and that the impact limiter remains in position on the cask during all impact events (The

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

26751 Description of Impact Limiters

Each of the impact limiters on the Universal Transport Cask consists of 2 energy-absorbing
matenials: (1) redwood and (2) balsa wood. The wood is enclosed in a thin stainless steel shell
to maintain the wood orientation during an impact. Figures 2.6.7.5-1 and 2.6.7.5-2 show the
locations on the cask and the primary dimensions of the impact limiters. Figure 2.6.7.5-2 shows
the cross section of an impact limiter. The upper and lower impact limiters are configured
similarly. except that the upper limiter has pockets for the lifting trunnions and a larger inmdg
diameter. The lower (bottom)’ unpact limiter 1-ft end drop analysis conservatlvely mcludes the

e g e ey

effect of backmg afforded by the neutron shield shell_bottom plate.. This results in-a lafgj

backed area for_the lower impact limiter, even though the bottom énd. of the cask body.has. a

AR A e

_Consequently, there.is a ‘Thigher calculated d"g-load than ‘would

result from consxdcrmg only the diameter of the bottom end of the “cask: The, _approximate radius

smaller diameter than the top end.

used for the backed area of the bottom impact limiter is 46.2 inches.  The approximate radius.of
the backed area owf'theltop iiﬁpé&i 11m1ter18:436_1nches
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The outside diameter of the Universal Transport Cask upper and lower impact limiters is 124.0
in. and the height is 43.0 in. The overlap between the cask body and the impact limiters is 11.0
in. Sixteen retaining rods 1.0 in. diameter, attach each impact limiter to the end of the cask. The
attachments are described in detail in Section 2.6.7.5.7. The height of the redwood in the end
section of the impact limiter is 30.0 in. A ring of balsa wood forms part of the end section of the
impact limiter. The ring dimensions are inside diameter of 99.2 in., an outside diameter of
123.75 in., and a height 21.6 in. The bottom region of the impact limiter is a 1.5 in. thick layer of
balsa wood that absorbs most of the kinetic energy in a 1-ft end-drop impact and limits the
impact force for normal conditions of transport (1-ft drop). The low crush strength is necessary
because the impact area is considerably greater in a flat end impact than in any other drop
ortentation. The redwood and the balsa wood side ring absorb most of the energy in a comer

impact and all of the energy in a side impact.

The different segments and sections comprising each limiter are bonded to each other with

DAP-Weldwood resorcinol adhesive.,
For each of the impuct load conditions in this analysis, the impact limiters remain in position on
the cask und absorb the energy of the impact: thus. they limit the impact loads to the calculated

values presented in Tables 2.6.7.5-1 and 2.6.7.5-2 and summarized in Table 2.6.7.5-3.

26752 Load Conditions

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

l. I-ft drop of the cask impacting at any angle from vertical (flat end) to corner (cask

center of gravity directly above point of impact).

£

I-ft drop of the cask in a horizontal orientation (side impuct).
3. 30-ft drop of the cask in an end. side, corner. or oblique orientation.
On the basis of these loading conditions, the Universal Transport Cask impact limiters are

designed for the 30-ft cask drops but with consideration of the effect of a 1-ft vertical drop. The

maximum impact forces and the maximum crush depth for the 1-ft and 30-ft cask drops are
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obtained from the RBCUBED analyses of the impact limiters. RBCUBED ([33] is a proprietary

NAC computer program used to perform impact limiter analyses (Section 2.10.1.2).

26753 Tests of Impact Limiter Specimens

To adequately specify the redwood crush strength and density and their relationship to each
other, NAC International conducted compression tests of specimens taken from redwood
purchased from a commercial supplier for the fabrication of scale-model impact limiters. Sixty
parallel-to-the-grain-direction and 59 perpendicular-to-the-grain-direction specimens from
separate redwood boards (one specimen was accidentally destroyed) were tested. A density
versus crush strength (at 0.4 in/in strain) plot of the test data results was constructed for each of
the two crush directions. A strain value of 0.4 in/in was selected for use throughout this
evaluation of redwood crush strength because it is a representative location of significant strain

on the apparent plateau of the stress—strain curves for all of the redwood specimens.

On the basis of the density versus crush strength parallel-to-the-grain direction plot, 13
specimens with the highest densities and 2 specimens with the lowest densities were discarded
from the databuase because they showed a significant scatter in crush strength values and
inconsistent force-deflection plots, when compared with the specimens that were within the
density criteria.  An acceptable range of density for redwood, 23.5 + 3.5 Ib/ft’, was established
and only redwood with a density within this range is used in the Universal Transport Cask impact
limiters. For the remaining 43 parallel and 44 perpendicular-to-the-grain-direction “statistical”
specimens. the force and deflection test data were converted to stress—strain data by dividing the
measured force by the cross-sectional area of the specimen and the deflection by the length of the

specimen.

A “least squares” straight-line fit was calculated for each of the crush direction data sets to
establish the design relationship between density and crush strength. An average crush
stress—struin curve for the parallel-to-the-grain direction was calculated by summing and
averaging the test data values for the appropriate 45 statistical specimens. Similarly, an average
crush stress—strain curve for the perpendicular-to-the-grain direction was calculated for the
appropriate 44 statistical specimens. Figures 2.6.7.5-3 and 2.6.7.5-4 show the average, design
maximum, and design minimum crush stress-strain curves for redwood in the parallel and

perpendicular-to-the-grain directions. respectively.
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The cold (-40°F) crush stress-strain curve for redwood in the parallel-to-the-grain-direction was

conservatively obtained from the nominal room-temperature crush stress-strain curve by ratioing
the temperature effect shown in Figure 8§ of NUREG/CR-0322 [34]. The design maximum crush
stress-strain curve for redwood in the parallel-to-the-grain direction was determined by ratioing
the cold crush stress-strain curve by 1.10 to account for the positive fabrication tolerance on the
average crush strength of the redwood. Similarly, the design minimum crush stress-strain curve
(for redwood in the parallel-to-the-grain direction) was obtained by ratioing the nominal, room-
temperature crush stress-strain curve based on the +152°F temperature effect shown in Figure §

of NUREG/CR-0322 with a factor of 0.90 to account for the negative fabrication tolerance.

The design maximum and minimum crush stress-strain curves for redwood (in the parallel-to-
the-grain-direction) are used as the basis for the bounding impact limiter analvses in the
RBCUBED program. On the basis of Figure 9 of NUREG/CR-0322, a dynamic load factor of
1.058 is used for redwood. The design maximum and minimum crush stress-strain curves for
redwood are based on quasi-static test results but are used directly in the RBCUBED program as
dynamic crush stress-strain data. The 1.058 dynamic load factor is applied to the specified static

test data crush strength of the redwood used for the Universal Transport Cask impact limiters.

The average static crush stress = 10% is used in conjunction with the “least squares™ straight line
tor the data set to read oft the equivalent density limits. The average of the density limits is the

density value specified tor each 30-degree pie-shaped section of redwood in the impact limiters.

The curve for the crush strength in the perpendicular-to-the-grain direction (Figure 2.6.7.5-4) was
obtained from the compression tests of 44 specimens of redwood that were matched with the
specimens used for the parallel-to-the-grain direction compression tests (one perpendicular-to-
the-gruin-direction specimen was accidentally destroyed). The same procedure as outlined
previously was followed to establish the design maximum and minimum crush stress—strain
curves for redwood in the perpendicular-to-the-grain direction. These curves are also used as the

basis for the bounding impact limiter analyses.
On the basis of Figure 16 of JPL Technical Report No. 32-944 [35]. the average crush strength of

the balsa wood 1n the parallel-to-the-grain direction at room temperature is 1,550 psi for a density

of 10 Ib/ft’. The room temperature crush stress-strain curve for balsa wood (Figure 2.6.7.5-5) is
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determined on the basis of Figure 6 of JPL Technical Report No. 32-1295 {36] and the
NAC-STC Safety Analysis Report [37]. The -40°F cold and the +152°F hot crush stress—strain
curves are obtained by ratioing on the basis of Figure 15 of JPL Technical Report No. 32-944.

To account for crush strength fabrication tolerances, the -40°F cold case comparison stresses are
factored by 1.10 and the +152°F hot-case compression stresses are factored by 0.90. The
resulting design maximum and minimum crush stress—strain curves for balsa wood are also

presented in Figure 2.6.7.5-5.

The variation of crush strength of redwood and balsa wood as a function of the angle between the

impact direction and the grain direction of the wood is shown in Figure 2.6.7.5-6.

26.754 Specification for Universal Transport Cask Impact Limiters

The redwood material used for the Universal Transport Cask impact limiters must meet density,
crush strength (converted from the force-deflection curve) and moisture content specifications.

The density of any single redwood board shall be 23.5 + 3.5 Ib/ft’. The density of any 15° or 30°
pie-shaped section of redwood shall be 22.3 + 1.2 Ib/ft’. Each 15° pie-shaped section of
redwood in the side segment of the impact limiter shall have an average static crush strength
value (in the parallel-to-the-grain direction) of 5,898 + 620 psi at 0.4 in./in. strain and 70°F.

Each 30-degree, pie-shaped section of redwood in the end segment of the impact limiter shall
have an average crush strength value (in the perpendicular-to-the-grain direction), of 1,190 = 130
pst at 0.4 in./in. strain and 70°F. The dynamic load factor of 1.058 for redwood, previously
discussed. is included in the design specification of the redwood used in the Universal Transport
Cask impact himiters as a reduction in the density specified for any 15° or 30° pie-shaped section.
The moisture content of any single board shall be greater than 5% but less than 15%. The

average moisture content for the lot of redwood shall be less than 12%.

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

of balsa wood.
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26755 Method of Impact Limiter Analvsis

The primary areas of analytical evaluation required in an impact limiter analysis are (1) crush
depth, (2) maximum crush force, and (3) attachment to the cask. The crush depth and maximum
crush force are dependent on the crush strength of the crushable material, the area engaged 1n

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

Deceleration forces for the impact limiters are directly related to the area crushing and the crush
strength of the limiter materials. An end-drop impact illustrates the area engaged in crushing.
The cask and the unyielding surface are rigid and undeformable compared with the redwood and
balsa wood materials. The redwood and balsa wood materials are trapped in place between the

cask and the impacted surface over the end area of the cask.

The layer of balsa wood located in the end of the impact limiters is designed to absorb the
potential energy of the cask for a I-ft drop impact. The redwood. which has a higher crush
strength. structurally restrains or “backs™ the balsa wood which has the lower crush strength than
the redwood. The redwood absorbs the kinetic energy of the cask in a 30-ft drop impact. During
an end impact, a force imbalance occurs in the impact limiter between the layer of balsa wood at
the bottom end and the redwood during crushing. The balsa wood at the bottom will crush until
lock-up occurs. When lock-up occurs, the crush strength of the balsa wood increases and

exceeds that of the redwood and crushing then begins in the redwood beneath the cask.

The cask gains Kinetic energy while falling prior to contact of the impact limiter with the
unyielding surface (Section 2.6.7.5.6 describes the kinetic energy gain in more detail). Some
Kinetic energy is dissipated in crushing the balsa wood at the bottom of the impact limiter. The
remaining energy is absorbed by crushing the higher strength redwood between the cask and the

impacted surface. The cask backs the higher strength redwood.
A NAC proprietary computer program. RBCUBED [33], is used to analyze an impact limiter for
an impact event to determine the dynamics of the event, the forces generated during that event,

and the depth of crush. A detailed description of this program is provided in Section 2.10.1.2.

On the busis of results of previous eighth-scale compression tests of the impact limiters for the

NAC-STC cask. the measured quasi-static compression force in an end-impact orientation is

2.6-66



SAR - UMS® Universal Transport Cask April 1997
Docket No. 71-9270 Revision O

higher than the RBCUBED calculated values. This is a result of shearing across the grain of the
redwood. Shearing acts in a plane surrounding the shear area. In an end-impact crush, the plane
1s a thin ring with a diameter equal to the diameter of the cask. Because the crush force is
proportional to the backed area, the size of which depends on the square of the cask diameter,
shearing becomes a much less significant part of the maximum force for the full-scale impact

limiter.

The sequence of crushing and the backed area concept are initiated as the lower crush strength
balsa wood 1s crushed to stack height to the outer edge of the impact limiter. Higher crush
strength redwood beneath the cask in the backed region is then crushed. The redwood on the

“other side™ of the shear plane in the “unbacked” region is essentially uncrushed.

On the basis of previous evaluations for the NAC-STC cask impact limiters, the combination of
the accurate prediction of measured impact limiter crush forces and the visual evidence in the
sectioned eighth-scale impact limiter after the quasi-static test shows that only the backed area of

the redwood i1s crushed.

The cask orientation for a comer 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.  For the Universal Transport Cask, this angle can vary from 23.35° to 24°, depending

upon the cask configuration, 1.e., which canister (class of fuel) is being considered.

The RBCUBED computer program is run for various combinations of redwood and balsa wood
inimpact himiter designs until satisfactory results are obtained. Two runs are then made for each
impact orientation. One run 1s made using the cold maximum crush strength stress-strain values
of redwood and balsa wood plus 109 fabrication tolerance to determine the maximum impact
limiter crush force on the cask. A second run. using the hot minimum crush strength values of
redwood and balsa wood minus 10% fabrication tolerance, is also made to determine the

maximum crush depth of the impact limiter.
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26756 Impact Limiter Analysis

26.75.6.1 Potential Energy and Cask Drop Impact Motion

According to 10 CFR 71, analyses must show that a spent-fuel shipping cask is capable of
sustaining a normal condition 1-ft free drop. This normal condition could be followed by a
hypothetical accident 30-ft free drop. To preclude the possibility of a drop onto a previously
impacted limiter, the cask will not be used after drop until the impact limiters have been replaced

or repaired as necessary and an evaluation of the cask and contents has been completed.

To ensure that the center of gravity translates a minimum of 30 feet before an impact limiter
contacts the unyielding surface, the distance that the cask free falls is measured from the nearest
point on the cask (impact limiter) to the unyielding surface. Additionally, the cask is assumed to
seek a stable orientation on both impact limiters after contacting the unyielding surface. After an
end-drop. for example. the cask is assumed to tip over and reach a stable horizontal orientation.
When at rest horizontally on the unyielding surface (a datum surface), the cask is considered to

have zero potential energy.

Potential energy 1s calculated by multiplying the weight of the cask by the height of the center of
gravity of the cask above the datum surfuce. The design weight of the Universal Transport Cask.
contents. und impact limiters 1s 260,000 Ib. For these analvses, the center of gravity along the
longitudinal centerline of the cask is determined. The center of gravity is a datum point at which

all of the mass (weight) of the cask is considered to be located.

Translational Motion-Side Drop

Figure 2.6.7.5-7 shows the cask in the horizontal or side drop position. When released (in this
orientation) from 30 feet (360 in), the cask has 9.36 x 10" in.-1b of potential energy. As shown in
Figure 2.6.7.5-7. the cask translates in the vertical direction and impacts on an unyielding
surface. The deceleration forces created by crushing the impact limiters oppose the translational
motion of the cask. Impact limiter crushing continues until all of the potential encrgy of the cask
1s absorbed. thereby decelerating the cask to rest. Both impact limiters crush simultaneously in a

side drop: therefore. the cask is in a stable orientation following a side drop event.
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In a side drop, the cask experiences only translational motion in the vertical direction. If the
energy stored elastically in the impact limiter during deceleration is ignored, the dissipated
energy equals the initial potential energy of the cask. During the side drop, both impact limiters
are simultaneously engaﬂed in decelerating the cask; therefore, each impact limiter absorbs
one-half of the total cask energy (9.36 X 1012 = 4,68 X 10" in-1bs).

Translational and End-Rotational Motion - End Drop

Figure 2.6.7.5-8 shows the cask in the end-drop position. End drops are drop angles that range
between 0° (end-drop) and 23.35-24° (corner-drop) and characteristically show translational and
end-rotational motion. As in a side drop, a cask in the end-drop position translates through a
vertical distance of 30 feet and decelerates as a result of an impact on the unyielding surface.

Deceleration forces acting on the end of the cask are symmetric and uniform for a flat end-drop;
therefore, the cask remains vertical during deceleration and after the cask has come to rest. The
energy absorbed by one impact limiter, while decelerating the cask during an end impact, equals
the change in potential energy of the cask during the drop. The cask comes to rest in the vertical

position on the crushed impact limiter.

Translational and Rotational Maiidn—Oblique Drops

Figure 2.6.7.5-9 shows the cask in an oblique drop orientation Evdagggﬁggﬁhz¢cut$m12

the cask corresponds to the~ s_lde dr0p: : Ihq_7.53 dtope;_&hqgndedebyﬂ.thg§1§g¢0p for the’ NAC-:
UMS design.

TR I WM e T gy e

The. s]apdown effect is associated w1th free drop angles in_which the transport.cask assumes.a
near horizontal position (shallow “angle), - The leading end of the’ transport, cask.. _impagts: the
ground first followed by a translational_and rotational .motion. . The. transiational. motion..is 4

il Gt

consequence of the crushing of the limiter at “the leading end-. The  rotational Motion is A Tesult of

the moment of the > cask wexght acting at the cask CG about the ¢ leading end. d. 3 The'momentTes ,gl__

in an. angular acceleration and, therefore, an increasing angular,velocity a as. the frailing end.o
cask rotates towards the ground. -The trailing end of the cask has not impacted the £round during

TSRS T

this time and, therefore, does. ot contribute to the moment about the. 1€ading end Of. the cask 2 aSKAS

sy

a result, the. trailing end of the cask derives its Velocity from'two terms; the. translational velocity
it o Tcan; A CTIRES SRy T g

of the leading end of the cask - ‘with the addition of. the_casK’s.. instantaneous: s-angular rayelocity

(b iy
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factored by_the Jength of the cask:iThe slapdown effect1s.asse
of the trailing_end_of.the. cask... Depending, on th“g" Ometry. |
greater than. or. lesser than, the, leading’end initial impact veloci
the_angular_ rotation, - contribution .1s:Jess, tharn - the - veloo]

deceleration, the trailing end. velocity would be less than

1 veloc d be l , am; ac_Lmt_y.g.f_Qw Jeading
end. _Likewise, with the reverse condition_of .these 1wo, CORNBUNONS . the. teailing. end. mifial
R e T o IR e ST L O N Y i ¥ e o0 T TV YO S Y O T BT N
impact velocxty would bgla;ger_»tban the leading end impact velocity.:giving rise to_an increased
deceleration at_the trailing end_of. thé cask,’ “'which_is "commonly: associated with .the.slapdown
effect.

=

The ratio of cask length. (L)..to_radius.of - gyratione(rlLis .iden ~“agsth ) ortan!
geometrical pararneter affecting. slapdown_severity.]58].c1n the,‘abusg_r;ceg__‘_.fig_ggo1,1,_;.3_;a_.sl(mg;wg:5q

L/t less than two will not experience slapdown effects,

£ 3 O e S

Sl

During the time between initial unpact of the leading end.impact limiter and. mmmumum
the trailing 1rnpact limiter, the only forces acting on the. package. are the. crush forc AV

The crush force is normal to the i impact surface and acts.ve actsgertxcally__gp&g_,thrgg "the, poInL ol
rotation. The package wcx ghg,_ag_ts___dgvagywa:d.ﬂg_rgugbr the center of grayity!

TRANER e ey T

The radius of gyration (r) for the NAC-UMS transport package (loaded cask thh impact limiters
attached) is;

\/_ 6573><109 5
’760 000 SEed ok
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where

gromrani—

I = 6 5 3x109 lb-m the . Mass moment of inertia 2 about the pomt of rotati rotatlon

; 260 OOO lb the cask des1gn welght

L M A L I '-mnt.‘g

Thc overall length (L) of the packa

e ki rfz- s

EEPIWT N e

With the L/t ratio ‘being Jess than 2. in.the absence of foctional f forces. the shallow angie drop is
bounded by the side drop,
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conﬁguratmn w1th,,re§pect to theIJ ‘ratio.

observed. © The drop),lrnpact angles and correspondmggcgclerahonsjo&the ‘upper, and_lower

B

impact limiters are;

NAC-STC Quarter-Scale Model Drop Test Results
Limiter | Drop/impactangle | Maximum acceleration
Upper 563'"('&&’”&?3‘53 B350
mwg 90° (51de drop) 506’5
Upper 759 (oblique drop) 225g
Lower 75° (oblique drop) 200g

end accelerations for the cask, with, L/t = 2:for. the inelastic. Spring. m’éde :
drop acceleratxons However for]gli)zz} ’ﬁﬁqg"les less than 15° (w1th >

s . e

peak trailing end accelerations : “are predicted to exceed both the peak leading end and _side drop
accelerations. The report concludes that thxs “acceleration’ fﬂéfcasewfs“i)’robabbr due to fnct on, at

e e o

the trailing end durmg secondary impact;

Accelerometer data. “from’ the.: NAC-STC Eﬁa*u'ev H_ﬁ) “test ‘are._shown in . Figure 2.6.7.5-10 and

o e oy

Figure 2.6.7.5- 11_for _the_accelerometers. at, the_ 1 bottom _(leading _end):and’to J“Qrmhng end);
respectlvely Figure 2.6.7.5-10 (leading end. accelerometer) it indicates_that from initial impact, t =
O until t = 0. 02 sec,kthe leadlnwpact limiter_ expenences an_initial negative- acceleration

peakmg at apprommately —60g and_returning, to, zero.near. {=0.02 sec._ At this time the trailing

end impact_limiter (still not in'contact with the impact surface). experiences (as as - ShOWI 11 “Figure

2.6.7. 5 11)_a positive totational acceleration peaking at 16ss than.. 508 between't =002 and 1 =

0.045. The trailing end then 1mpacts and undergoes a sham negatlve acceleranon‘pe d

£225 g and returning t0.0 Qgalt=0.052 scq,_punng‘;hxs same time period \
and t = 0.05 sec) the leading end. acceleration peaks at. -approximately 65g and.returns to.0g a

I T SRR T

0.052. All significant’ ‘acceleration | excursions_of :both-the leading and-t traiing.. “impact:limiters
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have ended by:f = 0.06, sec. and_the .packaging. reaches. equilibrium. :

i e

position by.t = 0.10 sec!

that” the peak :; accéleratlo ns.measured . by..the.. Upper..and.. Jower,
51gmﬁcantly, indicating’ that_any angular acceleration

fnctxon is 1n51gmﬁcantly srnall Furthermore all peak acceleratl

O e A A

dr.op condmgn ‘(:2§Qg),.

26.7.5.64 RBCUBED Calculated Force-Deflection Plots

The computer program RBCUBED (see Sectlon 2 l

O O

contacts thc _unyl.el,dmg suxface ,(bqth.hml.terslg;,thhz:&sg.d‘e;dmpedgop)g

Figures 2.6.7.5-12 through 2.6.7.5 18 show the deceleration force as a function of crush depth,
calculated by using RBCUBED for the full-scale cask impact limiters. Each curve illustrates the
plus and minus tolerance energy absorption profile for either the upper or lower impact limits.
Quasi-static tests performed on eighth-scale models of NAC-STC impact limiters further
substantiate the RBCUBED calculated values.  For the oblique drops, only the 75° drop
orientations are shown (Figures 2.6.7.5—@2_1 and 2.6.7.5—ﬁ) since these orientations produce the

highest lateral deceleration component.
2.6.75.6.5 Results

Tables 2.6.7.5-1 and 2.6.7.5-2 present the results of the impact limiter design analvses for 1-ft
drops and 30-ft drops, respectively. The calculated g-loads in the tables are based on the cold
crush strength of -40°F plus 10% fabrication tolerance and on the hot crush strength at 152°F
minus the 10% fabrication tolerance of redwood and balsa wood (calculated impact limiter

temperature 1s [35°F). The weight of design basis cask 260,000 1b is used.
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The calculated (RBCUBED) force-deflection curves for the Universal Transport Cask impact
limiters for all drop orientations are shown in Figures 2.6.7.5-@ through 2.6.7.5-J8. 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., Eqax = 9.74 x 10" in.-Ib for the upper
impact limiter at minimum strength and Epi, = 9.65 x 10 in.-Ib for the upper impact limiter for
the maximum crush strength condition. The potential energy to be dissipated is the cask weight
(260.000 Ib) muluplied by the distance the cask drops (360 in. + 14.9 in. crush depth), 1.e.,
E, = (374.9)(260,000) = 9.74 x 10" in.-Ib.

The calculated and actual values compare within 0.41%, which indicates that the proper amount
of potential energy is dissipated in the RBCUBED analysis. Multiplying the total crush area (the
maximum area backed by the cask) by the crush strength of the impact limiters to determine the
reacting force provides another check. This hand-calculated value of the reaction force compares
within 3.0% of the RBCUBED calculated value for the lower impact limiter and within 1.65%
for the upper impact limiter. These results verify both the energy absorption and the reaction

force calculations of RBCUBED for the impact limiters.

With both impact limiters at their minimum allowable crush strength (maximum crush depth
case). clearance 1s maintained between the neutron shield and the unyielding surface for the 1-fi

and 30-1t side impacts.
An evaluation of the displacements obtained from the RBCUBED runs is as follows:

1. The RBCUBED run for the 30-ft side-drop drop assumes that the cask is a rigid element
and does not include the trunnions: therefore, the displacement from the 30-ft drop must

be analyzed. by referring to Figure 2.6.7.5-2, as follows:

The depth of crushable redwood around the side of the top of the cask is 18.68 in. The
height of the lifting trunnion is 4.88 in., so that a height of 13.72 in. of crushable redwood
outside of the hfting trunnions remains. The RBCUBED run for a 30-ft side-drop drop
calculates a crush depth of 10.8 in. for the maximum crush strength condition and 13.3 in.
for the minimum crush strength condition. For the maximum crush strength condition,
the compression ratio of the redwood at the trunnion location is 10.8/13.72 = 0.79, which

corresponds to a stress of 26.899 psi in the redwood. The compression ratio of the
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redwood away from the trunnion location is 10.8/18.68 = 0.518 in/in, which corresponds
to a crush stress of 9,582 psi. The increase in crush stress resulting from the presence of
the trunnion is therefore 26,899 - 9,582 = 17,317 psi. The area of the trunnion covered by
the impact limiter is 19.2 in°. The increase in the deceleration force resulting from the
presence of the trunnion is (19.2)(17,317) = 332,486 Ib. The total deceleration force at
the trunnion location increases from 1.32x 107 Ib to 1.35 x 107 Ib, thereby producing a

deceleration increase of 1.05 g (2.0%) from 50.95 g to 52 g.

For the minimum crush strength condition, the compression ratio of the redwood at the
trunnion location 1s 13.3/13.72 = 0.97, corresponding to a stress of 31,100 psi in the
redwood. The compression ratio of the redwood away from the trunnion location is
13.3/18.68 = 0.71, which corresponds to a stress of 12,960 psi in the redwood. The
increase in  deceleration force resulting from the presence of a trunnion is
(19.2)(31.110 - 12.960) = 348,288 Ib. The total deceleration force increases from
1.28x 10" Ibto 1.31 x 107 Ib, thereby producing a deceleration increase of 1.03 g (2.0%)
from 49.57 ¢ to 50.6 g. Thus, a side impact of the cask over a lifting trunnion has a

minimal effect on the deceleration force.

The 30-ft flat top-end-drop of the Universal Transport Cask produces a deformation of
I4.9 in. in the redwood for the minimum crush strength condition with a compression
ratio of 14.9/30 = 49.7%. This value corresponds to a stress of 2.085 psi in the redwood.
Stmilarly, the deformation of the redwood for the maximum crush strength condition is
I1.4in.. with a compression ratio of 11.4/30 = 38%. This value corresponds to 2,244 psi.
Both stress values are well below lock-up stresses, which start at a compression ratio of
69%%.

For a 30-ft corner-drop on the upper impact limiter, the maximum impact force occurs
with the crushable material at hot condition. For this condition, the crush distance is 31.1
in. The cask impact limiter depth in the 45-degree comer-impact orientation is 33.4 in.
The maximum compression ratio of the impact limiter is 31.1/33.4 = 93% for the upper
impact limiter for the minimum crush strength condition. Thus. balsa wood lock-up
occurs, but only 1n a very local region. The calculated average compression stress is
2.229 psi. Similarly, the crush depth for the maximum crush strength condition is 27.5

. (82%) with a calculated average compression stress of 1,939 psi.
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4. The cask analysis for these impact conditions is based on the maximum deceleration (g)
derived from the RBCUBED results. Because of the higher crush strength of the
redwood and balsa wood in the cold condition, the critical condition for maximum
deceleration for any 1-ft drop is for the maximum crush strength condition. No lock-up
occurs 1n the redwood and balsa wood for the minimum crush strength condition for a
1-ft drop. The critical deceleration condition for a bottom end impact is the maximum
crush strength (cold) condition; the critical deceleration condition for a top end impact is
also the maximum crush strength (cold) condition, where lock-up in the redwood occurs
because of the high compression ratio. The critical deceleration condition for the bottom
and top corner impacts is the minimum crush strength (hot) condition, in which local
lock-up in the redwood and balsa wood occurs. The critical deceleration condition for a

side-drop drop is the maximum crush strength (cold) condition.
The calculated g-load factors (deceleration values) determined by the RBCUBED analyses,
which correspond to the ‘60undin‘gi ya]u¢s forcrgghandﬂaccelerauon, are summarized in Table

26.7.5-3. Acceleration values using wood properties at 70°F are shown in Table 2.6.7.54:

2.6.7.5.7 Impact Limiter Attachment Analysis

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

1. The impact limiters must remain attached to the cask body during normal handling
and transport. Satisfaction of this criterion ensures that the limiters will be in a proper
position to perform their impact-limiting function in the event of a free drop (normal

or accident).

[

In a free drop (normal or accident), the limiter (or limiters) making initial contact with
the unyielding surface must remain in position on the cask for the full duration of the
initial impact. Satisfaction of this criterion ensures that the limiter(s) will be able to

properly perform the impact-limiting function.

[ S]

In 4 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

! ~J
‘?
-1
N
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in a proper position to perform its impact-limiting function in a subsequent secondary

impact following the initial impact.

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

2.6.7.5.7.1 Impact Limiter Attachment During Normal Handling and Transport

Attachment of the impact limiters to the cask body during normal handling and transport
operations is ensured by demonstrating that the attachment hardware does not yield under normal
handling and transport conditions. The worst-case loading associated with normal handling and
transport is a 7.5-g-load corresponding to the peak longitudinal shock loading expected as the
result of rail transport (as specified by the Field Manual of the AAR [31]).

The design load. P, on the attachment is P = (7.5)(8,846) = 66,345 b, where 5,846 1b is the &3

weight of each impact limiter.

Anilvsis of Retaining Rods

Sixteen 1.25-in. diameter retaining rods are equally spaced on a bolt circle diameter of SB Imn.
tor the upper hmiter and 71.0 in. for the lower limiter. The attachment geometry of the impact
rmiters 1s shown in Figure 2.6.7.5—19. The retaining rods are SA;Q&“GmfaE;B_S:S stainless steel
with a vield strength of 39.8 ksi and a design stress, intensity (Sm) of 13.0.ksi at 200°F (Table
2.3.5-3).

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

P = 66,345/16 = 51,147 Ib per retaining rod.

The retaining rod tensile area is 0.606 in” in the threaded region, resulling,in a {ensile Stress of.

S. =4,147/0.97 = 4,275 psi

Each retaining rod nut is, torqued 075" 4’5 ft-lbs, resultmg ina yreload of 2.560.1bs.4.] wé“e’fq‘zgg

the preload stre_s_w_@ 560_1b/0.969 in>. -)_g,ggg pwe total stress for the . longitudinal Shock
load of 7.5g is, thérefore. 4,275 +.2,642. = 6,920, psi. (6.9 Ksi). - For. the  relaimng rods: the
allowable stress is twice Sm, or 2 X.13.0.=26.0 ksi- The Margin of Safety(Mo) 18

ON

MS=(26/6,92)- 1 = +2.7
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Analvsis of Retainine Rod Anchorage

The nut of the retaining rod 1s bearing on a washer that has a diameter of 5.0 in. and a thickness
of 0.50 in. The washer is bearing on the bearing plate portion of the impact limiter shell, which

bears on the redwood material.

The load on each of the 16 retaining rods resulting from the normal transportation acceleration is
4,147-!:2,560=6,707 lb f_v The bearing area between the bearing plate and the redwood

matenal 1s:

P

A = (UH(5.07-3.0°)=12.57 in".
The bearing pressure is:
p =6,707/12.57 = 534 psi

The perpendicular-to-the-grain compressive stress in the redwood at é;i% strain is iﬁﬁ psi. The

margin of safety for compression of the redwood is
MS=(750/534) - 1 = +0.41.

The washer 1s made of Type 304 stainless steel and has a l.Sil—in.—diameter hole in the center. It

is analyzed by assuming that it is simply supported along a circle having a diameter equal to E;

s

the edge of the hole in the bearing plate (Pj 3.00 in.). The tot'a_l load of téﬁ@j Ib is distributed
along the edge of the nut, which has an average diameter of 3.:93§ in. From Roark, iﬁ:ﬁj&fl}j
Case 1a, [28], the stress on the washer is:

e

Smu.\ -
where:
4 = 1.50in. b = 0.655in.
t = 0.50in. v = 03l
n=09693in.  WE(6707/(2nx 0.9695)) = 1,101 ibin,
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The yield strength of Type 304 stainless steel is 25.0 ksi at 200°F. The margin of safety is
calculated MS = 25.0/244 - 1 = + 0,02.

The positive margins of safety show that the attachment of the impact limiters is adequate during

normal conditions of transport.

Evaluation of Impact Limiter Attachment for Vibration

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

attachment to become loose as a result of postulated vibration loading during transport.

267572 Response of Impacted Limiters During Initial Impact of Package with Ground

The second criterion applicable 1o the impact limiter attachments requires that the impact limiter
making initial contact with the unyielding surface must remain in position on the cask for the full
duration of the initial impact. To satisfy this criterion, the impact limiter(s) being crushed must
not separate from the cask, although the attachment hardware (mounting plate and bolts) may fail

during the impact event.

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

apphcable to the Universal Transport Cask.
Analytic evaluations are performed to further justify that the initially impacted Universal

Transport Cask impact limiter remains in position during an impact event and properly perform

its function. Results of evaluations indicate that the attachment hardware is not expected to fail
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significant resistance to the applied separatton moment exists as a result of a combination of
crushing of the limiter at the cask interface and also as a result of frictional resistance that exists
at the interface. This total resistance is calculated to be greater than the applied separation

moment.

26.7.5.7.3 Response of Secondary Impact Limiter During Initial Imp-act of Package

The final criterion to be satisfied is that for a free drop (normal or accident) involving an initial
impact on a single impact limiter. The limiter on the opposite end of the cask (secondary limiter)
must remain attached to the cask during the initial impact, thus ensuring that the secondary
limiter is in position to absorb the secondary impact. As discussed in Section 2.6.7.5.7.2, the
secondary limiter remains in position for the full duration of the secondary impact and performs
its impact-limiting function.  Attachment is ensured by demonstrating that the attachment

hardware (mounting plate and retaining rods) does not fail during the initial impact.

During a free drop of the cask (normal or accident) involving an initial impact on a single impact
limiter, i.c., flat end. center of gravity over corner, or any oblique drop, the ground exerts an
upward force on the impact limiter that strikes it. The impact limiter in turn exerts an upward
force on the cask body. thus decelerating the cask body. The cask body exerts an upward force
on the secondary impact limiter and decelerates 1t. This scenario is repeated during a rebound of
the whole package: the ground exerts an upward force on the impact limiter that strikes it; the
impact limiter that strikes the ground exerts an upward force on the cask body and the cask body
exerts an upward force on the secondary impact limiter. thereby accelerating the whole package
upwards. When the entire package is in the air, its components (the impact limiter, the cask
body. and the secondary impact limiter) move with the same acceleration and velocity: no other
force acts among them. Thus, it is evident that during a free-drop impact on the first impact
limiter, no separation force exists between the cask body and the second impact limiter. The
absence of separation forces ensures that the second impact limiter stays in position to absorb the

second impact.

Analysis of the impact limiter mounting plate and retaining rods demonstrates that the impact
limiter attachments provide significant resistance to any unspecified separation force on the
impact hmiter. This analysis provides further evidence that the secondary impact limiter will

stay attached to the cask body to absorb the second impact.
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Figure 2.6.7.5-1 Universal Transport Cask with Impact Limiters
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Figure 2.6.7.5-2 Cross Section of Lower Impact Limiter
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Figure 2.6.7.5-3 Crush Stress-Strain Curves for Redwood (Crush Strength Parallel to

Grain)
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Figure 2.6.7.5-4 Crush Stress-Strain Curves for Redwood (Crush Strength Perpendicular to
Grain)
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Figure

Crush Stress-Strain Curves for Balsa Wood (Crush Strength Parallel to
Grain)
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Figure 2.6.7.5-6

RELATIVE CRUSH STRENGTH (%)

Variation of Crush Strength of Redwood and Balsa Wood with Impact

Angle at 40 Percent Strain
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Figure 2.6.7.5-7 Cask Side-Drop Geometry
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Figure 2.6.7.5-8 Cask End-Drop Geometry
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Figure 2.6.7.5-9 Cask Oblique-Drop Geometry
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Figure 2.6.7.5-10 ‘Accelerometer Time > History at the . Bottom of the NAC-STC. "1/4-Scale Model
Cask_(75° Oblique Drop)
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Figure 2.6.7.5-11 Accelerometer Time History, at the:Lop of the NAC-S1C.1/4.Scale Model
Cask (75%.0blique Drop)
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Figure 2.6.7.5-12
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Figure 2.6.7.5-:1'}4 Force-Deformation Curve - Lower Impact Limiter (Bottom Oblique

Impact. 75 Degrees)
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Figure 2.6.7.5-15 Force-Deformation Curve - Upper Impact Limiter (Top End Impact, 0

Degrees)
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Figure 2.6.7.5—i% Force-Deformation Curve - Upper Impact Limiter (Top Corner Impact, 24
Degrees)
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Figure 2.6.7.5—&1 Force-Deformation Curve - Upper Impact Limiter (Top Oblique Impact.
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Figure 2.6.7.5- Impact Limiter Attachment Geometry
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Table 2.6.7.5-1 Summary of Results-Impact Limiter Analysis for 1-Foot Free Drop
Analysis Description Displacement Force Equivalent
(in.) (ib) g-Load Factor*
End Impact
Lower Impact Limiter 1.00 4.44 x 10° 17.10

{Max. Crush Strength)

Lower Impact Limiter 1.50 2.58 x 10° 9.93
(Min. Crush Strength)

Upper Impact Limiter 1.00 3.99 x 10° 15.36
(Max. Crush Strength)

Upper Impact Limiter 1.70 3.82x 10° 14.71
(Min. Crush Strength)

Corner Impact
Lower Impact Limiter 6.20 1.45 x 10° 5.59

(Max. Crush Strength)

Lower Impact Limiter 7.40 1.22x 10° 470
(Min. Crush Strength)

Upper Impact Limiter 7.50 1.31x 10° 5.06
(Max. Crush Strength)

Upper Impact Limiter 9.10 1.09 x 10° 4.19
(Min. Crush Strength)

* Equivalent g-load factor = force/260,000.
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Table 2.6.7.5-1 Summary of Results-Impact Limiter Analysis for 1-Foot Free Drop
(continued)
Analysis Description Displacement Force Equivalent
(in.) (Ib) g-Load Factor*

Side Impact
Lower Impact Limiter 1.2 4.18 x 10°7 16.07
(Max. Crush Strength)

Lower Impact Limiter 1.5 3.54x 10°7 12.90
(Min. Crush Strength)

Upper Impact Limiter 1.2 4.26x 10°"" 16.40
(Max. Crush Strength)

x 10°7 13.61

o
N
0

Upper Impact Limiter 1.4
(Min. Crush Strength)

"Equivalent g-load fuctor = force/260.000.

“Total force for hoth impact limiters.
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Table 2.6.7.5-2 Summary of Results-Impact Limiter Analysis for 30-Foot Free Drop
Analysis Description Displacement Force Equivalent
(in.) (Ib) g-Load Factor*
End Impact
Lower Impact Limiter 9.8 1.29 x 10 49.70

(Max. Crush Strength)

Lower Impact Limiter 13.1 9.96 x 10° 38.30
(Min. Crush Strength)

Upper Impact Limiter 11.4 1.21 x 10 46.75
(Max. Crush Strength)

Upper Impact Limiter 14.9 1.06 x 10’ 41.10
(Min. Crush Strength)

Corner Impact
Lower Impact Limiter 242 1.06 x 10’ 40.85

(Max. Crush Strength)

Lower Impact Limiter 28.0 1.13 x 10 43.60
(Min. Crush Strength)

Upper Impact Limiter 24.7 1.14 x 10 43.94
(Max. Crush Strength)

Upper Impact Limiter 28.1 1.25x 10 48.90
(Min. Crush Strength)

* Equivalent g-load factor = force/260.000.
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Table 2.6.7.5-2 Summary of Results—Impact Limiter Analysis for 30-Foot Free Drop
(continued)
Analysis Description Displacement Force Equivalent
(in.) (1b) g-Load Factor*

Oblique Impact (30°)
Lower Impact Limiter 252 9.24x10°
(Max. Crush Strength)

Lower Impact Limiter 29.2 9.95x10°
(Min. Crush Strength)

Upper Impact Limiter 264 9.79x10°
(Max. Crush Strength)

Upper Impact Limiter 30 1.06x10’
(Min. Crush Strength)

Side Impact
Lower Impact Limiter 11.2 1.28x 107
(Max. Crush Strength)

Lower Impact Limiter 14.0 1.19x 107"
(Min. Crush Strength)

Upper Impact Limiter 10.8 1.32x 1077
(Max. Crush Strength)

1.28x 1077

)
)

Upper Impact Limiter 1
(Min. Crush Strength)

'R
N
N

(%]
oo
(8]

37.6

41

493

45.87

50.95

49.57

"Equivalent ¢-load factor = force/260.000.

Total force for both impact limiters.
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Table 2.6.7.5-3

Summary of Cask Drop Equivalent g-Load Factors

Equivalent Load Factor®

1-Foot Drop 30-Foot Drop
Direction Total | Axial Componentb Lateral Component”
Lateral (Side) (90°) 16.4 52.0 0.0 52.0°
Longitudinal (End) (0°) 171. 49.7 | 497 0.0
Corner(23.35° - 24°) 5.6 489 | 44.8 19.5
Oblique (30°) c 410 | 35.6 20.6
Oblique (45°) c 344 243 243
Oblique (60°) c 31.9 | 16.0 27.6
Oblique (75°) c 287 | 7.4 277
Slapdown Based on |
Oblique (75°) c 54.9 } 0.0 549

Equivalent g-load factor = force/260.000 Ib.

b. Axial component = total x cos 6

Lateral component = total x sin 0
where 6 =23.35° 23.5°, 23.76°, 23.8°, 23.88°, 24, 30°, 45°, 60° or 75°.

c. Oblique orientations for 1-ft drop are not considered credible. Refer to Section 2.6.7.4.

d. Angles with highest g-loads.

e. Based on the addition of peak g-loads occurring at the trunnion.

Table 2.6.7.5-4

ribor A AT 51

o i i

Summary of Resuits of RBCUBED Impact Limiter Analysis.for 30-F00t DIop

Displacement | Equivalent
Condition (inch) g-Load Factor
End Impact
Upper Impact Limiter 4.7 46.3

Corner.Impaci

2

Side Impact

Lower Impact Limiter

Upper Impact Limiter

10

) Ioo
L) =
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26.7.6 Closure Analvsis

The Universal Transport Cask closure lid and the bolts are required to satisfy two criteria; (1)
calculated maximum stresses must be less than the allowable stress limit (the material vield
strength is conservatively selected), and (2) lid deformation or rotation at the O-rings must be
less than the elastic rebound of the O-rings. Using consistently conservative assumptions, the
NUREG/CR6007 [9] analysis of the cask closure system demonstrates that the cask closure
assembly satisfies the performance and structural integrity requirements of 10 CFR 71.71(c)(7)
for normal conditions of transport. The NUREG/CR-6007 analysis is summarized in the

following paragraphs.

NUREG/CR-6007 provides formulas for calculating bolt forces generated by all regulatory
(normal and hypothetical accident) transportation loading. Specifically, the report deals with the

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

To ensure positive closure, the cask has 48 bolts 2-8 UN-2A socket head cap screws fabricated
from SB-637, grade NO7718. Material properties are taken at 275°F for the cask. 2 cask_lid, closure
bolts, and cask wall. A maximum temperature gradient of 3°F through the_thickness of the cask

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

g e T ey

Accelerations are based on the impact limiter analysis for pormal condmonsjof [ transport.
Therefore, an acceleration of 20 g (l-foot/drop_) is taken to be the worst case. The 20 g load is
also used for the vibration case. A factor of 1.1 is used for the dynamic load. The following
calculations are a summary of the NUREG/CR-6007 evaluation based on the calculated preload
of 111,680 Ib/bolt.

The preload on the cask lid closure bolts considers the following fuc[orS' (1) an internal prcss‘ure
the lid. canister, basket, and fuel due to the 30-fl accident ggggg drop Condmons. Bascd on the
above considerations, 5.pgéloqc:lgof:‘lrl_l:,ﬁ_gg‘ﬁbgrlads%(ﬁ)ﬁ 1s conservatively selected for the cask lid
closure bolts. Annmmﬁm torque value éf:31:7_3_§ foot-pounds, develops a tensile preload force of
111,680 pounds/bolt based on the following relationship:
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T-F| L duit  (dFb)
2n 2cosd 4

where: = applied torque in inch-pounds

= bolt diameter = 2.0 in
=" bolt head diametér = 3.75 in. (at the bottom of the bolt head)

dm = mean diameter of threads = 1.9188 in

T
F = preload force in pounds
d
b

o = one-half the thread angle = 30°
u = coefficient of friction = 0.15

N = 8 threads per inch

L_= UN

680 pounds/bolf 33

Therefore, the minimum torque, T, required to develop. the preldad. of .1
determined as:

T = F(0.4017) + 12

T = 3,738 foot-pounds

I T Ty

An installation torque of 3 900 +100 foot-pounds 1s spe01ﬁed to_ensure_that the. Jminimum

..... Dlaf=at'

required torque of 3,739 foot-pounds is achieved.

Maximum stresses in the closure bolt result during the top-end go_rg_e:r drop (§§§° from axial
plane of cask) 'assum;n‘g‘ the closure bolts support the_ }‘dll"&”éi'gh? of the cask lid and_contenfs;
This is conservative since, “during a iop-end “drop, the cask lid is fully s supp_gg,t_ed ,bxz_mg_;mgacj

limiter; thus, the closure, t bolts do not carry any weight. For the following evaluation, only worst

case forces and stresses are reported.

> v e E

The tensile force per bolt Fal pbs. due to preload and thermal xs
Fap. = PL+Pun= 134,877 pounds

RN I s 2as] O A

where P ="111,680 pounds, preload

P .= 23,197 pounds resultingfrom thermal expansion
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The tensile force per bolt, Fi i, from all other credible [oads is:

Foa o=, Pot Pt Pyt Bz 59,573 pounds

where
6.549 |b. load resulting from internal pressure

AlE el B

48,662 |b. load due to 20 g fop-end corner impact.

P,_= . 3,695 pounds, Joad resulting from 20°% Vibration:

A N PO ST T

667p0§na§ load resulting from O-ring compression éi;jdgpgrgugg

Since Fa  is greater than F, , the tofal tensile bolt Joad, F, 1§ equal

F. .= 134,877 pounds

The shear load 1s

RS e e X m s ey ey

1P+ Py, + Pay T PL] = 37,242 pounds

wher

Lg%}

lid and upper forging

15.245 pounds. load resulting from internal pressure

i T T i s LR ST L e SN b T ST
-57,647 pounds, load resulting from témperature difference beiween, the, cask

Py_=..3,695 pounds, load resulting from 20 g side Vibration load

The bending moment is

o

B S o]

Ms = _-675 inch-pounds; due to thermal 16ad {ther 1oads do nof

contribute due’to cask lid design):
and the load resulting from torsion is
M, = 22,440 inch-pounds.
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These loads and moments translate into the following stresses:
The tensile stress in the bolt is:

12732F,

= 48.679 psi

d

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

12732F,

= 13.441psi

Where D = 1F8781;1,mmunum bolt diameter.
The bending stress is

O, =

10186 My ) 38 psi

where D = 1.878 in., minimum bolt diameter.
The stress resulting from torsion is

0 = 205M 049 psi

! 3

where D = 1.878 in., minimum bolt diameter.

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

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

Cune = . = 48,679 psi i< Su.= 94,350 psi.

Table 6.1 also requires that the average shear, which is comprised of the average direct shear (1)

be less than 0.6 Sy,. This is expressed as

S

Cuser = T =13,441psi < 0.6 S, = 56,610 psi.
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For the combined state of stress that includes tension plus shear, the squaresof.the computed

average tensile stress divided by the allowable tensile stress plus the squa.re of the av erage shear

el

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

[ 48,679\'}: L[ 13441 ]
94350 ) 150610,

=0.33<«<1.

For the combined state of stress that includes tensile, shear, and bending; the bolts must have a
maximum stress intensity less than 1.35 S, (when the minimum tensile strength is greater than

100.000 psi). Therefore, the maximum stress intensity is

. : TR proae
G, = \/[(od +o,) +4{t, +1) ] 78,989 psi < 1.35 Sy = 4_27372 psi.

; eilan il

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

2.6.7.6.1 Bolt Fatigue Evaluation

For the 2.00-inch closure bolts_the fatigue_life. of 944 cycles is obtained from. ASME. Code

»‘M‘)ﬂ R

Section III, Append1x I, Tablc_17.9_._‘~‘l_,‘lfﬁgure 194 [171:
The maximum stress, S, on thé éfziékt&ioks'il:ré bblfs 'i‘s;

S = 4.0F _4.00142, 691);12:66 053 psx | (206 0531251)
, A 277

ke s N e e e i S 5 i

where:

F=F +Fm—119494+23 197 = 142,691 1b

T y.nr«"“."'r,-.-~'>~f~~ B N M, ’"x """ﬂ

‘q ) LT *'
=1 19 494 1b (maxxmum preload force)

wEs

(L, dzu;; [@+bki;
P\ 2 20080 st

T = 4,000 ft-1b (maximum 1nitial torque, see Section 2.6.7.6)
Fp = 23, 197 lb (thcrmal load; see Section 2.6.7.¢

A =2 77 in2, the cross-section “of il the bolt
4. O - the stress reduction factor per NB-3232.3(c)
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—

The number. of cycles.(N)is ({171, Table 1.9.1):

where

e

the maximum nominal stress (206,053 Ks0) <2.78 =.254.7 ksi, and the Alternating Stess

(Sa).is:(206.053 = 0)(0.5) = 103.027 Ksi
Ni= 500 cycles
N; =.1000 cycles
S; = 143 ksi
S; = 100 ksi
2677 Neutron Shield Analysis

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

and fins are included in the analysis. The neutron shield geometry is shown in Figure 2.6.7.7-1.

2.6.7.7.1 End Plate 1-Foot End-Drop Analysis

The primary loading on the neutron shield shell and end plates is the weight of the NS-4-FR
neutron shielding material. The neutron shield is also evaluated for the impact loading of the

NS-4-FR during a 1-foot bottom-end-drop event.

p = dyL+dpt, = 11 psi

where:
d, = 0.0607 Ib/in’, the density of NS-4-FR
L = 178.56 in. height of NS-4-FR material
d, = 0.291 Ib/in?, density of Type 304 stainless steel

—

0.5 in, plate thickness
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The deceleration of the package during a 1-foot end-drop event is 20g. The impact load on the *

plate is calculated as PI = p(20) = 22:@ psl.

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

and bottom plate are:
S, = 66,000 psi
v = 22,500 psi
S;=1(0.5)S, = 11.250 psi

Allowable Stresses

The allowable stress intensity for normal condition loading 1s (Regulatory Guide 7.6):

Saiew = Axial + Bending = 1.5 S, = 30.000 psi,

Where Sy, 1s equal to 20.000 psi for Type 304 stainless steel.

Calculated Stresses

From Table 26, Case 1 [28]:
BPb*

S, =5 =12,028psi
=

where:
P =P, =220 psi
a= 1149 inch and b =4.5 inch
t=0.51inch
f=0.675

The margin of safety is:

M. 30000 T
12,028 T
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For the reaction in the welds, conservatively assuming all welds are quarter-inch fillets:

¥

Ef, - “(P)(b)(a) = (220)(4 5)(11. 49)
B T ~(2)(b+a) . (2)(4.5+11.49):

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

Py T aRe T
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Figure 2.6.7.7-1 Neutron Shield Geometry
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ln=11.491in
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A

\‘/’//6.03 in
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Neutron Shield Bottom Plate Attachment

t=0.5in b=4.5in

a=11.49in

Equivalent Flat Plate Simply Supported
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26772 Side-Drop Analvsis

This analysis assumes that the cask is subjected to a 1-foot side-drop event. The side-drop tmpact
force is limited by the upper and lower impact limiters. For this analysis, an impact force
equivalent to a 20-g side impact is used. The cask is stopped by the impact limiter before the
neutron shield contacts the impacted surface. Therefore, the impact force is distributed through
the cask body from the impact limiters. The impact deceleration force of the weight of the
neutron shiclding material is reacted by the neutron shield shell and fins, which transfer the load
to the cask body. The NS-4-FR neutron shielding material is assumed to act as an internal

pressure on the shell.

Because the structural function of the neutron shield shell and radial heat transfer fins is to
support the NS-4-FR radial neutron shield, ASME Code Section III, Subsection NF [19] is used
as the governing structural criterion for the evaluation of the welds connecting the radial heat

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

In addition to assuming the conservative load combination resulting from cold impact loads and
discontinuity thermal expansion between the NS-4-FR and radial fin from hot. steady-state
conditions. an additional 3-psi pressure is assumed to have been created from potential gas loss

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

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

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

Service Level B

I Pressure developed on the neutron shield shell from differential radial thermal expansion
of the NS-4-FR necutron shield is relative to the Type 304 stainless steel radial heat

transter fin. The thermal expansion is

Ty =t X LXAT) oy g — (@ X LXAT) 40
= (472 x 101 149)(75) = (879 x 107 ) 11.49)(75)

=0.033 n.
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to

where
Onsern = 4.72 x 107 in/in/°F, coefficient of thermal expansion at 158°F
Owss=  8.79 x 10°1n/in/°F, coefficient of thermal expansion at 200°F
L = Length of the section
AT = 150-75=75°F, average temperature differential
Considering differential thermal expansion and 3% initial compression of the HT800
expansion foam on the inside surface of the neutron shield shell, a compressive load
develops. The total compression is
Compression = 3% (0.125) + 0.033 = 0.037 in

The equivalent compression of the foam is

0.037
% Compression = 0037 x100=29.6% .
0.125

Interpolating  the manufacturer design information presented in Table 4.2-1. the

equivalent pressure load developed on the neutron shield shell is 12.1 psi.

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

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

Service Level C

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

(20 2).

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

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

where, from the dimensions provided in Fig. 2.6.7.7-1
M= [(4.510.0607) + (0.25)(0.291)] x 1 = .346 b, the mass of a 1 in” unit area,
A= 20 g. the acceleration during a side drop.

Service Level D

1. Service Level B loads plus dvnamic induced load from a postulated 30-foot side impact
(60 g). Considering the mass of the neutron shield shell and the NS-4-FR. the effective

pressure load becomes
P = (0.346)(60) = 20.8 psi.

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

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

represents loading applied to the radial heat transfer fin.

Case 1—Neutron Shield Shell Loading

Implementing the design criteria for noncontainment support structures presented in NF-3250.
normal operation load service level stress in the weld region connecting the neutron shield shell
to the radial heat transter fin is evaluated using a conservative simplification of the plate and

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

The maximum tension stress from Service Level B is:

s = O™ y7867 psi

(-
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2

w]

where m = EEN =186.1in.—1b
t = 025in

and  w = 12.1+3 =15.1psi
I = 12.161n.

Allowable stress limits defined in NF-3256.2 and Table NF-3522 (b)-1 for full penetration

groove welds define acceptable stress for this condition load as
S = 1.33x1.5x 17,200 =34,314 psi
Thus, the margin of safety is

34314
S = -

= [ =+92.
17,867

The maximum tension stress for Service Level C load is:

6m 4
S = —- 26.024 psi
02
12
where m = W—7 =271.1in.-1b
t = 025iIn
and W = 153+69 =220psi
| = 12.161n.
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Allowable membrane plus berfdmé stress limits defined in NF-3256.2 for Service Level C limits
1S
Sat = 15x1.5x17.200 = 38.700 psi

Thus, the margin of safety is

‘%
MS = 5 - Lo,
26.024

The maximum tension stress for Service Level D load 1s

s = O 31850psi

1

As directed by NE-3256.2 for Service Level D. qualification of the structure 1s based on ASME
Code Secuion III. Appendix F, [17] Paragraph F-1340, “Acceptance Criteria Using Plastic System

Analysis.”

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

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

moo= M2 a3 sinb
16

where W

151+ 20.8 =359 psi

12.16 inch
t = 0.25inch
Paragraph F-1340 defines the allowable primary membrane plus primary bending stress intensity

as the lesser of 1.5 (2.48) and 1.5 (0.7S,). Implementation of this criterion limits Service Level
D stress to 68.8 ksi.
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MS = -1=+1.16.

In addition to the evaluation of the maximum local bending stress in the weld region, shear stress

is evaluated as follows:

gl
Service W T2t Allowable MS
Level (psi) (ps1) Stress (psi)
B 15.10 367 1.33(4S,)=12,700 + Large
C 22.00 535 1.5 (.4S,)=14,000 + Large
D 36.10 878  0.42(S,) =28,900 + Large
where ] = 12.16
t = 0.25

Case 2—Heat Transfer Fin Loading

Following a similar method as used in the evaluation of the neutron shield shell, the heat transfer
fin 1s evaluated by using a uniformly loaded beam with a fixed end at the cask outer shell surface
and a simple support at the neutron shield shell. Because Level B load 1s developed from radial
thermal growth of the NS-4-FR and postulated off gas pressure, Service Level B does not load
the fin in the lateral direction. Tension stress developed in the fin from these radial loads is

70 psi. which 1s insignificant.

Lateral load from Service Level C produces the following stress:

where
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2 —8"?
| = ——9"128"61—().25:4.5 in.

t = 0.315in. (8§ mm)

From the preceding evaluation of the neutron shield shell, the service level C allowable is
38,925 pst. Therefore.

Lateral load for Service Level D produces the following stress:

s = M- g540psi
=
where m,. = W(r = 141.23 in.-1b
5}
wo= (0.0607)(11.49%60) = 41.851b

I = 45in

,_.
1l

0.3151n. (8§ mm).

Using the acceptance criteria for an elastic system analysis provided in the ASME Code Section
[ Appendix F. Paragraph F-1332.2, (1.5 x 1.2S, or 1.5 X.1.558m<1.5 X .78

MS = 45000—1 = 427
08540 F
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In addition to the evaluation of the maximum local bending stress in the weld region, shear stress

1s evaluated as follows:

s
Service w * 0y Allowable MS
Level (psi) (psi) Stress (psi)
C 13.95 6,126 14,400 + Large
D 41.85 377 28.900 + Large
where 1 = 45in.
t = 025m

Therefore, the heat transfer load path through the welds connecting the neutron shield skin to the
radial heat transfer fins is maintained for all transport package normal and accident condition

loads.

26758 Upper Ring/Outer Shell Intersection Analvsis

When the cask is lifted at the lifting trunnions bending stresses are induced in the upper ring and
outer shell intersection region of the cask body. These stresses are evaluated by means of a
closed-form ring solution (from [29]. pp. 390-393). The support provided by the bolted cask lid

1s conservatively neglected in this analysis.

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

F = Tifting force (not including weight of impact limiter)
_ 26()?.-()()0 — 130.000 1b

q = dead weight load per unit length

W = width of equivalent ring = 3.45in.

r = mean radius of the equivalent ring = 40.905 in.
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a = moment arm for the equivalent ring = 45.63 - 40.905 = 4.725 in.
On the basis of a total weight of 260,000 1b, q is calculated as:

q (M)(40.905)(2) = 260,000 = q = 1,011.6 Ibfin.

The moment and torque on the equivalent ring are given by

T sind
M = o S0 —qr‘[ I—EsinGJ
2 2
8 bl ’
T = 1, cos —qr'(6+£c050-£]
2 \ 2 2

where theta. 8. i1s measured from the trunnion (6 = 0) in plane perpendicular to the centerline of
the cask (0 €0 < [80).

T, = (F)a) =(130.000)(4.725) = 611,997 in-Ib.

Substituting for T,. q. and r.

; ;
M 306 x 107 sin® - 1.693x 10° 1—§-sine)
T

/

\ - B

T = 206x10%cos0+ 1693 x 10° e+§cose—§}.

The normal stress is treated as bending resulting from the moment acting over 4 cross section.

.
= M“;“’ = 000511 M

where h = 1844 1n

19
[@)
|
9
[}
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Wh'  345x1844°
212

I =

14 =1802.7 in*

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

N o , 3 N 4
1 = 3L {1+O.60952+0.886S{EJ —1.8023[E +o.91oa{9J }:o.onm
8ab- a a a a
where a = 2: 18:14 = 8.221n, length of longer side,

= g = 1.725 in, length of shorter side.

g
Il
1|

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

SI = 2\f%—+r: = 2(6528 x107)M* + (310x 10T .

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

safety is

MS = ;2(3)8(9) S = +0.06
where Sm = 20,000 psi

Saew = 1.5 S5 = 30.000 psi.
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Table 2.6.7.8-1 Resultant Stress Intensity Values in the Equivalent Ring
Angle " Moment Torque SI
(degrees) (in-1b) (in-1b) (psi)

0.0 -1.693(10)° 3.060(10)° 13,819

5.0 -1.435(10)° 4.425(10)° 17.219
10.0 -1.178(10)° 5.564(10)° 20,498
15.0 +9.255(10)° 6.482(10)° 23.310
20.0 -6.788(10)° 7.181(10)° 25,525
25.0 £4.398(10)° 7.669(10)° 27.098
30.0 £2.103(10)° 7.952(10)° 28.021
35.0 7.860(10)* 8.039(10)° 28.309
40.0 2.131(10)° 7.942(10)° 27,987
45.0 4.038(10)° 7.671(10) 27,093
50.0 5.786(10)° 7.242(10)° 25,671
55.0 7.361(10)° 6.667(10)° 23,775
60.0 8.751(10)° 5.962(10)° 21.466
65.0 9.945(10)° 5.145(10)° 18,817
70.0 1.094(10)° 4.232(10) 15917
75.0 1.171(10)° 3.243(10)° 12.892
80.0 1.227¢10)° 2.194(10)° 9952
85.0 1.261(10)° 1.107(10)° 7.531
90.0 1.272(10)° 0.0000 6.502

"' The Angle 1s measured from the centerline of the trunnion.
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268 Corner Drop

The Universal Transport Cask 1s composed of materials other than fiberboard or wood, and the
weight of the package exceeds 220 1b (100 kg). Therefore, according to 10 CFR 71.71(c)(8), this

test is not applicable to the Universal Transport Cask.

269 Compression

According to 10 CFR 71.71(c)(9). this test is not applicable to the Universal Transport Cask
because the package weight is greater than 11,000 Ib (5,000 kg).

2.6.10 Penetration

According to 10 CFR 71.71(c)(10), a penetration test involving a 13-lb (6-kg) penetration
cylinder dropped from a height of I m is required for evaluation of packages during normal
conditions of transport. However, Regulatory Guide 7.8 states that “the penetration test of 71.71
1s not considered by the NRC staff to have structural significance for large shipping casks (except
for unprotected valves and rupture disks) and will not be considered as a general requirement.”
Because the Universal Transport Cask has no unprotected valves or rupture disks that could be

affected by normal conditions of transport. a penetration test is not performed.
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2611 Fabrication Stresses

The process of manufacturing the Universal Transport Cask can introduce thermal stresses in the
inner and outer shells as a result of pouring molten lead between them. These thermal stresses
are evaluated in this section to provide assurance that the manufacturing process does not
adversely affect the normal operation of the cask or its ability to survive an accident. According
to Regulatory Position 7 of Regulatory Guide 7.6, any residual stresses in the containment vessel
shell resulting from inelastic strain associated with the secondary local bending stresses, which
arc due to the lead pour thermal gradient, must be considered in the total stress range for normal
and accident load conditions. Residual stresses in the containment vessel and the outer shell
induced by shrinkage of the lead shielding after the lead pouring operation are relieved early in

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

For the lead pour process, the initial temperature of the cask shells is controlled between 550°F
and 650°F, and the lead temperature before pouring is between 698°F and 790°F. The cask is
mitially heated. at a rate not to exceed 90°F/hour, by using heaters inside the inner shell and
heating rings around the outside of the outer shell. Heat-up is time-controlled consistent with
uniform increases in shell temperatures. The heating procedures ensure that the cask surface
temperature does not exceed 800°F during the molten lead pouring process. The shell
temperatures are measured by thermocouples attached to the shell surfaces. A portable
thermometer 1s also used to measure temperature at any location. To minimize the time that the
cask 1s at elevated temperatures, cask heating begins only after all preparations have been

completed.

The lead 1s poured after the cask reaches the specified temperatures. Molten lead is poured
continuously through a filling tube with its open end maintained under the lead surface. The
pouring time is Kept as short as possible. During pouring, the interior heaters and exterior

heating rings are continuously energized.

The cooling process consists of sequentially turning the exterior heating rings and interior heaters
off. starting from the lowest point. and of spraying the cask with water from the outside. A layer
of molten lead 1s maintained until the upper surface starts to solidify. This process allows the
molten lead to fill the open space below it created by the lead shrinkage as it cools. The basic
requirements and procedures for the Universal Transport Cask lead pour operations are described

n Section §.3.3.
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26.11.1 Lead Pour

2611.1.1 Cask Shell Geometry

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

Inner Shell
Inside Diameter (d,.+) =67.61 in.
Outside Diameter (dy..q) = 71.61 in.
Shell Thickness (t;) =21n.
Outer Shell
Inside Diameter (D;.5) =77.111n.
Outside Diameter (D,+) = 82.61 in.
Shell Thickness (Tq.2) =2.751n.
2611.1.2 Stresses Resulting from Lead Pour

The hydrostatic pressure produced by the column of lead is:
q =ph = 73.8 psi
where p=041 Ib/in (lead density)
h =180 in (maximum height of lead column)

For this analysis, it 1s assumed that the lead at a maximum temperature of 790°F. and the shell
initially at 650°F, reach an equilibrium temperature of 750°F. At 750°F, key shell geometric

dimensions are;

d,aq =d, 1+ @ AT) =72.09 in,
D . =D, (1 +a AT) =77.62 in.

s = Gyll+ @ AT) =201 in,
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where a =9.76 x 10° in/in/°F at 750°F (stainless steel)
AT =750-70 = 680°F.

The hydrostatic pressure of the molten lead subjects the inner shell to an external hydrostatic
pressure, and the outer shell to an internal hydrostatic pressure. The hvdrostatic pressure will
vary from a maximum of 73.8 psi at the bottom of the inner shell to 0 psi at the top of the lead

cvlinder.

Using Reference [28] Table 29, Case 6, the deformation at the bottom of the inner shell, VB, 18
found to be -1.955x10™ in.

The maximum circumferential membrane stress in the inner shell is:

= =22 = 1323 psi

where E = 24.4x10° psi at 750°F

R =72.09/2 =36.045 in.
This stress will exist only as long as the lead is molten and will produce no plastic deformation of
the nner shell. When the lead solidifies and begins to cool, it will shrink and exert a uniform

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

stainless steel.

2.6.11

=]

Cooldown

2.6.11.2.1 Hoop (Circumferential) Stresses

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

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

Using the coetficients of expansion for stainless steel and lead. the outer diameter of the steel
shell and the inner diameter of the lead cylinder (assuming 1t is free to shrink) can be determined
at 620°F (the melting point of lead) and at 70°F (normal conditions). Because the lead has a
higher coefficient of expansion than stainless steel, a shrinkage force will develop between the
steel shell outer surface and the lead inner surface. At 620°F, the outside diameter of the inner

shell, and the inside diameter of the lead as it begins to solidify is:
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=d g (14 @ AT) = 7161(1+ 956 X 107(620 - 70)} = 7198 in.

oshellg20 oshell 70

\Vhere doshe“f,'() = 7161 ln
e = 9.56 x 10%1n./in./ °F (at 620°F)

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

shrink to:
Grensng = uenao (1~ @ AT) = 7198(1 - 202 x 10(620 - 70)) = 7118 in.

where

iteagos = doshens2o = 71.98 in.
G = 20.2 X 10™ in./in./°F
The interference between the lead cylinder and the inner shell is (71.61-71.18)/2 = 0.215 in. To

fully accommodate this interference, the lead must be deformed 0.215 in.

For & =0.215 in., the maximum circumferential stress. Somax, 10 the inner shell is:

_ S (E) 138 o
Buax R - . pSl
where R=71.18/2=3561in.

E = Ejeaaro = 2.28x10° psi

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

circumferential stress, Sy, occur at x = 13.65 ft.

The maximum circumferential membrane stress in the inner shell is:
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S = E = —2533 psi
Omax R Dt p
where v = the radial deformation, -3.299x10™ in.

E = 28.3x10" psi

R =71.61/2=35.8051n.
Axial Stresses
Axial stresses also develop in the lead shell and inner shell during fabrication as a result of the
unequal shrinkage of the lead and steel shells. Assuming that the lead bonds to the inner shell

during the cooldown process after completion of lead pouring, the strain in the lead. when cooled
to 70°F, is:

I\’lilcdd = (:a]“d- (Xshcll)AT = 00060 lﬂ/ln
where Gy =202 x 10 in/in/°F

Gt = 9.56 x 10 in/in/°F
AT =620-70 = 550°F

Sicad = €E = 0.006 x 2.28x10° = 13,680 psi

The calculated stress 1s above the yield point of lead (ranging from 20 psi at 620°F to 640 psi at
70°F). The axial load placed on the steel inner shell by shrinkage of the lead is therefore limited

by the vield strength of lead. The maximum load 1s:
P.... = 640 x (38.56° - 35.805)m = 411,930 Ib.
The corresponding compression stress in the inner shell to maintain equilibrium is:

P ~ 411,930 |
S, =—= - — =-942 psi
A 7((35805)° -(33805)°)

This value 1s conservative because the yield strength of lead is very low at elevated temperatures

(305 psi at 200 F; 380 psi at 300°F), therefore, the creep rate is high. Also, complete bonding of



SAR - UMS® Universal Transport Cask May 2000
Docket No. 71-9270 Revision UMST-00A

the lead to the stainless steel inner shell is not expected to occur. Because it is based on the yield

strength of lead at 70°F, this case bounds all others to be considered for axial loading.

26.11.2.3 Effects of Temperature Differential During Cooldown

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

temperature differential on the stresses in the shells, a temperature differential of 100°F is used.

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

temperatures. Hence. the preceding analysis is conservative.

If the inner shell is hotter than the lead shell, an analysis is required. Assume the temperature of
the inner shell to be 170°F and that of the lead to be 70°F. The inner radius of the stress-free lead
shell at 70°F is 35.59 in.; the outer radius of the inner shell at 1 70°F is:

o =35.805[1 + (8.54 x 10°)(100)] = 35.836 in.

The interference between the mner shell and the lead is 35.836 - 35.59 = 0.246 in. To fully

accommodate this interference, the lead must undergo a deformation of 0.246 in.

For & =0.246 in., S=

where

R
E = 2.28x10’ psi (at 70°F)
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Using the same method as in the previous section, the radial deformation of the inner shell at x =

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

The maximum circumferential membrane stress in the inner shell is:

S yE  —3293x107*(278x10°) 2555 psi
DAc - = —2555
& max 35836 P

The axial stress in the inner shell also increases when the inner shell 1s 100°F hotter than the lead
shell. As shown previously, the axial load on the inner shell is limited by the yield strength of

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

Temperature differentials between the inner and outer shells are of no consequence, because the
axial restraint between them is welded in place after cooldown, when the cask is at a uniform
ambient temperature. Welding of the outer shell and the bottom inner forging to the bottom

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

26.11.3 Lead Creep

As discussed in Section 2.6.11, cooling of the lead shell and inner shell introduces acceptably
low hoop and axial stresses in the inner shell. Because lead demonstrates a signiticant creep rate
at both room uand elevated temperatures, these small stresses will be relieved early in the life of

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

to Lead Pouring

X Hoop stress, 5, (psi) Radial Deflection, y
(ft) (in.)
0.00 -247.1 -0.00031
015 22471 -0.00031
0.30 -247.1 -0.00031
0.45 -247.1 -0.00031
0.60 -247.1 -0.00031
0.75 -247.1 -0.00031
090 -247.1 -0.00031
1.05 -247 1 -0.00031
1.20 -247.1 -0.00031
1.35 -247.1 -0.00031
1.50 2471 -0.00031
1.65 -247.1 -0.00031
180 2471 -0.00031
1.95 -2471 -0.00031
210 22471 -0.00031
225 2471 -0.00031
240 22471 -0.00031
235 2471 -0.00031
270 2471 -0.00031
285 22471 -0.00031
2.00 2471 -0.00031
315 2471 -0.00031
330 2471 -0.00031
345 2471 -0.00031
360 22471 -0.00031
375 22471 -0.00031
390 2471 -0.00031
405 22471 -0.00031
420 22471 -0.00031
435 2471 -0.00031
450 2471 -0.00031
4.65 2471 -0.00031
480 22471 -0.00031
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Table 2.6.11.2-1 Stress Analysis Results for Uniform Pressure Loading of Inner Shell Due

to Lead Pouring (Continued)

X Hoop stress, o; (psi) Radial Deflection, v
(ft) (in.)
495 2471 -0.00031
5.10 -247.1 -0.00031
525 -247.1 -0.00031
540 -247 1 -0.00031
5.58 2471 -0.00031
370 -247.1 -0.00031
585 -247.1 -0.00031
6.00 224711 -0.00031
6.13 2471 -0.00031
6.30 2471 -0.00031
643 -247.1 -0.00031
6 60 -247.1 -0.00031
675 -247.1 -0.00031
s 22471 -0.00031
705 -247.1 -0.00031
720 -247.1 -0.00031
733 REEN -0 00031
7.50 2471 -0.00031
708 2471 -0.00031
7.80 -247.1 -0.00031
798 2471 -0.00031
810 24701 -0.00031
8.25 2471 000031
840 22471 -0.00031
8.55 22471 -0.00031
8.70 224701 -0 (60031
N85 -247.1 -0 00031
9.00 2471 -0.00031
9.15 2471 -0 00031
9.30 -247.1 -0 00031
9 43 -24701 -0.00031
9 6l 2471 -0.00031
975 24701 -0.00031
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Table 2.6.11.2-1 Stress Analysis Results for Uniform Pressure Loading of Inner Shell Due
to Lead Pouring (Continued)

X Hoop stress, 6, (psi) Radial Deflection, y
(ft) (in.)
9.90 22471 -0.00031
10.03 2471 -0.00031
1020 2471 -0.00031
10.35 -247.1 -0.00031
10.50 2471 -0.00031
10.65 -247.1 -0.00031
10.80 2471 -0.00031
10.95 -246.9 -0.00031
1110 22469 -0.00031
11.25 -246.9 -0.00031
11.40 -246.9 -0.00031
11.55 -246.9 -0.00031
11.70 -246.7 -0.00031
1185 -246.7 -0.00031
1200 -246.7 -0.00031
12,15 -2467 -0.00031
1230 2469 -0.00031
1245 22471 -0.00031
12.60 22476 -0.00031
1275 -248.2 -0.00031
1290 22491 -0.00032
13.05 250 4 -0.00032
13.20 -251.7 -0.00032
13.35 -253.2 -0.00032
13.50 2545 -0.00032
13.63 -255.3 -0.00032
13 80 -255.1 -0.00032
1295 2532 -0.00032
14.10 -248.6 -0.00031
14.25 -240.7 -0.0003
14.40 -2279 -0.00029
14.55 -209.9 -0.00027
14.70 -185.9 -0.00024
1485 -156.5 -0.0002
15.00 -1235 -0.00016
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2612 PWR Transportable Storage Canister Analvsis - Normal Conditions of Transpont

In this section, the Transportable Storage Canister assembly containing PWR fuel 1s evaluated for
the normal conditions of transport. The principal components of the canister assembly are the
canister, the fuel basket assembly, the shield lid, and the structural lid. The canister and the

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

Spacers are used to properly locate the canisters containing Class 1 and 2 PWR fuel in the cask
cavity. The analysis of the spacers is presented in Section 2.6.16. The geometries and materials

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

2.6.12.1 Analvsis Description

The Trunsportable Storage Canister contains and confines the spent fuel in the fuel basket. The
canister is the defined confinement boundary for its contents during transport and storage
operations, but the canister 1s not considered to provide containment during transport operation:
the Universal Transport Cask provides the containment boundary for transport. The canister in
the transfer cask serves as the handling component for its basket and contents during loading,

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

Three canisters of varying lengths are designed to accommodate the three classes of PWR fuel.
The design parameters of the canisters are provided in Table 1.2-3. For this analysis, the canister

1s modeled with the heaviest fuel (Class 2).

The structural design criteria for the canister is from the ASME Code Section 111, Subsection NB.
Consistent with this criterion, the structural components of the canister are shown to satisfy the
allowable stress limits presented in Tables 2.1.2-2 and 2.1.2-3 as applicable. The allowable
stresses used in this analysis are based on a temperature of 380°F for all locations 1n the canister,
unless otherwise indicated. These allowables are conservative for all sections in the canister with

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

For the canister structural lid weld (Section 13, Figure 2.6.12.3°1), base metal properties are used
to define the allowable stress limifs since the weld filler rod fensile properties are preater than the

base metal. Also, the allowable stress is multiplied by a stress reduction factor of 0.8 per ISG4
[49].
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Figure 2.6.12-1 PWR Transportable Storage Canister
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Figure 2.6.12-2 PWR Transportable Storage Canister Shell and Lids
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The maximum temperature in the canister shell central region is 399°F as determined in the
thermal analysis presented in Section 3.4.2. This increase in temperature reduces the allowable
Sw for Type 304L stainless steel from 16.0 ksi to 15.8 ksi. A review of the margins of safety for
all cases evaluated indicates that the minimum margin for Sections 5 or 6 is 4.3 for the side-drop
with pressure (Table 2.6.12.6-3). Using the allowable stress based on a temperature of 399°F
reduces this minimum margin of safety to 4.23. Because this change in margin of safety is small,
the increased peak temperature in the center of the canister has a negligible impact on the

presented minimum margins.

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

are presented in Section 2.6.12.4.

26122 Finite Element Model Description - PWR Canister

To evaluate the PWR Transportable Storage Canister for normal conditions of transport, ANSYS
1s used to construct and analyze a finite element model of the canister and its contents. The
contents modeled consist of the fuel basket support disks and weldments. The fuel assemblies,
fuel tubes. aluminum heat transfer disks, tie-rods, and related hardware are not explicitly
modeled but rather are accounted for by applying pressure loads to the support disk slots as

appropriate.

The finite element model of the canister is constructed by using ANSYS solid (SOLID45)
elements. The model represents a one-half (180°) section of the canister and fuel basket. The
basket support disks are modeled with three-dimensional shell (SHELL63) elements. The model
uses gap-spring elements to simulate contact between adjacent components. Interaction between
the basket and canister 1s accomplished by using three-dimensional gap elements (CONTACS52)
along the periphery of the support disks. Contact between the canister and the cask inner shell is
also modeled by using CONTACS2 gap elements. Contact between the canister structural lid
and shield lid 1s modeled by using COMBIN40 combination elements in the axial degree of

freedom. Simulation of the backing ring is accomplished by using a ring of COMBIN40 spring
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gap elements connecting the shield lid and the canister in the axial direction at the lid lower
outside radius. In addition, CONTACS2 elements are used to model interaction between the
structural lid and canister shell and the shield lid and canister shell just below the respective lid
weld joints. The size of the CONTACS?2 gaps are determined from the nominal dimensions of
contacting components. The COMBIN40 elements used between the structural and shield lids
and for the backing ring are assigned small gap sizes of 1(10)* in. All gap-spring elements are
assigned a stiffness of 1(10 ") Ib/in. Table 2.6.12.2-1 lists the element types assigned to specific

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

Boundary conditions are applied to enforce symmetry at the cut boundary of the model. All
nodes on the cask shell side of the canister-to-cask gap elements are fixed in all degrees of
freedom. In addition. the axial and in-plane rotational degrees of freedom of the basket nodes are
fixed.

Figure 2.6.12.2-1 1s a plot of the entire canister finite element model including the support disks.
An isolated view of the canister shield and structural lids portion of the model is presented in
Figure 2.6.12.2-2, and an enlarged view of the model in the structural lid and shield lid weld
regions is shown in Figure 2.6.12.2-3. The canister bottom plate portion of the model is shown

in Figure 2.6.12.2-4,

The loading for the normal operating condition is based on I-ft drops in conjunction with the
internal pressure loading (1o the canister). Drop orientations considered are the top and bottom
end. side, and top and bottom corner-drops. In the end-drop orientation, the fuel contents load is
transferred to the canister end and directly to the transport cask end through the Cavity spacer.
This corresponds to 4 compressive stress in the canister ends that is present in the finite element
model. The canister shell is designed to be flush with the top surface of the strucfural lid with the
worse case tolerance stack-up. . This ensures that the content weight will bétransferred through
the lids to the transport cask during a top end or top_comer drop condition, For the side-drop
condition. the loads from the canister contents weight are transferred through the support disks
nto the canister wall, which is backed by the cask inner shell. Because the canister wall and the
inner shell have different radii, a gap exists between the two surfaces. This gap results in the
load passing only through regions in which the canister shell deflects to contact the inner shell.
This load pattern is reflected in the side-drop analysis. For the corner-drop orientation, both the

end-and side-load reactions with the cask inner shell are present.
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The Eé&lgj contents weight includes 37,080 Ib for all fuel assemblies (24 Class | PWR fuel
assemblies), the fuel tube weight (3,417 1b), the aluminum heat transfer disk weight (1,946 1b),
the disk spacer weight (1,879 Ib), and the tie rod and nut And washer weights (783 + 94 Ib). The
weight of the support disks and weldments is accounted for by their being physically modeled.

The. "PWR Class 1. cgﬁﬁémanon Tesults in. the. = largest. load - per ‘support’ disk; Jhe modeled

e R

camster length 1s)173r 75 1nches

For the side and “corner-drops, the, welghts of the fuel “assemblies Weics aluminum hea .heat gz fransfer

disks (Wi disks), fuel tubes (W), i 10ds (W oae)..nuts/washers (W) 2 and Spacers.(Womas
are included in the model by applying a pressure 10ad (Fuo) {0 the SI0t.openings.of the modeled

support/weldment disks. This pressure load is calculated according 10 the T01IGWing equAtion:

Ko w pemgan s o s e e cpen sy, -"-?- ‘m""“'** ]

f‘?ﬂff__-i:;__Wﬁ;l‘ﬁr;ww;+W AW +W +W

E x
NG X W XN g

where,
Nqos. . = number of Ef&'BBéTning‘s 'in‘each support/weldment disk.
Wsot . = width of each slof opening in each. “support/weldment disk:

Naisks. = . number of support/weldment disks, and

g .= _theassociated g-loading for the drop height of interest;
For basket onentatlons other than 0°, the components, ¢ of .this resulting 1 pressure. oz ad_are applied
g, :ddmonallyl_for the comer-drogs _the_component. resulting
from accountm g for the droi:w a’ngieﬂ'ls'used as.the pressureklvo«ad on the disk'slot opem“t_bg
PWR canister drop analyses w1t_l_1~“25§k slet openmgs, a, slot opening width_ of 9. 272 inches,“and g

total of 34 support/weldment_disks (32 ‘support disks and 2 weldment disks), the resulting base
pressure load used is:

-,r-r~

=
' 37,080+1,946+ 341757837 944 1,879" %_g_s 974)<g

L 2AX92Tx3A

For the end drop“s awnm’f’e'ﬁ“n"ﬁ?e‘éfsure ‘representing, the, total weight of . the fuel.and nd Tuel.bas basket

ed 1o the_ canister shield Tid (o T0p-end-drop)_or Ganisier. Botom. plate-(for
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bottom end—drop)‘ .. For.the comer-drops,. the_component,
accounting for the, e drop_angle 1s applied to the appropriate elements:

e e L

Changes  were. made_to  the. fueLm fgel baske - weight

ana]yggs were performed... €S . !
Ib. The total weight of the fuel and.fuel. Easket anal € : :
Ib._The revised calculations _;csult n.an @d?asggf f i’an@@gl__zys_k ,_v_v_ ngt ofiesg_ﬂ_l_m

therefore, the modgled “Con 1g

increase of less than 1% and would also not sufﬁmcntlyma_ffect t gg;sults -pres cnted d“from_tk mcse

PO

analyses.

The operational conditions also contain loads developed from the temperature distribution in the
canister. These are included in the canister model analyses. The thermal analyses are described

in Section 3.4.

The canister 1s analyzed for basket orientations of 0° and 45°. The angles describe the
orientation of the basket elements with respect to the symmetry plane of the model. A value of
0% orients the ligaments in the basket elements parallel and perpendicular to the symmetry plane:
a value of 45° orients the basket ligaments at +/- 45° from the symmetry plane. To accurately
predict the canister response to impact, both orientations are run for the side. top-over-center-of-
gravity. and bottom-over-center-of-gravity drop orientations. Top-end and bottom-end drops
with varying basket orientations are not required since the basket disks are not included in these
runs (their presence 1s accounted for by using applied pressure loads to the inner surface of the

top or bottom).
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Figure 2.6.12.2-1 PWR Canister Assembly Finite Element Model
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Figure 2.6.12.2-3 Structural and Shield Lid Weld Regions Finite Element Mesh
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Figure 2.6.12.2-4 Canister Bottom Plate Finite Element Mesh
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Table 2.6.12.2-1 Gap and Element Type Definition - Canister Model

Component
Axial Gaps from Canister Bottom Plate to Cask Shell (CONTACS2)
Radial Gaps from Canister Side to Cask Shell (CONTACS2)

Axial Gaps from Structural Lid Top to Cask Shell (CONTACS2)
Axial Gaps Between Structural and Shield Lid (COMBIN40)
Radial Gaps Between Shield Lid and Canister Inner Surface (CONTAC40)
Radial Gaps Between Shield Lid and Canister Inner Radius (CONTACS52)
Axial Gaps Between Shield Lid and Canister Wall to Simulate Backing
Ring (COMBIN40)

Radial Gaps Between Basket and Canister Inner Surface (CONTACS2)

Table 2.6.12.2-2 Matenal Definition - Canister Model

Component Material
Canister Shell and Structural Lid | 304L Stainless Steel; ASME SA240
Top and Bottom Weldments 304 Stainless Steel: ASME SA240
Shield Lid 304 Stainless Steel: ASME SA240
Support disk 17-4 PH, ASME SA693 Type 630

Stainless Steel
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26123 Thermal Expansion and Thermal Stresses Evaluation of Canister for PWR Fuel

A thermal stress evaluation performed by using ANSYS determines the differential thermal
expansion and the assoctated thermal stresses that result from a heat load of 20 kW. In assessing

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

Condition Ambient Temperature Solar Insolance Applied 20 kW Fuel Load
to Cask Surface
1 100°F Yes Yes
2 -40°F No Yes
3 -40°F No No

The temperatures employed in the thermal stress analysis are obtained by applying temperatures
at 36 key locations on the canister shell and ends as thermal boundary conditions to the thermal
cquivalent model of the structural canister model. These temperatures are taken from the thermal
evaluation described in Section 3.4, The structural finite element model described in Section
2.6.12.2 is used in this analysis. The equivalent thermal model is obtained by changing the
structural element (SOLID45, which has three global displacements for degrees of freedom) to a
SOLID70, which has temperature degrees of freedom at the individual nodes. The temperature-
dependent thermal conductivity for the canister material is emploved in the thermal conduction
analysis. The temperatures generated in this analysis are used in the thermal stress analysis to
evaluate the properties at temperature, as well as the stresses resulting from thermal expansion.
Using this method. two separate cases: (Conditions 1 and 2) are evaluated: a hot case (100°F
ambient with solar heat load and maximum decay heat) and a cold case (-40°F ambient and
maximum decay heat). Condition 3 is not evaluated because the entire assembly would be at

-40°F for the condiuons described.

According to the ASME Code. Section III, Subsection NB, the allowable stress criteria are based
on the evaluation of linearized stresses across critical cross sections through the canister wall.
For the evaluation of the thermal stresses. the criteria for the stresses is based on peak stresses.
The stress values taken from the analyses are the nodal stresses at the surface. The sections used
in this evaluation are shown in Figure 2.6.12.3-1. Sections are evaluated every 9 around the

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

for each of the locations shown in Figure 2.6.12.3-1.

For Condition 1 or 2, the canister is hotter than the cask body and will undergo more thermal
expansion than the cask body. To conservatively determine the minimum gap between the
canister and the cask body resulting from thermal expansion, only expansion of the canister is
considered. The canister is considered to be at 399°F (maximum shell temperature for thermal
heat condition) and the cask inner shell temperature is assumed to be 70°F. Using the outer
diameter of the canister of 67.06 in. and the coefficient of expansion for Type 304L stainless
steel of 9.19 (10)° at 400°F, the canister inner shell gap is reduced by (9.19 (10)°)(67.06
in.}(329°F) = 0.203 in. Because the nominal diametrical canister-inner shell gap is 67.61-67.06 =

0.55 in., the canister shell does not bind with the inner shell as a result of thermal expansion.

The maximum canister shell temperature is 399°F. This temperature is conservative to use for
the axial expansion since a temperature gradient exists along the length of the canisters (i.e., the
canister 1s cooler on the ends). The thermal expansion coefficient of _TW 304L stainless steel at
400°F is 9.19 (10)° in/in-°F. The longest canister configuration is PWR Class 3 with a length of

191.95 in. The increase in length of the canister is then

I =1loa AT

Al'=191.95 (9.19 (10)* in/in-°F) (399 - 70) = 0.58 in.
The canister length increases to 191.95 + 0.58 = 192.53 in.
The minimum cask shell temperature is conservatively assumed to be 150°F (the peak inner shell
temperature 1s 367.7°F; the upper forging minimum temperature is 237.5°F). The thermal
expansion coefficient of Type 304 stainless steel at 70°F is conservatively used since the
expansion coefficient increases with temperature 8.46 (10)° in/in-°F. The cask cavity nominal

length 1s 192.51n. The increase in length of the cask cavity is then

Al'=192.5 (8.46 (10)* in/in-°F) (150 - 70) = 0.13 in.
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The cask cavity length increases to 192.5 + 0.13 = 192.63 in. The resulting axial gap is 192.63 -
192,53 = 0.1 in. Therefore, the canister and cask will expand axially and not bind during normal

transport conditions.
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Figure 2.6.12.3-1 Identification of Sections for Evaluating Linearized Stresses in Canister (in)
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7 32905 131.35 33.53 131.35
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9 32905 170.25 33.53 170.25
10 32905 170.78 33.52 170.75
Il 32905 172.87 33.52 172.87
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5 16 0.1 170.75 0.1 173758
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Table 2.6.12.3-1 PWRCagELE:r Linearized Q Stresses - Thermal Only (Hot 1)
£ Q Stresses (ksi) & K
Angle of E §
Section |Peak Stress SI
Location| Location | Sx | Sy Sz Sxy | Svz | Sxz | (ksi)
1 180 02 (oL 21 01| 0 |-01] 22 b E
2 9 03 |-1.21 07 {01 0 |o02 1.9 i E
3 9 01 | -1.1] 09 | -01] 0 |02 1.9 E 3
4 0 0 | -02] 01 0 0 0 0.3 B B
5 0 0 |-08 07 | 0 |-02] 0 1.5 k E
6 0 0 [06] 03] 0 Jo1] o 0.9 b [
7 0 0 |-06| 0.1 0 0 0 0.6 b
8 90 | 1.6 0 0 0 0 1.6 E E
9 162 Ol |-1.6] 05 ]-01| 0 |02 1.7 K i
10 90 03 | L7 ] 021021 0 0 1.9 L g
11 81 05 |-t 02 ] -0 ] -01 | -0.1 1.6 B b
12 162 03] 06| -01]-017101 |-02 1.1 £ g
13 81 0401 -07] 0 |-01] 0 0.8 E B
14 0 8.1 | -14| 79 | 08 | 0.8 | 0.5 7.3 L g
15 180 04 ] 0 [ -01 ] -08] 0 | 17 3.8 £ k
16 180 021 0 0.1 | 07| 0 |-1.2 2.7 g B
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Table 2.6.12.3-2 Linearized Stresses - Thermal Only (Cold 2)

E Q Stresses (ksi) E
Angle of E E
Section | peak stress Sl
Location| location Sx | Sy | Sz | Sxy | Syz Sxz {(ksi)

1 180 02 01|24 -01]| 0 0.2 2.4 E B
2 9 03 [-1.2]09 ] -01] 0 0.2 2.1 E §
3 9 01 |-1.1] 1 | -0.1 0 0.2 2.1 g i
4 0 0 |-03]01] 0 0 0.4 E ]
5 0 0 |-09]08] 0 | -02 0 1.7 g k
6 0 0 [07{04] 0 | 01 0 1.1 k E
7 0 0O |07/01] 0 0 0 0.8 E B
8 90 11 1.8 0 0 0 0 1.8 g E
9 162 0.1 |-16]|-05|-01] 0 0.2 1.7 B 13
10 90 04 | 2 |-02]-02] 0 0 2.2 g k
11 81 0.6 |-1.5] 02| -01 ] -01 1| -0.1 1.8 i i
12 162 03106 (-01]-01] 02] 02 1.1 i k
13 81 05101]-08] 0 | -01 0 0.9 4
14 0 9.1 [-1.7]-881 07 | 09 | 05 E B
13 180 04 1 0 |-01]-07] 0 1.5 i g
16 180 021 0 o1 ]-06] 0 -1 2.4 g E
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26.12.4 Stress Evaluation of PWR Canister for 1-Foot End-Drop Load Condition

A structural analysis performed by using ANSYS evaluates the effect of a 1-ft end-drop impact
for both the bottom and top-end orientations of the PWR canister. The ASME Code, Section III,
Subsection NB requires that stresses arising from operational loads be assessed on the basis of
the primary loads. The primary loads for the 1-ft drop result from the deceleration of the canister
and 1ts contents and the 25-psig pressure load internal to the canister. The applied deceleration is
20 g for both orientations. The inertial load of the canister is addressed by the deceleration factor
applied to the canister density. The weight of the contents is represented by a pressure load on
the inner end surface of the canister. Displacement constraints are applied to the plane of
symmetry and the gap elements attached at the canister end to represent the top or bottom of the

transport cask.

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

with and without the pressure load are analyzed.

The locations of the linearized stresses are shown in Figure 2.6.12.3-1. The summary for P, and
P, + Py stresses due to the internal pressure of 25 psig are summarized in Table 2.6.12.4-2 and
2.6.12.4-3, respectively.  Results from the end-drops are summarized in Tables 2.6.12.4-4
through 2.6.12.4-7 for the conditions that produce the minimum margin of safety. Table
2.6.12.4-1 provides a summary of critical section stresses for the top and bottom end-drop

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

MS = (allowable stress/SI) -1.
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Table 2.6.12.4-1

Drop Load Condition

PWR Canister Critical Sections for the Pressure Only and 1-Foot End-

Critical Minimum Margin
Condition Stress Section Table of Safety
Pressure (only) | 2 2.6.12.4-2 +3.32
Pressure (only) Pw + Py 3 2.6.12.4-3 +0.71
Top-End Drop Pn 2 2.6.12.4-4 +4.04
Inertia
Top-End Drop Pn+ Py 3 2.6.12.4-5 + 1.1
Inertia
Bottom-End Pn 4 2.6.12.4-6 +4.33
Drop + Pressure
Bottom-End Pm + Py 2 2.6.12.4-7 +5.71
Drop + Pressure
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Table 2.6.12.4-2 PWR Canister P, Stresses - Internal Pressure
P, Stresses (ksi)
Angle of
Section [Peak Stress SI Allowable | Margin

Location| Location | Sx Sy Sz Sxy | Syvz | Sxz (ksi) Stress (ksi) | of Safety
1 0 02 | 24 1 -0.3 0 0.1 24 16 5.75
2 0 16 | -16| -2 -0.3 0 -0.2 3.7 16 3.32
3 0 0.3 0 2.7 0.3 0 0.2 33 16 3.83
4 0 0 0.6 1.3 0 0 0.1 1.3 16 10.98
5 0 0 0.6 | 1.3 0 0 0.1 1.3 16 11.02
6 0 0 0.6 1 1.3 0 0 0.1 1.3 16 11.02
7 0 0 0.6 1.3 0 0 0.1 1.3 16 11.02
8 0 0 0.6 0.7 0 0 0.1 0.7 16 22.64
9 180 0 051 03 -0.1 0 0 0.5 16 33.63
10 180 0310371 02 0.1 0 0 0.6 16 2571
11 0 03 |-01] 02 0 0 0 0.4 16 37.08
12 0 0.1 | -0.4 0 -0.1 0 0 0.5 16 33.99
13 9 0o [03] 02 0 0 0 0.3 12.8* 41.67
14 90 02 |-02] 02 -0.1 0.2 0 0.6 16 23.81
15 90 0 0 0 0 0 0 0 16 1025.99
16 0 0 I 0 | 0 0 0 0 0 16 365.18

* Allowable stress includes a stress reduction factor. for weld: 0,8 x allowable stress;

Note: All of the allowable stress values presented in this table are based on SA240, ’ff);pté 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-3 PWR Canister P, + P, Stresses - Internal Pressure
P.. + P, Stresses (ksi)
Angle of

Section |Peak Stress SI Allowable | Margin of

Location| Location | Sx Sy | Sz | Sxy | Syz Sxz (ksi) Stress (ksi) | Safety
1 0 [9 | 59| 02 0 0 -0.1 5.7 24 3.24
2 0 0.8 |-11.2] -5.1 | -0.8 0 -0.4 12.2 24 0.97
3 0 0.7 |-13.3] -6.5| 0.1 0 -0.5 14 24 0.71
4 0 0 0.6 | 13 0 0 0.1 1.4 24 16.74
5 0 0 07113 0 0 0.1 1.4 24 16.73
6 0 0 07 1] 1.3 0 0 0.1 1.4 24 16.73
7 0 0 0.6 | 1.3 0 0 0.1 1.4 24 16.73
8 180 0 0.7 | 0.7 0 0 -0.1 0.7 24 31.59
9 180 01 109 051! -0.1 0 0 0.9 24 26.24
10 180 0.1 | 141 06 0 0 -0.1 1.5 24 14.58
11 0 02 | -1 | -011 0.1 0 0 1.2 24 19.74
2 0 04 1-08]|-01] -02 0 0 0.7 24 34.13
13 180 4] 0l 0o 01 0 0 0.4 19.2* 47.00
14 90 76 |02 7.6 | -0.1 0.2 0 7.8 24 2.06
15 90 -0.6 0 -0.6 0 0 0 0.6 24 40.86
16 81 0.3 0 0.3 0 0 0 0.3 24 74.05

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

Note: All of the allowable stress values presented in this table are based on SA240, ;'r§pé' 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-4

PWR Canister Py, Stresses - 1-Foot Top End-Drop

P, Stresses (ksi)

Angle of

Section {Peak Stress S1 Allowable | Margin of

Location| Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi)| Safety
1 0 011 -2 1-07 03 0 1.9 16 7.31
2 0 1312 1.8 0.3 0 2 3.2 16 4.04
3 0 -0.3 0 251 02 0 2 3 16 4.38
4 144 0 07 0 0 0 0 0.7 16 20.58
5 153 0 091 0 0 0 0 0.9 16 16.18
6 162 0 -1.1 0 0 0 0 [.1 16 13.28
7 180 0 -1.31 0 0 0 0 1.3 16 11.21
8 180 0 -1.2 0 0 0 0 1.3 16 11.57
9 180 0 |-09|-02 0 0 0 1 16 15.82
10 144 0.1 [-09] -0.1 0 0 0.1 0.9 16 17.09
11 135 0.1 1-09] -0.1 0 0 0.1 0.9 16 17.3
12 144 0 1-071-0.1 0 0 0 0.7 16 21.43
13 180 0 -0.7 | -0.1 0 0 0 0.7 12.8% 17.29
14 90 -0.2 0 1021 0.1 -0.1 0 0.4 16 44.06
15 144 0 0341 0 0 0 0 0.4 16 44.54
16 0 0 041 0 0 0 0 0.4 16 40.07

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

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

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

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.



SAR - UMS® Universal Transport Cask May 2000
Docket No. 71-9270 Revision UMST-00A

Table 2.6.12.4-5 PWR Canister P, + Py, Stresses - 1-Foot Top End-Drop

P. + P, Stresses (ksi)
Angle of

Section |Peak Stress SI Allowable | Margin of

Location| Location | Sx Sy Sz Sxy | Syz | Sxz (ksi) Stress (ksi) Safety
1 0 -4 47 101 0 0 0.1 4.8 24 3.99
2 0 -0.6 9 43 0.7 0 0.4 9.8 24 1.45
3 0 -0.5] 108 | 5.6 0 0 0.5 11.4 24 1.1
4 162 0 -0.8 0 0 0 0 0.8 24 30.8
5 162 0 -0.9 0 0 0 0 0.9 24 24.77
6 144 0 -1.1 0 0 0 0 1.1 24 20,42
7 171 0 -1.3 0 0 0 0 1.3 24 17.3
8 180 017 -1.2 0 -0.1 0 0 1.3 24 17.37
9 45 0.1 -1.1 | -0.1 0 0 0.1 1.1 24 21.59
10 180 0 -1 -0.2 0 0 0 | 24 22.45
11 135 -0.1 -1 0.1 0 0 0.1 1 24 23.42
12 180 0 -0.7 | -0.1 | -0.1 0 0 0.7 24 3L.5
13 180 0 | -08 | -0.1 0 0 0 0.7 19.2% 26.43
14 90 6.8 0.1 | -6.8 | 0.t -0.1 0 6.7 24 2.57
15 81 011 -03 | 0.1 0 0.4 24 55.49
16 0 0 -0.4 0 0 0.4 24 59.08

* Allowable stress includes a stress reduction factor for weld; 0.8 x allowable stress.
Note: All of the allowable stress values presented in this table are based on SA240, Type 304L stainless

steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in the central
portion of the canister shell reach 399°F—resulting in slightly lower allowable stress values and
subsequently slightly lower margins of safety for sections 5 and 6 than those presented in the table.

However. this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-6 PWR Canister Py, Stresses - 1-Foot Bottom End-Drop. Internal Pressure

P, Stresses (ksi)
Angle of
Section |Peak Stress SI Allowable Margin
Location| Location | Sx Sy Sz | Sxy | Syz | Sxz (ksi) Stress (ksi) | of Safety
l 180 0 061 0 |01 0 0 0.6 16 244
2 180 03 [ -19]1-03 01| 0 0 2.2 16 6.24
3 180 01 ]1-191-037-01) 0 0 2 16 7.08
4 180 0 -1.7 1 1.3 0 0 | -0.1 3 16 4.33
5 180 0 L5113 0 0 | -0.1 2.8 16 4.69
6 180 0 1.3 13 0 0 | -0.1 2.6 16 5.11
7 180 0 -1 ] 1.3 0 0 ] -0.1 2.4 16 5.58
8 180 0 -0.7 | 0.7 0 0 -0.1 1.4 16 10.31
9 18 0.1} -05]1-041-01] 0 | -0.1 0.4 16 36.52
10 180 04 1 -03]1-02-01] 0 0 0.7 16 21.21
1 0 05 01 02100 0 0 0.6 16 27.29
12 99 -0.1 0.5 0.1 0 |-0.1 0 0.6 16 27.09
13 0 0 05 1-031 0 0 0 0.4 12.8* 31.00
14 0 0.1 | -04 1 0.1 0 0 0 0.4 16 34,57
15 108 0 0 0 0 0 0 0.1 16 302.05
16 0 0 0 0 0 0 0 0.1 16 2860.36

* Allowable stress includes a stress reduction factor for weld: 0.8 X allowable stress,

Note: All of the allowable stress values presented in this table are based on SA240, :TyEE 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However. this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-7 PWR Canister Py, + Py, Stresses - 1 Foot Bottom End-Drop, Internal
Pressure
P.. + P, Stresses (ksi)
Angle of
Section |Peak Stress Si Allowable | Margin
Location| Location | Sx | Sy Sz |Sxy| Syz | Sxz (ksi) Stress (ksi) |of Safety
1 180 02 |-04] 01 |01 0 0 0.7 24 34.19
2 180 02 |-34| -07 | 0.1 0 0.1 3.6 24 5.71
3 180 01 |-33) 06 |-0.1 0 0 33 24 6.16
4 0 0 |-17| 13 0 0 0.1 3 24 6.95
5 0 1.5 1.3 0 0 0.1 2.8 24 7.5
4] 0 O [-1.3] 13 0 0 0.1 2.6 24 8.11
7 0 0O |-1.1] 13 0 0 0.1 24 24 8.82
8 27 02 |-09] 05 0 0 0.2 1.5 24 14.94
9 108 -5 | -1.1 ] -0.1 0 0.1 0.1 1.1 24 21.15
10 99 0.7 | -16] 0.1 0 0 0.1 1.8 24 12.44
11 0 020 1.3 02 1-01 0 0 1.5 24 14.78
12 99 02 109 05 0 -02] 01 0.8 24 29.14
13 0 0.5 | 0 0 |-01] 0O 0 0.5 19.2* 37.40
14 0 0.1 | -04] 0.1 0 0 0 0.5 24 49.26
13 90 0.8 0 0.8 0 0 0 0.8 24 28.07
16 0 041 0 04 |0 0 0 0.4 24 56.39

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress:
Note: All of the allowable stress values presented in this table are based on SA240, TS’PE 304L

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

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.5 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot End-Drop
Load Condition

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the
primary loads in Section 2.6.12.4 to produce a combined thermal stress plus end-impact loading.

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

The most critical sections are listed in Table 2.6.12.5-1. The stresses reported in this table
correspond to the nodal stress at the surface. The minimum margin of safety is +2.44 when 3 S,
is used as the stress criterion. Tables 2.6.12.5-2 through 2.6.12.5-5 tabulate the peak stresses for
both the hot and cold conditions for both the top-and bottom-end-drop cases for the conditions
that result in the minimum margin of safety. For both top and bottom orientations, the minimum

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

MS = (allowable stress/SI) -1.

2.6-162



SAR - UMS® Universal Transport Cask

Docket No. 71-9270

May 2000
Revision UMST-00A

Table 2.6.12.5-1 PWR Canister Critical Sections for the Combined 1-Foot-End-Drop and
Thermal Load Condition

Minimum
Critical Margin of
Condition Stress Section Table Safety
Top-End Drop + P+Q 14 2.6.12.5-2 +2.44
Thermal (cold)
Top-End Drop + P+Q 3 2.6.12.5-3 +2.6
Thermal (hot)
Bottom-End Drop P+Q 14 2.6.12.54 +7.47
+ Thermal (cold)
Bottom-End Drop P+Q 14 2.6.12.5-5 + 8.44
+ Thermal (hot)

2.6-163




SAR - UMS® Universal Transport Cask May 2000
Docket No. 71-9270 Revision UMST-00A

Table 2.6.12.5-2 PWR Canister Py, + Py, + Q Stresses - 1-Foot Top End-Drop, Thermal Cold
P, + P, + Q Stresses (ksi)
Section | Angle of
Location | Peak Stress SI Allowable | Margin
Location | Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) | of Safety
| 90 1.3 ] -58 ] -1.8 0 0 0 7.2 47.9 5.67
2 45 34 1106 ] 34 0.4 -0.6 3.5 10.8 47.9 3.46
3 9 -0.1 |-1091 0.8 | -0.6 0 0.2 11.8 47.9 3.08
4 0 0 -1.2 0 0 0 1.2 47.9 37.94
5 0 221 ] 06 0 -0.2 0 2.8 47.9 16.12
6 0 2231 02 0 0 0 2.5 479 18.39
7 0 0 2.6 0 0 0 0 2.6 479 17.46
8 9 -0.2 ] 34 1 -03 0 0.1 0 3.3 47.9 13.67
9 162 0.1 3.1 071 -0.2 -0.1 0.3 3.3 47.9 [3.63
10 0 -0.1 2105 01 0 0 1.8 47.9 25.05
11 171 0 33| 08 0 0 0.1 33 47.9 13.51
12 0 04 ] -09 0 0.2 0 0 1.3 479 35.99
13 0 0.2 -1 -0.1 0 0 0 1.2 38.32% 30.93
14 0 -15.7 1 <18 1 -154] 0.1 -1 0.1 14 47.9 244
13 81 0.1 | -0371 01 0 0 0 0.4 47.9 116.3
16 0 0.1 -0.5 | 0.1 0 | 0 0 0.6 47.9 85.61

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowabi¢ stréss,

Note: All of the allowable stress values presented in this table are based on SA240, Iyi;é 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However. this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.5-3 PWR Canister Py, + P, + Q Stresses-1-Foot Top End-Drop, Thermal Heat

P, + P, + Q Stresses (ksi)
Angle of
Section |Peak Stress St Allowable | Margin
Location| Location Sx Sy Sz Sxy | Syz Sxz (ksi) Stress (ksi) | of Safety

1 90 1.2 | -59 | -1.8 0 0 0 7.1 47.9 5.77

2 45 33 11057 33 04 | -06 35 10.8 47.9 3.44

3 9 0.1 | -11 | 0.7 | 0.6 | O.1 0.1 11.8 47.9 3.08

4 0 0 -1.1 0 0 0 0 1.2 47.9 40.01
5 0 0 2 0.5 0 -0.2 0 2.5 47.9 17.84
6 0 0 214 02 0 23 47.9 20.04
7 0 0 2.4 0 0 0 0 2.4 47.9 19.03
8 9 -0.2 | -32 | -0.3 0 0.1 0 3 47.9 14.85
9 162 0.1 30071 01 | 0.1 0.3 3.2 47.9 14.01
10 162 -0.3 2 0051 02 | 0.1 0.1 1.8 47.9 26.36
11 171 0 -3 -0.7 0 0 0.1 3 47.9 14.76
12 0 0.3 ] -09 | -01 0.2 0 0 1.2 47.9 37.66
13 0 02 | 09 ] -0.1 0 0 0 1.1 38.32% 33.84
14 0 -14.8] -1.6 |-14.6| 0.1 -0.9 0 13.3 47.9 2.6

15 81 0.1 | -03] 01 0 0 0 0.4 47.9 116.41
16 0 01 | -051 0.1 0 0 0 0.5 47.9 87.74

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowablesﬁti'egsq

Note: All of the allowable stress values presented in this table are based on SA240, Tﬁ;é 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections S and 6 than those

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

Cold
P, + P, + Q Stresses (ksi)
Angle of

Section |Peak Stress SI Allowable | Margin of

Location| Location Sx Sy Sz Sxy | Syz Sxz (ksi) |[Stress (ksi) Safety
| 9 01 (-2} 1.2 | 03] 0.1 0.2 34 47.9 13.23
2 9 03|45 03 | -0.1 | 0.1 0.1 4.8 47.9 9.04
3 9 0.1 4 0.6 0 0.1 0.1 4.6 47.9 9.38
4 0 0 -3.2 0 0 0 0 32 47.9 14.02
S 0 0 351 06 0 -0.2 0 4.1 47.9 10.6
6 0 0 -3 0.2 0 0.1 0 3.2 47.9 13.91
7 0 0 -2.6 0 0 0 0 2.7 47.9 17.02
8 9 0.2 1-27] 02 0 0.2 0 2.6 479 17.55
9 162 0.2 | -33 | -14 | O.1 0.1 0.4 33 47.9 13.69
10 0 04 -39 -1.5 0 0.1 -0.1 4.3 47.9 10.22
11 0 051271 07 |-017] 01 0.1 3.2 47.9 13.86
12 18 1.1 1.7 | 0.3 04 | 0.1 -0.1 1.6 47.9 28.65
13 0 -14 | -2 -1 0.3 0 0 1.2 38.32* 30,93
14 0 112455 -109 0 0.1 0.1 5.7 47.9 7.47
15 81 1.7 0 1.4 0 0 0 1.7 479 27.66
16 72 -0.7 0 -0.6 0 0 0 0.7 47.9 68.32

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowable stress,
Note: All of the allowable stress values presented in this table are based on SA240, :I‘yva 304L

stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

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

Heat
P., + P}, + Q Stresses (ksi)
Angle of

Section [Peak Stress SI Allowable | Margin of

Location| Location | Sx Sy Sz Sxy | Syz Sxz (ksi) | Stress (ksi) | Safety
1 9 0.1 | -1.9 1.1 | 03] 0.1 0.2 3.1 479 14.36
2 9 031451 0.1 0.11 0.1 0.1 4.6 47.9 9.45
3 9 -0.1 -4 0.4 0 0.1 0.1 4.4 479 9.79
4 0 0 -3.1 0 0 0 3.1 479 14.64
5 0 0 3.3 06 0 -0.2 0 39 479 11.41
6 0 0 281 0.2 0 0.1 0 3 47.9 14.76
7 0 0 2.5 0 0 0 0 2.5 47.9 17.96
8 9 02261 02 0 0.2 0 24 47.9 18.74
9 162 021321 -1.3 | 0.1 0.1 0.4 3.1 47.9 14.46
10 162 0 38 -14 | 01| 0.1 0.5 4 47.9 10.93
11 9 -0.5 | 25 05 | 0.1y 0.1 0.1 3.1 47.9 14.68
12 162 0.6 1.9 02 | -04 0 0.1 1.8 47.9 25.24
13 0 | -0.2 1 02 | -0.1 0 0.1 1.2 38.32% 30.93
14 0 -10 | 49| 97 0 0.1 0 5.1 479 8.44
15 72 1.7 0 1.4 0 0 0 1.6 479 28.14
16 72 0.7 1 0.1 -0.6 0 0 0 0.7 479 68.12

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

Note: All of the allowable stress values presented in this table are based on SA240, Typg 304L
stuinless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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26.126 Stress Evaluation of PWR Canister for 1-Foot Side-Drop-Load Condition

The stresses in the PWR canister that result from a 1-ft side-drop are determined by using
ANSYS. In the local regions of the lids and bottom plate, the loads are transmitted through the
canister shell into the cask body inner shell. Outside of the lid and bottom plate regions. stress
develops in the canister shell as a result of the basket loading the canister wall. The difference in
the radii of the basket, canister, and cask body implies that the contact angle between the
components is dependent on the loading. For this reason, the finite element model described in
Section 2.6.12.2 contains a half model of the basket. Gap elements between the basket and the
canister allow the interface to be dependent on the loading. The interface between the canister

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

The load resulting from the contents is applied to the basket by means of pressure acting in the
plane of the disks. The weight is assumed to act over the effective width of 9.272 in., in which
the disk 1s 0.5 in. thick. This weight is distributed over the 32 support disks plus two end
weldments. A deceleration factor of 20 g applied to the weights provides the loading for the
basket assembly. In addition to the contents load. a 23-psig pressure is applicd to the inner

surface of the canister.

Analyses of the canister are performed for basket orientations of 0° and 45°. The angles describe
the orientation of the basket elements with respect to the symmetry plane of the model. A value
of 0% onents the ligaments in the basket elements parallel and perpendicular to the symmetry
plane, a value of 45%orients the basket ligaments at +/- 45° from the symmetry plane. To assess
the impuct of the basket orientation on the canister response during impact, both basket

orientations are run for the side-impact loading.

The methodology used to evaluate the stresses for the side-drop are similar to that used for the
end-drop (Section 2.6.12.4) with following exceptions. Sections 9, 10, and 11 at the 0°
circumferential position (see Figure 2.6.12.3-1) are not included in the evaluation. These regions
are characterized as a bearing stress since they result from the canister shell bearing against the
cask inner shell. Section 2.6.12.11 provides an assessment of the canister shell bearing stresses.
Sections 9, 10, and 11 at all other angular locations are included in the evaluation. Also.,
Sections 12 and 13 at 0° are treated as local membrane stresses. According to the ASME Code

Section I, Paragraph NB-3213.10. a stressed region may be considered local if the distance over
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which the membrane stress intensity exceeds 1.1 S, does not extend more than 1.0 times the
square root of RT in the meridional direction, where R is the minimum midsurface radius of
curvature and T is the minimum thickness in the region considered. For Section 13, the
minimum thickness is that of the canister shell (0.625 in.) and the midsurface radius of the shell
is 33.2175 in. The resulting distance is 4.56 in. A section located 4.56 in. from Section 13 in the
meridional direction results in a membrane stress intensity of 6.7 ksi, which is below S,,. This
section conservatively encompasses Section 12 since it is located 1.56 in. from this section. The
stresses at adjacent circumferential sections (i.e., at 9°) for Sections 12 and 13 are also included
in the tables for comparison. The critical section stresses are reported in Table 2.6.12.6-1 for the

P., and P, + P, stresses.

Results are calculated for 1-ft side-drop with internal pressure both the 0° and 45° basket
orientations. Tables 2.6.12.6-2 and 2.6.12.6-3 present the worst-case margins for the side-drop
which occurs with the conditions noted. The minimum margin occurs for membrane without
pressure and with pressure for membrane plus bending. The minimum margin of safety for the
PWR canister in the side-drop is +0.02, which occurs at Section 12 in Table 2.6.12.3-1. The

margins of safety are calculated as:

MS = (allowable stress/SI) -1.
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Table 2.6.12.6-1 PWR Canister Critical Sections for the 1-Foot Side-Drop Load Condition

Critical Minimum
Condition Stress Section Table Factor of Safety
Side Drop Pm 1 2.6.12.6-2 +0.07
Side Drop + | P+ Py 12 2.6.12.6-3 +0.02
Pressure

2.6-170



SAR - UMS® Universal Transport Cask
Docket No. 71-9270

May 2000

Revision UMST-00A

Table 2.6.12.6-2

PWR Canister: Py, Stresses - 1 Foot Side-Drop

P.. Stresses (ksi)

Angle of
Section [Peak Stress S1 Allowable Margin of

Location| Location | Sx Sy | Sz | Sxy | Syz | Sxz (ksi) Stress (ksi) Safety
| 0 -14.7] 02 |52 -04 | -01 -2 14.9 16 0.07

2 0 -13 1 08 -64|-08 | -04|-12 125 16 0.28

3 0 38| 06 -33]-03 ] -06]-13 4.5 16 2.55

4 81 0 021 0| 08 | 01 0 1.5 16 9.39

5 9 07109 |02 0 0 0.2 1.6 16 9.23

6 9 -0.7 1 021 0 0 0.2 1.7 16 8.19

7 9 08 1.1 103 0 -0.1 | 0.2 2 16 7.18

8 0 -0.7 1 25 |-1.1] 01| 05 | 0.1 3.7 16 3.34

9 9 04| 26 |-21{005] 1.3 ] -1.0 5.8 16 1.76
10 9 1.5 1.7 1-2.1] 03| 1.0 | -06 4.6 16 248
11 9 37 1.8 |-1.2] 07 | 1.2 | -1.6 6.4 16 1.5

| 2ok 0 244 541671 45| 1.2 -1 21.7 24% %% R.11
12 9 051-011]-35] 01406 |-19 4.9 16 2.27
13* 0-7.5 |-11.66]-3.42 |4.02] 0.05 | 1.1 [-2.33 9.99 12.8%* 0.28
14 0 09 1 -0.1]03 0 0 0 1.2 16 11.92
15 0 -0.3 0 |0.1 0 0 0 0.4 16 35.79
16 0 05| 01 |02 0 0 0 0.7 16 22.61

* . Stress evaluated over weld compression region

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

***_Stresses treated as a Jocal membrane stress. Allowable for normal conditions is. 1.58m.=.24
ksi for P ahd”I’L“:"P;);

Beslto- A <Suter ISy

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

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

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.6-3

PWR Canister P, + Py, Stresses - 1-Foot Side-Drop, Internal Pressure

P, + P, Stresses (ksi)
Angle of
Section |{Peak Stress SI Allowable | Margin of

Location| Location | Sx Sy Sz Sxy | Syz | Sxz | (ksi) |Stress (ksi) Safety
1 0 231 09 | 76 | 06 0 -2 225 24 0.07

2 18 0.5 | -127 ] 3.1 | 02| 02 | -15 13.7 24 0.74

3 27 0.6 | -125| 46 | 0.1 | -06] 23 13 24 0.85

4 9 -0.8 1.9 39 0 0.1 0.7 4.8 24 3.95

5 9 -0.6 | 23 3.7 0 0 0.7 4.5 24 4.3

6 9 0.6 | 24 3.7 0 -0.1 0.7 4.5 24 4.33

7 9 071 24 37 0 0.1 | 0.7 4.7 24 4.12

8 0 -0.4 2.7 24 02 04 -0.2 5.1 24 3.66

9 9 1.2 6.3 04 | -0.1 ] 1.5 0.1 7.4 24 2.24

10 0 |-189| 2 | 45 |53 1 | Bl | 203 24 s

11 9 4.0 0.9 -1l4 | 08 | 1.3 2.7 8.2 24 1.93

1 2% 0 286 66 | 82 | 43| 15| 0.7 | 245 25 0.02

Rie 0-7.9 -16.65| -6.26 | -6.48 | -0.11| 1.66 | -1.98 | 12.49 20%kk 0.60
14 90 -0.8 0 0.4 0 0 0 1.2 24 18.27

15 90 -0.6 0 -0.2 0 0 0 0.6 24 39.77
16 0 -0.4 0 0.3 0 0 0 0.7 24 33.98

There the allowable stress for, Type 3041 stainless steel is 1.5.(16.7).= 2505 s,
The peak temperature as calculated in Section 3.4 is 265°F in the region of Sections 12 and 13.
There the allowable stress for 304L stainless steel is 1.5 (16.7) = 25.05 ksi. Stigggfevafmeﬁ:é@

weld compressing region.

2.and 134

AR or LAt

** Allowable stress includes a stress reduction factor for weld: 0.8 X allowabis stress,

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

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

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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26.12.7 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot Side-Drop
Load Condition

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the
primary loads in Section 2.6.12.6 to produce a combined thermal stress plus 1-ft side-drop
loading. The stress evaluation is performed according to the ASME Code, Section III,
Subsection NB. The most critical sections are listed in Table 2.6.12.7-1. Results from the side-
drop plus thermal load cases for the configurations that result in the minimum margins are
presented in Tables 2.6.12.7-2 and 2.6.12.7-3. The stresses reported in this table correspond to
the nodal stress at the surface. The minimum margin is +0.41 at Section 9 (see Table 2.6.12.7-1)

when 3 S, 1s used as the stress criteria. The margins of safety are calculated as:

MS = (allowable stress/SI) -1.
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Table 2.6.12.7-1 PWR Canister Critical Sections for Combined 1-Foot Side-Drop and
Thermal Load Condition

| Critical Minimum Margin
Condition Stress Section Table of Safety
Side Drop + Pn+Pr+Q 9 2.6.12.7-2 +0.41
Thermal (cold)
Side Drop + Pn+P,+Q 9 26.12.7-3 + (.59
Thermal (hot)
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Table 2.6.12.7-2

PWR Canister Py, + Py, + Q Stresses - 1-Foot Side Drop, Thermal Cold

P, + Py, + Q Stresses (ksi)
Angle of

Section [Peak Stress SI Allowable | Margin of

Location| Location | Sx | Sy | Sz | Sxy | Svz | Sxz (ksi) Stress (ksi) Safety
1 0 -153] 041 4 1 -01 1 01 | -1.7 15.1 47.9 2.17
2 0 -11.70-02 1220 -12 | 04 | -1.7 12.1 479 2.97
3 27 0.7 152 13112 ] 16 1.2 6.4 479 6.46
4 0 04 1.1 ]29 0 0.1 06 3.5 47.9 12.73
5 45 12015 -12) 04 04| -1.3 4.2 479 10.41
6 45 -1 1.2 7-1.11 03 | 0.3 | -1.2 35 479 12.51
7 0 04 11 |26] 0 0 0.5 3.1 47.9 14.33
8 0 0 27 |-1.5) -0.1 | 06 | -0.1 4.3 479 10.04
9 2660 69 | 9.0 <21 ] 1.7 0.2 34 47.9 0.41
10 -188] 26 -5 | 451 09 | -1.1 18.9 479 1.54
11 -26.3) 33 |87 -03 ] 1.8 | -0.1 29.9 47.9 0.6
12 0 264 4.8 =791 3.7 | 1.7 | -0.6 235 47.9 1.04
13 0 -32.51 9.8 [-10.6] -1.2 2 -1.4 245 38,32* 0.56
14 180 931 -25(-7.6] 0.1 1.2 1 -0.1 7 479 5.8
L5 0 071 0 ]-0.1 0 0 0.7 47.9 69.76
16 0 0.6 0.1 0.1 0 0 0.7 479 63.87

* Allowable stress includes a stress eduiction factor for weld 0.8 x Allowable 86r6ss
Note: All of the allowable stress values presented in this table are based on SA240, Type 304L

stamnless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.7-3 PWR Canister P, + Py + Q Stresses - 1-Foot Side-Drop, Thermal Heat
P, + Py, + Q Stresses (ksi)
Angle of

Section |Peak Stress SI Allowable | Margin of

Location| Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety
l 0 1347 0.3 | -3.8 -0.1 0.1 -1.4 13.2 47.9 262
2 0 -9.8 0 -2 -1 -0.3 -1.4 10.2 47.9 3.7
3 27 0.6 | 4.6 1.1 1 1.3 1 5.5 479 7.65
4 0 0.4 ] 038 24 0 -0.1 0.5 3 479 15.13
5 45 -1 1.2 | -1.1 0.4 04 1 -1.2 3.6 479 12.17
6 45 09 | 1.1 | 09 0.3 0.3 -1 3.1 479 14.39
7 0 -0.4 1 2.1 0 0 0.4 2.7 479 16.98
8 0 0 2.6 -1.2 -0.1 0.5 -0.1 4 47.9 11.05
9 0 -23.3) 64 -8.2 -1.8 1.4 0.3 30.1 479 (.59
10 0 -l6.5] 2.1 ] 48 | -39 0.8 -0.8 16.6 479 1.88
11 0 -22.81 3.2 -7.8 -0.2 1.5 0 26.1 479 0.83
12 0 2330 41| 74 ] 32 1.5 -0.4 20.8 479 1.31
13 0 22821 -85 | 9.6 -1 1.6 | -1.1 21.1 38.32* 0.82
14 180 88 | -l.o| -7.1 0.1 0.8 -0.1 7.4 47.9 5.51
15 0 -0.6 0 0.1 0 0 0 0.7 479 69.62
16 0 -0.7 0 -0.1 0 0 0 0.8 47.9 61.85

* Allowable stress includes a stréss reduction factor for weld: 0.8 x-allowablé stress.

B 4344 N

Note: All of the allowable stress values presented in this table are based on SA240. ,_'fy& 304L

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

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.

2.6-176




SAR - UMS® Universal Transport Cask | May 2000
Docket No. 71-9270 Revision UMST-00A

26128 Stress Evaluation of PWR Canister for 1-Foot Comer-Drop Load Condition

A structural analysis performed by using ANSYS to evaluate the effect of a 1-ft end-drop impact
for both the top-and bottom-corner orientations of the PWR canister. The ASME Code, Section
III, Subsection NB, requires that stresses arising from operational loads be assessed on the basis
of the primary loads. The primary loads for the 1-ft corner-drop result from the deceleration of
the canister and its contents and the 25-psig pressure load internal to the canister. The applied
deceleration is 20 g for both orientations (Note—the actual deceleration is 5.6 g: therefore, the
results presented in this section are conservative). The inertial load of the canister is addressed
by the deceleration factor applied to the canister density. The contents weight is represented by a
pressure load on the inner end surface of the canister and a pressure applied to the basket by
means of pressure acting in the plane of the disks. Displacement constraints are applied to the
plane of symmetry and the gap elements attached at the canister end to represent the top or

bottom of the transport cask.

The locations of the linearized stresses are shown in Figure 2.6.12.3-1. The maximum stresses
for Py, and P,, + P, are tabulated in Tables 2.6.12.8-2 through 2.6.12.8-5 for the conditions that
result in the worst-case stresses. The critical sections for the pressure and the pressure plus the
deceleration load. with reference to the section and the appropriate tables, are shown in Table

2.6.12.8-1. The margins of safety in these tables are calculated as:

MS = (allowable stress/SI)-1.
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Table 2.6.12.8-1

PWR Canister Critical Sections for the 1-Foot Corner-Drop Load

Condition
Condition Stress Critical Section Table Margin of Safety*
Top Corner Drop Pn 9 2.6.12.8-2 +0.08
+ Pressure
Top Comer Drop Pn + Py 2 2.6.12.8-3 +0.02
Inertia
Bottom Corner Pm 9 2.6.12.8-4 +0.02
Drop + Pressure
Bottom Cormner Pm + Py 11 2.6.12.8-5 +0.26

Drop + Inertia

* Note:  These margins of safety are based on stresses calculated for corner drops with a 20 g

deceleration load.  The actual deceleration load is 5.6 g; therefore, these margins of safety are

conservative.
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Table 2.6.12.8-2 PWR Canister P, Stresses 1-Foot Top Corner-Drop, Internal Pressure
P,, Stresses (ksi)
Angle of
Section |Peak Stress SI Allowable | Margin
Location| Location Sx Sy Sz Sxy | Syz | Sxz (ksi) |Stress (ksi)| of Safety
1 0 -39 0.3 -1.7 0.2 | -0.1 | 08 6.4 16 1.5
2 0 -1.6 0.3 1.5 | 01 | 03| 04 2.4 16 5.75
3 0 -0.5 0.5 -0.9 02 | -03 ] -0.3 1.7 16 8.18
4 0 -1.2 -0.1 1.5 0 0 0 27 16 4.89
5 0 -1.2 -0.2 1.4 0 0 0 2.6 16 5.14
& 0 -1.2 -0.4 1.4 0 0 0 2.6 16 5.12
7 0 -1.2 -0.8 1.5 0 -0.1 0 2.7 16 491
8 45 0.4 -0.8 0.3 -04 | -04 0.4 1.9 16 7.39
9 0 -16.1 -2 44 | -1.8 [ 0.5 -0.4 14.7 16 0.08
10 0 -11.1 4.3 33 | -19 | 0.2 -0.8 8.6 16 0.86
il 0 -15.1 ] -6.6 -S4 107 04 -0.4 9.9 16 0.61
12 0 -14.1 | -6.2 33 | 29| 02 -1 12 16 0.33
13 0 -132 | -8 4 | -08] 02| -l 9.5 12.8* 0.35
14 0 0.2 0 0.2 0 0 0 0.4 16 37.89
15 171 -0.1 -0.3 0 0 0 0 0.4 16 40.38
16| 0 -0.2 -0.4 0.1 0 0 0 0.5 16 34.04

* Allowable stress includes a stress reduction factor for weld: 0.8 x allowab‘le«stress

Note: All of the allowable stress values presented in this table are based on SA240, T}p—e‘ 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.8-3

PWR Canister P, + P, Stresses - 1-Foot Top Corner-Drop

P, + P, Stresses (ksi)
Angle of
Section |Peak Stress SI Allowable | Margin
Location| Location | Sx Sy Sz Sxy | Syz Sxz (ksi) |Stress (ksi)| of Safety

1 0 -1531 65 | 45 | -39 0.2 -1 12.4 24 (.93
2 0 -194 1 39 44 107 1.2 -0.1 235 24 0.02
3 180 05| 99 5.3 0 0 -0.4 10.4 24 1.3

4 0 -1.4 0 2.5 0 0 0.1 4 24 5.04
S 0 -4 | 0.1 24 0 0 0.1 38 24 5.37
6 0 -1.4 ] -04 2.4 0 0 0.1 3.8 24 5.35
7 0 -4 | 0.7 2.5 0 0.1 0.1 3.9 24 5.09
8 36 0.1 -1.4 0.1 | -04 | -0.7 0.1 22 24 9.92
9 0 -16.9 | 0.2 54 4 -1.3 0.5 -0.2 17.3 24 0.38
10 0 119 57 | 29 | 3.4 0.1 -1.1 10.9 24 [.21

11 0 17 -89 ) 56 | -1.2 | 05 0.7 11.8 24 1.03
12 0 1541 -6.1 37 ) 24 0.4 -0.9 12.6 24 0.91
13 0 SI57 0 -102) 54 .14 04 -1 10.8 19.2% D.78
14 90 -6.4 | -0.1 59 | 0.1 -0.1 0 6.3 24 2.78
15 81 0 -0.3 0.1 0 0 0 0.4 24 54.38
16 0 021 -03 0.1 0 0 0 0.4 24 53.04

* Allowable stress includes a stress reduction factor for weld: 0.8 x aflowable stress]
Note: All of the allowable stress values presented in this table are based on SA240. :’I‘}'EE 304L

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

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

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

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.8-4 PWR Canister Py, Stresses - 1-Foot Bottom Corner-Drop

P., Stresses (ksi)
Angle of T ]
Section [Peak Stress SI Allowable | Margin
Location| Location Sx Sy Sz Sxy Syz Sxz (ksi) | Stress (ksi) | of Safety

1 0 2 | 19| 224 | 0.3 0 z1 6 16 1.67
2 18 06 |33 06| 01 | -01 | 05 4 16 293
3 18 0 [:31]3:09 | 01 | 102|304 33 16 3.84
4 0 12 2302 0 0 | Q1| 28 16 B3
5 180 0 |22 0.1 0 0 0 2.3 16 k.07
6 180 0 |:221| t01 0 0 0 2.2 16 6.36
7 180 0 9|01 | © 0 0 1.9 16 .22
8 45 0.1 |1 | O 03 | 0.3 0 1.5 16 10.29
9 0 15 02| 45 | -14 | 09 | 03 | 156 16 0.02
10 0 75 | 04 225 | -14 | 07 | -0.7 7.9 16 o3

11** 0 217.6 | L1 851 | (0.2 | L1 | 03 | 168 24 435X
11 9 29 | 13 ] :05 | 03 | 06 | :1.0 4.1 16 2.90
12 0 -11.7 | 2.7 | 2.8 t2 0.6 | -0.8 10.5 1 D.53
13 0 118 | 34 | 31| 01 | 08 | .12 | 96 12.8* 0.33
14 0 04 | 03] 02 0 0 0 0.5 16 28.96
15 0 -0.1 0 0.1 0 0 0 0.2 16 104,27
16 0 03 1 0 0 0 0 0 0.3 16 50.45

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

** Stresses treated as local membrane stress._Allowable for normal conditons is 1.5 Sm =24 Ksi
for Py and Pp + P3.
Note: All of the allowable stress values presented in this table are based on SA240, Type 304L

stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.8-5 PWR Canister P, + P}, Stresses - 1-Foot Bottom Corner-Drop

P, + P, Stresses (ksi)
Angle of
Section (Peak Stress SI Allowable | Margin of
Location| Location | Sx Sy Sz Sxy | Syz | Sxz (ksi) | Stress (ksi) Safety
1 0 75 08 | 25 ] 03 0.1 -1 7 24 2.44
2 18 021 69 | -14 | -0.1 0 0.5 6.9 24 2.46
3 18 03] -6.1 | -1.3 ] 02 0 -0.5 6 24 3.02
4 0 1.4 -19 | 25 0 0 0.1 4.4 24 4.39
5 0 1.3 -14 | 24 0 0 0.1 39 24 5.21
6 0 -1.3 ] -1.1 2.4 0 0 0.1 37 24 5.4
7 0 -14 | 08 | 24 0 0 0.1 338 24 5.27
8 18 03 | -1.1 | -09| 03 04 | -04 2 24 11.1
9 0 -15.21 29 -5 -1.2 1 09 | 0.1 18.3 24 0.31
10 0 791 08 { -1.5 ] 23 05 -09 8.9 24 1.7
11 0 -1591 29 | 44| -0.1 1 0 18.9 24 0.26
12 0 -146| -3.7 | -39 | -1.8 | 0.8 | 0.7 12.2 24 0.96
13 0 -18 | 68 ¢ 59 02 1.1 -0.9 13 19.2* 0.48
14 0 -0.4 | 0.3 | 0.2 0 0 0 0.5 24 43.89
15 72 1.3 0 1.4 0 0 0 1.4 24 159
16 18 ‘ -0.9 0 -0.6 0 0 0 0.9 24 25.01

* Allowable stress includes a stress_reduction factor for weld: 0.8 x allowable, stress,

Note: All of the allowable stress values presented in this table are based on SA240, IE 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.9 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot Corner-

Drop Load Conditions

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the
primary loads in Section 2.6.12.8 to produce a combined thermal stress plus corner impact
loading. The stress evaluation i1s performed according to the ASME Code, Section III,
Subsection NB. On the basis of the results in Section 2.6.12.8, the most critical sections are
identified in Table 2.6.12.9-1. The stresses reported in this table correspond to the nodal stress at
the surface. The minimum margin of safety is +1.14 when 3 S, is used as the stress criterion.
Tables 2.6.12.9-2 through 2.6.12.9-5 tabulate the results for top and bottom corner-drop with
thermal results for the conditions that result in the minimum margins of safety. The stress

intensity criterion of 3.0 Sy, is satisfied. The margins of safety are calculated as:

MS = (allowable stress/SI)-1.
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Table 2.6.12.9-1

Thermal Load Condition

PWR Canister Critical Sections for the Combined 1-Foot Corner Drop and

Critical Minimum Margin
Condition Stress Section Table of Safety
Top Corner Drop + Pn+Ppy+Q 2 2.6.12.9-2 + 1.14
Thermal (cold)
Top Corner Drop + Pn+Py+Q 2 2.6.12.9-3 + 1.24
Thermal (hot)
Bottom Corner Drop
+ Pressure + Thermal | Pp+Pp+Q 9 2.6.12.9-4 1796
(cold)
Bottom Corner Drop
+ Pressure Pn+P,+Q 9 2.6.12.9-5 +1.37

+ Thermal (hot)
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Table 2.6.12.9-2 PWR Canister Py, + P, + Q Stresses - 1-Foot Top Corner-Drop, Thermal

Cold
P, + Py, + Q Stresses (ksi)
Angle of

Section |Peak Stress SI Allowable | Margin of

Location| Location Sx Sy Sz | Sxy | Syz | Sxz (ksi) | Stress (ksi) Safety
| 0 -195 ) 7.1 | 44| 3.7 -02 -1 16.3 47.9 1.95
2 0 -199 ) 23 | 3306 1.2 ] -03 224 47.9 I.14
3 126 04 1 -103| 03 | 0.7 | 0.1 -0.5 11.2 47.9 33
4 0 -14 ] 06 | 24 0 0.1 0 3.7 47.9 11.79
5 0 -0.8 -2.9 1.7 0 041 02 4.8 47.9 9.08
6 0 -1.1 -1.9 | 21 0 02| 02 4.1 47.9 10.72
7 0 -1.3 -0.7 | 2.3 0 0 0 3.5 47.9 12.54
8 171 -0.2 3.6 | 04 0 0.2 0 3.5 47.9 12.78
9 0 -12.6 | 0.1 38 -1.1 | 05 | 02 12.9 479 271
10 0 -10 48 | 24 ] 25 0.1 -1 9 47.9 4.35
11 0 -11.8 | 69 | -39 -09 ] 04 | -0.6 8.2 47.9 4.85
12 0 -11.8 | 42 1 -28|-19 | 04 | 07 9.8 479 3.87
13 0 118 69 | -39 091 04 | 06 8.2 38.32* 3.67
14 0 153 -1.8 | -144) 0 -1 0 13.6 47.9 2.52
13 81 -0.1 -0.3 0.1 0 0 0 0.4 47.9 116.04
16 0 -0.1 -0.4 0.1 0 0 0 0.6 47.9 82.56

* Allowable stress includes a stress redution factor for weld: 0.8 x allowable, siréss,

Note: All of the allowable stress values presented in this table are based on SA240, ny)q 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.9-3 PWR Canister Py, + P, + Q Stresses - 1-Foot Top Corner-Drop, Thermal

Heat
P, + Py, + Q Stresses (ksi)
Angle of
Section (Peak Stress SI Allowable | Margin
Location| Location Sx Sy Sz Sxy | Svz | Sxz (ksi) Stress (ksi) | of Safety
I 0 183 67 44| 34 | 02| 09 14.9 479 2.22
2 0 -187 | 2.5 | -3.1 -0.7 1 -0.3 21.4 479 1.24
3 126 04 -102] 0.2 0.7 0.1 -0.4 Il 479 3.35
4 0 -1.1 -0.5 2 0 -0.1 0.1 3.1 47.9 14.7
5 0 -0.5 24 1.7 0 -0.3 0.1 4.2 47.9 10.38
6 0 0.6 | -1.5 ] 2.1 0 0.2 0.3 3.7 47.9 12.08
7 180 0 29 0 0 0 0 2.9 479 15.69
8 171 -0.1 3.6 | 04 0 0.2 0 3.5 479 12.78
9 0 -128 0 04 ) 38| -1 | 05| -0.2 13.5 47.9 2.56
10 0 -102 ] 48] 241 26 | 0.1 -1 0.1 479 4.27
11 0 -2 169 4 -1 04 | -06 8.4 479 4.73
12 0 119 41 28] 2.0 | 04 ] 0.7 10 47.9 3.81
13 0 12169 4 -1 04 1 -006 8.4 38.32% B:56
14 0 145 1 -1.6 |-13.6] 0.1 -0.9 0 13 47.9 2.69
15 90 -0.1 031 0.1 0 0 0 0.4 47.9 116.24
16 0 -0.1 041 0.1 0 0 0 0.6 47.9 84.45

* Allowable stress includes a stress reduction factor_for weld: 0.8 x allowable Sifess!

Note: All of the allowable stress values presented in this table are based on SA240, '”I"E 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values uand subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.9-4 PWR Canister P+ Py, + Q Stresses - 1-Foot Bottom Corner-Drop, Internal

Pressure, Thermal Cold

P.+ P, + Q Stresses (ksi)
Angle of
Section |Peak Stress SI Allowable | Margin
Location| Location | Sx Sy Sz [ Sxy| Syz Sxz (ksi) Stress (ksi) | of Safety
1 0 63 | 0.9 | £1.9 | 0.1 0 0.8 5.6 47.9 £33
2 27 02 5 | 14102 01 | 08 5.2 47.9 8.15
3 27 02| -51 | 13| 0 | 03 | 0.6 5.2 47.9 8:20
4 0 1|15 280 0 t0.2 4.3 47.9 10.03
5 0 -1 | 1] 28]0 0 0.2 3.9 47.9 1133
6 0 09| 08 | 28 |0 0 0.2 3.8 47.9 LIS
7 0 09| 06 | 28 02| Q 0.2 3.1 47.9 11.81
8 0 061 02 | 12 {11 04 | 0Qd 2 47.9 22.65
9 0 143 22 145 |:Ll| 09 | 02 16.7 47.9 1.86
10 0 2 | il | 7 122) 03 1 9.2 47.9 4.23
11 0 -142| 1.1 | 45(-02] 19 | -0.1 15.4 47.9 2.11
12 0 -13.6| 29 | 3.5 |:1.8| 9 0.7 1L9 47.9 3,02
13 0 21731 56 | 55 ({05 1 0.8 12.9 38.32% .97
14 0 03| 04 | 02| 0 0 0 0.6 47.9 85.16
15 81 0.7 0 0.9 0 0 0 0.9 47.9 §1.95
16 45 061 01 | 041 0 0 0 0.6 47.9 8215

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

Note: All of the allowable stress values presented in this table are based on SA240, Type 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.9-5 PWR Canister P, + Py, + Q Stresses - [-Foot Bottom Comer-Drop, Internal

Pressure. Thermal Heat

P, + P, + Q Stresses (ksi)
Angle of
Section [Peak Stress SI Allowable | Margin
Location| Location Sx Sy Sz | Sxy | Syz Sxz (ksi) Stress (ksi) | of Safety
1 0 221 0 1.3 0 0.1 -0.1 3.5 479 12.79
2 162 0.1 5.1 1037 0.1 0 -0.1 54 479 7.87
3 162 0.1 49 | 04 0 0.1 -0.1 5.3 479 8.12
4 180 0 3.7 1 1.2 0 0 -0.1 4.9 47.9 8.76
5 180 0 3.8 | 1.5 0 -0.2 0 5.3 47.9 8.06
6 0 -0.5 -1.6 | 3.5 0 0.1 0.2 5.1 47.9 8.34
7 0 -0.9 -06 | 3.2 0 -0.1 0.3 4.1 47.9 10.82
8 0 -0.6 0.8 2 |-011| 06 0.3 2.9 479 15.7
9 0 -17 29 |53 -t3 ] 1.2 -0.3 20.2 47.9 1.37
10 0 115 <19 |24 27| 06 -1.2 11.6 47.9 3.13
11 0 -16.7 .4 [-55]-02] 1.1 -0.2 18.4 47.9 1.61
12 0 -16 32 4 )22 1 -0.9 14.3 47.9 2.36
13 0 2205 63 | -65) 071 1.3 -1 15.6 38.3* 1,46
14 0 -10 49 |97 0 0.1 0 5.1 47.9 8.33
15 90 0.8 0 | 0 0 0 l 479 47.69
16 27 -0.6 0.1 1-03] 0 0 0 0.6 47.9 79.93

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

Note: All of the allowable stress values presented in this table are based on SA240, Tfp:é‘ 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 399°F—resulting in slightly lower allowable stress
values and subsequently slightly lower margins of safety for sections 5 and 6 than those

presented in the table. However. this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.10 Shear Stresses for 1-Foot Drops

The primary mechanism for shear loading in the canister drop analyses occurs for the bottom
end-drop in the canister structural and shield lid welds. The maximum stress intensity for either
Sections 12 or 13 during the bottom end-drop is 1.8 ksi for the bottom end-drop with thermal
heat (Table 2.6.12.5-5). The maximum shear is 1.8/2 = 0.9 ksi. The allowable shear is 0.6 S,
per the ASME Code, Section III, Subsection NB-3227.2 for pure shear loading. The maximum

canister shell temperature is 399°F and the margin of safety for pure shear is
MS = 06x158/09-1 = 9.53

26.12.11 Canister Bearing Stresses for 1-Foot Side Drop

The average bearing stress on the canister wall is computed for the side-drop using the smallest
length of canister and the maximum mass for either the PWR or BWR canisters. This results in a
conservatively bounding value of the average bearing stress. The maximum canister plus
contents mass is for the BWR Class 5 with a weight of ;75,&26 Ib. For contact of the canister wall

with the inner shell over an 18° arc (copser;a_tfw;é’) the projected bearing width is 10.54 in. The
length of the shortest canister is 37525 in. (PWR Class 1). The average bearing stress is

Bearing Stress = 75,896 Ib x 20¢/(175.25 in. x 10.54 in.) = §22 psi
Based on a yield strength of 17.5 ksi at 400°F, the margin of safety is

MS = (17.5/0.822) -1 = + Large
Next, the bearing stress evaluation is presented in the regions under the shield lid and structural
lid welds for the normal conditions side-drop (see Sections 9, 10, and 11 in Figure 2.6.12.3-1).
Three separate regions are considered for the bearing evaluation; (1) the area beneath the

structural lid weld from 0° to 9°, (2) area between the structural lid weld and shield lid weld from

0° to 9°, and (3) area below shield lid weld between 0° and 9°.
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In order to calculate the bearing stresses in these regions, forces from the gap elements between
the canister shell and the cask inner shell in these regions are examined. The forces from the gap
elements act normal to the surface of the shell (i.e., radially). but are conservatively summed for
each of the three regions described above. The following enveloping force summations are
obtained from the PWR and BWR analysis results for each of the regions. The governing load

case is also noted.

Region I: -45373 1b PWR Side Drop with no Internal Pressure
Region 2: -13.9351b PWR Side Drop With Internal Pressure
Region 3: -78.640 b BWR Side Drop with Internal Pressure

Gaps at both 0% and 9° are closed. Gaps at angular locations greater than 9° remain open in the
regions of interest. The projected width conservatively based on 9° contact is 5.27 for the three
regions. Region 1 has a length equal to the weld thickness (0.88 in.), Region 2 has a length of (3
- 0.88) 2.12 in.. and Region 3 has a length of 0.5 in. equal to length of the shield lid weld. The

corresponding bearing stresses for each region are

Region 1: 45,373/(5.27 x 0.88) = 9,784 psi

Region 2: 43.935/(5.27 x 2.12) = 3932 psi

Region 3: 78.640/(5.27 x 0.5) = 29,844 psi
The peak temperature in the canister shell in the region of the lids is 266°F for the PWR canister
(sce Section 3.4). The yield strength is 19.950 psi based on this temperature for 304L stainless

steel. The margins of safety for each region are presented below:.

Region I: 19.950/9.784 -1 = 1.04
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Region 2: 19.950/3918-1 = 4.09

Region 3 is allowed 1.5 S, since the width of application of the load is less than the distance to
the free edge (0.5 < 3.0) and

Region 3: 1.5x 19.950/29.844 - 1 = 0.0026

2.6.12.12 Canister Buckling Evaluation for 1-Foot End Drop

Code Case N-284-1 [12] of the ASME Boiler and Pressure Vessel Code is used to analyze the
PWR canister for the normal condition 1-foot end drop (both top and bottom end drops). The
evaluation requirements of Regulatory Guide 7.6, Paragraph C.5, are shown to be satisfied by the
results of the buckling interaction equation calculations of Code Case N-284-1. The canister

buckling design criteria are described in Section 2.1.2.5.3.

The data considered for the buckling evaluation includes shell geometry parameters, shell
fabrication tolerances, shell material properties, theoretical elastic buckling stress values for the
shell, and membrane stress components in the shell. The internal stress field that controls the
buckling of a cylindrical shell consists of the longitudinal (axial) membrane, circumferential
(hoop) membrane, and in-plane shear stresses. These stresses may exist singly or in
combination, depending on the applied loading. Only these three stress components are

considered in the buckling analysis.

A 20 g deceleration load was used for all the 1-ft drop canister analyses that are presented in
Sections 2.6.12.4 through 2.6.12.9. The 20 g-load bounds all 1-ft deceleration loads for all other
drop angles. The top- and bottom-end drops result in the largest potential for canister shell
buckling and, therefore, are the two load cases presented here. The side drop load case is not
considered a credible buckling mode of the canister shell and is, therefore, not presented here.

The stress results from the Eamster analysis E_ are screened for the maximum values of the
longitudinal compression, circumferential compression, or in-plane shear stresses for the 1-ft
drop cases (top- and bottom-end drops) with and without pressure. For each loading case, the
largest of each of the three stress components anywhere regardless of location within the PWR

canister shell are combined. To these maximum stress components are added the maximum
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stresses from the hot and cold thermal cases (Tables 2.6.12.3-1 and 2.6.12.3-2). Combining the
maximum stress components in this way produces a conservative. bounding-case buckling
evaluation of the PWR canister, one which envelopes all 1-ft PWR canister drop cases including
those presented in Tables 2.6.12.4-4 and 2.6.12.4-6.

Consistent with the Code Case, the following are used:

- The symbols 0, 0. or 00 correspond to the longitudinal (axial) direction or stress
component, circumferential (hoop) direction or stress component, and in-plane shear
stress component, respectively.

- The formulas in the Code Case for cylindrical shells (unstiffened) are used.

- The factor of safety is 2.0 for Normal Conditions.

The analytical process used for the PWR canister is the same as that described in a step-by-step

example presented in Section 2.7.12.3 (for the cask inner shell).

The geometry parameters used in the PWR canister evaluation are presented in Table
2.6.12.12-1.

The maximum stress components used in the evaluation and the buckling interaction ratios for
the top- and bottom-end drop cases are provided in Table 2.6.12.12-2. The results of the
buckling analysis show that all interaction equation ratios are less than 1.0. Therefore, the
buckling criteria of Code Case N-284-1 are satisfied. thus demonstrating that buckling of the

PWR canister does not occur.
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Table 2.6.12.12-1 Geometry Parameters for the PWR Canister

Parameter Value
t = thickness (in) 0.625
ID = inside diameter (in) 65.81
R =radius (in) = (ID+t)/2 33.22
R/t 53.15
(Ry™? 4.56
Overall Length (in) 191.95
Bottom Thickness (in) 1.75
Structural Lid Thickness (in) 3.0
L, = Length used in evaluation (in)* 187.2
Ly=27nR = circumference (in) 208.7
v = Poisson’s Ratio 0.275

Lo = Overall canister length - Bottom thickness - Structural lid thickness.
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Table 2.6.12.12-2 Buckling Evaluation Results for the PWR Canister for 1-Foot End Drop

Longitudinal |Circumferentiall  In-plane Elastic Buckling Plastic Buckling
(Axial) Stress*| (Hoop) Stress* | Shear Stress Interaction Equations Interaction Equations
Load Condition S, (psi) So (psi) Soo (psi) Q1 Q2 Q3 Q4 Q5 Qo6 Q7 Q8
I-Ft Top End Drop 2400 300 400 009 | .077 | 060 | 009 | 077 005 077 | 060
I-Ft Bottom End Drop 3600 600) 300 003 | 115 | 131 | 064 | 115 131 Jd15 1 (131

Component stresses include thermal stresses.

* Compressive stresscs
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2.6.13 PWR Basket Analysis - Normal Conditions of Transport

The Universal Transport Cask PWR basket is a right-cylinder structure fabricated with 24 square
fuel tubes, a number of circular support disks, a number of heat transfer disks, eight tie rods with
spacers, and two end weldment plates. The number of support disks and heat transfer disks varies
depending upon the class of PWR fuel the basket is designed to contain. The basket components
and their geometry are illustrated in Figure 2.6.13-1 and Figure 2.6.13-2. Figure 2.6.13-3 shows
the details of the fuel tube with the encasing BORAL. The fuel tubes are open at each end;
therefore, longitudinal fuel assembly loads are imparted to the canister shield lid or the bottom
plate, and not the fuel basket structure. The fuel basket contains the fuel and is laterally

supported by the canister shell.

The fuel assemblies together with the tubes are laterally supported in the holes in the stainless
steel support disks. The aluminum heat transfer disks are located throughout the cavity to fully
optimize the passive heat rejection from the package. They serve no structural function other
than supporting their own weight. The dimensional differences between the heat transfer disk
and the support disk accommodate the different rate of thermal growth between aluminum and
stainless steel, thereby preventing interference between the tube, support disk, and heat transfer
disks.

The primary function of the spacers and the threaded top nut is to locate and structurally
assemble the support disks, heat transfer disks, and top and bottom weldment plates into an
integral assembly. The spacers carry the inertial weight of the support disks, heat transfer disks,
one end plate. and their own inertial weight for a normal transport condition 1-ft end-drop. The
end-drop loading of the split spacers and tie rods represents a classical, closed-form structural

analysis. The support disk requires a detailed finite element analysis for side-drop, end-drop, and

obhquehdrops The stainless steel fuel tubes are not considered to be a structural component with

respect to the disks other than consideration of their mass contribution to loading.

The PWR fuel basket is evaluatedfor the normal transport loads in this. sectione Eng. .
drop,pbhquedrgi;jnentatlons?féfeEé\jalué‘tea: The basket is evaluated for the hypothetical

accident condition in Section 2.7.8.
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Figure 2.6.13-1 PWR Fuel Assembly Basket

Tie Rod &
Spacer

Heat Transfer Disk

Support Disk

2.6-196



SAR-UMS® Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-00A
Figure 2.6.13-2 Support Disk Cross Section Configuration
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Engineering drawings provide appropriate tolerances for dimensions shown.
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Figure 2.6.13-3 PWR Fuel Tube Configuration
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2.6.13.1 Analvsis Description

On the basis of criticality control requirements, the PWR fuel basket design criteria require the
maintenance of fuel support and control of spacing of the fuel assemblies for all load conditions.
The structural design criteria for the structural components in the fuel basket is the ASME Code,
Section III. Division I, Subsection NG [15]. Consistent with this criterion, for any normal
condition load and position orientation, the main structural component in the fuel basket, the
stainless steel support disk, is shown to have a maximum primary membrane stress intensity and
a primary membrane plus bending stress intensity in any disk. These are less than the design
stress intensity value Sy, and 1.5S,,, respectively. The value of S, is defined at the temperatures

for the component being analyzed.

In the side-drop. the loads of the fuel assemblies are transferred into the plane of the support
disks, from which they are transmitted to the canister shell. on;thééﬁ%irﬁ the fuel basket
components are loaded by their own inertial weight and do not experience load from the guided
but freestanding fuel assemblies. Vdnousrce{skdropang]es and radial impact orientations of the
support disk are evaluated. In addition to the load from inertial weight, the differential thermal

expansion of the support disk is also evaluated.

26132 Finite Element Model Description - PWR Basket

AU s

Two finite element models_are generated to analyze_the PWR fuel basket “for the . > _normal
operating conditions:_one for the _end-drop; in_which the loads are perpendicular to the plane of

e Rt

the disk, and one for the sxde-drop, in which the loads éct m‘ the plane of the disk. . Both models
/ us ‘ re distribution from the thermal

B T T AR

dnalysw and the coefﬁcxent of thermal expanswn Off-angle ((I)) drop results are calculated

accommodate thermal expans1on effects

err myrs -

based on the component stresses from the end and side drop evaluation.
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The finite element model for the side-drop_is 4 two-dimensional modeL. that. includes, the. cross

R e

oty

A_complete.basket.support disk 1s. modeled.for. the. side. mpact
evaluation (see Flgure 2.6.13.2-1). “"ANSYS. PLANE42 "elements are. used. to. model the he support
disk and canister. The PLANEA2 is a two-dimensional element.with four nodesc: The PLANEAZ
elements correspond to plane stress and the thickness of the Model for. the diSK 1SANput.as 0,51
which corresponds to the thickness of the support.disk. . For. the. canister shell..a thickness. of 4
inches is used to approximate the center 10, center Qistance of . SUPPOm. disks..Lor. the.end-drop,
the ELANEA}T_& 5]§mentsare replaced with the SHELL63 elements and ¢ and. elemeW r.shell
are deleted. - The nodal-element relationship, is 1he same. with. fhe.excepton.of the chAnEe 4n the
stiffness-displacement_degree of freedoms s, The. - shell . elements’ accommodate. the, out-ol-piane

bending, which .is “present. in. the end-drop. “condition; i, The_only.loading-in the. out-ol-piane
direction is the inertial weight of the support, disk,

é/ec't'ic;r'f bbfwﬂi'é' ‘Ezifiiéter shell. -

Aol
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