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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 (April 1. 1996). Since

10 CFR 71 includes essentially all of the IAEA Safety Series No. 6 requirements []. only minor

additional analyses were required to demonstrate that the packaging also complies with the IAEA

Safetv 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 ]oadings. The evaluation of the structural

characteristics of the containment boundary is based on a conservative interpretation of the

requirements of Section III of the ASME Boiler and Pressure Vessel Code, Nuclear Power Plant

Components. The AS.ME Boiler and Pressure Vessel Code is the recognized standard for

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

Analyses are performed for the principal structural components of the Universal Transport Cask

under normal conditions of transport and hypothetical accident conditions specified in 10 CFR

71.
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2.1 Structural Desigan

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 a basket loaded with PWR or BWR spent fuel or Greater 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. I 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 or GTCC waste. The

primary components of the cask are the:

1. Cask body (inner shell, outer shell, lead gamma shielding. and cask bottom)

2 Cask lid, bolts. and O-rings

3. Port covers, port coverplates. bolts, and 0-rings

4. Neutron shield

5. 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 forping- (4) cask lid. and lid inner O-hng: (5) vent port coverplate, ' 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 are shown on

the License Drawings presented in Section 1.3.4.

2.1-1
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The Universal Transport Cask body supports and protects the cask cavit\ 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 laver of NS-4-FR. which provides neutron radiation
shielding in the axial direction. The cask lid. bolts, and 0-rings are the primary closure

components of the cask.

The vent port is located in the cask lid and the drain port is located in the bottom f1or7ing. Each

port is protected by a port coverplate. The primary containment boundary at the vent port and at
the draini port is the port coveirplate and its inner 0-ring. The 0-ring is located on the bottom

surface of' the port coverPplate A second O-ring is also located on the bottom surface of' the port
coverplate outside of'. and concentric \\rth. 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
0-rinLns usine the interseal recion. The inner 0-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 polr

coverplates. The outer O-rinLs are tested hb pressuLrizing the interseal regions waith helium and
using a helium leak detector around the edge of' the cask lid and the two port coverplaites.

The cask lid, bolts, and outer 0-ring provide the primarv containment boundary. The lid is

securedC to the top forging hb 48 bolts (2-S iN'-2A bolts) preloaded by an installation torque to

restrain rotation of the edcie otf the lid and to maintain a containment seal for the critical load

condition. The critical load condition is a unitormlv distributed pressure resulting from the

impact of' the canister and cav it contents on the inner surface of' the lid during a top-end or top-

corner impact.

The neutron shieldine 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 forgin2 and the bottom plate.

NS-4-FR is a solid, synthetic polymer that absorbs the neutron radiation emitted by the cask

contents.

Four lifting trunInions. two primary and two secondary, are provided on the outside of' the top
lor-Iing at 90-deoree intervals. Two diametrically opposed primary trunnions aI-C \\elded into

2.0-in. deep recesses in the top forgin-. The two secondary trunnions are bolted to the top

2) 1-2'



SAR - UMS O Universal Transport Cask April 1997

Docket No. 71-9270 Revision 0

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 [31 and attendant standard ANSI N 14.6 [A4 for a nonredundant lift

using the two primary lifting trunnions or a redundant lift using all four of the lifting trunnions.

as w ell as the requirements of 10 CFR 71.45(a) and Paragraph 506 of IAEA Safety Series No. 6.

Analyses shows that overload failure of the trunnions w ill 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 Nwelds 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 w\here 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

pertorm 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 is 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 svstem 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.

2.1-3
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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. each of

wdhich is 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 is in the transfer cask.

In the spent fuel pool, the fuel is loaded into the basket/canister assembly positioned in the

transfer cask. Upon completion of fuel loading, the shield lid is lowcred 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 remainin2 canister closure operations, including installation of

the drain pipe.

Two penetrations through the shield lid are provided for draining, vacuum drvine. and hack-filling

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 to facilitate draining weater from

the inside of the canister.

The vent port is used to pressurize the canister or as a vent/discharge port during cask operations.

Both the drain an id vcnt ports have a covcr wcldcd over the quick disconnect prior to installation

of' the structural lid.

The structural lid is a 3-in. thick Typc 304L stainless steel disk positioned on top of the shield lid

and wvelded to the shell after the shield lid is welded in place and the canister is drained, dried,

and backifilled with helium. The structural lid is desiened with removable hoist rinns so that the
loaded canister can be li'fted. The canister design parameters for the transport of' different classes

of PWR and BWR fuel are provided in Chapter I.0.

2. 1.1. 3 Fuel Basket

The fuel basket assembly structure is located inside the canister shell assembly. The basket and

canister shell assemblies are handled as one unit. The bask-et provides the fuel assemblies with

lateral support, decay heat removal capability, and criticality control during all storage and

2. 4



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

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 is 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-w eight) for any load condition.

The support disks satisfy structural design criteria requirements at temperatures that result from

either 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 in the PWR basket are separated and supported at 4.92-in. center-to-center

inter\ als by tic 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 tic 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

bv 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 bv 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 5 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,
wvashcrs, and nuts. Likewise, the lowver impact limiter is bolted to the bottom plate with 16
retaining rods, wlashers, 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

mcdiCLm is completcly enclosed in a stainless steel shell that is fabricated from 0.25-in. stainless
steel plate.

The maximum normal condition of transport (1-ft free drop) impact load is calculated to be 17.lg
in the bottom end drop orientation. The desi~n load used in all normal conditions of transport

impact calculations is 20g. The maximum hypothetical accident condition (30-ft free drop)
impact load is calculated to he 54.9- in the ohlique-drop orientation. A design load of 607 is
used in all hypothetical accident condition impact calculations except the 30-foot end-drop
cvaluation of the B\WR basket, where a design load of P55 is used.

2.1.1.5 GTCC Waste Canister and Basket

The GTCC wastecanister is identical in desi.n o the . e / s
described in Section 2.1.1.2. :The GTCC waste basket is designed toS
Subsection NE and conforms ojbthe applicable load combina 61ciing_ critqq
Regulatory Guide 7.8, land NUREG/CR-63 22, jespec-tively 'Eqqp lie code
requirements for these components are shown in Table 2.1.2-1.
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'.1.2 Design Criteria

2.1. .1 Codes and Standards

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

follow ing codes and standards.

General Criteria (Assembled Components)

* 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]

* IAEA Safety Series No. 6, "Regulations for the Safe Transport of Radioactive

Materials," 1985 Edition. as amended 1990. [2]

Cask Structural Desien

* ASME Boiler and Pressure Vessel Code. Section III. Division I. Subsection NB, 1995

Edition, with 1995 Addenda. [6]

* NL'REG/CR-3019, "Recommended Welding Criteria for Use in the Fabrication of

Shipping Containers for Radioactive Materials." dated March 1984. [7]

* NUREG/CR-3854. "Fabrication Criteria for Shipping Containers." dated March 1985.

[8]

* NL'REG/CR-6007, "Stress Analysis of Closure Bolts for Shipping Casks." dated

January 1993. [9]

* Regulatorv Guide 7.6. "Design Criteria for the Structural Analysis of Shipping Cask

Containment Vessels." Revision 1. March 1978. [10]

* Regulatory Guide 7.8. "Load Combinations for the Structural Analysis of Shipping

Casks for Radioactive Material." Revision 1. March 1989. [11]

Cask Inner Shell and Canister Buckl;ine

* ASME Boiler and Pressure Vessel Code Cases. Nuclear Components. Case N-284-1,

"Metal Containment Shell Bucklin- Design Methods," Approved March 1995. [12]
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Cask Structural Materials Fracture Toughness

* Regulatorv Guide 7. 11, "Fracture Toughness Criteria of Base Material for Ferritic Steel

Shipping Cask Containment Vessels with a Maximum Wall Thickness of 4 in. (0.1 m),"

dated June 1991. [13]

* Regulatory Guide 7.1 2, "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-LiftinE Trunnions

* NUREG-06 12. "Control of Heavy Loads at Nuclear Power Plants," dated July 1980. [3]

* ANSI N 14.6, "Special Lifting Dcvices for Shipping Containers Weighing 1 0.000

Pounds or More." dated June 1993. [4]

Basket Structural Design

* ASME Boiler and Pressure \Vessel Code. Section III, Division I, Subsection NG, 1995

Edition, with 1995 Addenda. [I 5]

* Regulatory Guide 7.S. -Load Combinations for the Structural Analysis ot Shipping

Casks for Radioactive Mlaterial." Revision 1, March 1989. [1 1]

* NUREG/CR-6322. "Buckling Analy sis of Spent Fuel Baskets," dated May 1995. [16]

2. 1. 2.2 Exceptions to Codes and Standards

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

2.1.2-1. These exceptions are justified based on other requirements for the design and analysis of

the Universal Transport Cask and the Transportable Storage Canister. as well as based upon

standard industry practice for the storagc and transport of spent nuclear fuel.

2.1-8



SAR - UMSS Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-00A

2.1.2.3 Load Combinations

The load conditions that must be considered for the design of a spent-fuel transport cask are

defined in 1O CFR 71 and Regulatory Guide 7.8 [II] 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. [6]

The Universal Transport Cask is analyzed as a pressure vessel, whose containment boundary is

not breached during anv loadin2 condition. The cask desiun allows for well-defined load paths

that are analyzed by using straiohtforw ard, proven structural analysis methods. The structural

analysis of the cask is a linear elastic analysis. In those cases w here loadings are open to

analytical 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 types. These load type combinations define the total load criteria

for each condition. The loading t pes that must be considered include ambient thermal, decay

heat, external and internal pressures. bolt preload. inertia, and cask drop impacts. The cask is

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

ivien 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 2.6.11. Since theresidual

stress in the inner shell induced by shrinkage of the lead after pouring is retieved ecause of the

low creep strength of the lead, the stresses are not combined with other loads. The evaluations of

"Heat" (1000 F) and "Cold" conditions (-40'F) are presented in Sections 2.6.1 and 2.6.2,

respectively. The cask free drop conditions are evaluated in Sections 2.6.7 and 2.7.1. ,,The
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loading conditions used. (bolt pre-load;, internal pressure, inertia load 'andthennal 'load) are
described in Section 2.10.2.

2.1.2.4 Allowable Stress Limits - Ductile Failure

Allowtable 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 Uiniversal Transport Cask primary containment boundary for both normal conditions of
transport and hypothetical accident conditions. Material property data used in calculating the

allowable stress limits correspond to the design stress intensities (Sm), yield strengths (Sj. and

ultimate strengths (S,) presented in Section 2.3.

The cask primary containment boundary includes the follows ing elements:

* 4.5 in -thick cup-shaped bottom forging (Type 304 stainless steel).

* 67.61 in. ID, 2 in.-thick inner shell (Type 304 stainless steel), to which the bottom forging

is welded.

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

* 6.5 in. thick cask lid (Type 304 stainless steel), its inner 0-ring and 48 lid bolts (SB-637,

Grade N07718 nickel alloy steel).

The vent port coverplate. inner 0-rings coverplate. bolts, drain port coverplate, inner 0-ring, and

coverplate bolts are also part of the primary containment boundary. The allowable stress criteria

used for containment stl-uctures and bolting materials are summarized in Table 2.1.2-3. These

criteria are consistent kwith Regulators 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 showsn to satisfv 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
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primarv 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 is 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 yield strength 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

heinS 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.
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'I'hlae 2. 1.2- I

ICode Section

[~Ixccptwius to ( ,otls arid( Staludkrdd

1 AkSNiE sICT(ION III, SUIBSECTION Nl COD)E EXCEPTIONS

Article N13-8000):
Namepl ates, Strampinrg. and
Rcpoi ts

Iransport Cask
Thc ('o(lc requC(iL-emenlts for- this article are not met flor the Transport Cask as it is not N-stampcd anrd
codc daita reporl-s aire not rcquirdcl. Ilowevcr, thc Cask is marked as required by 10 CFR 71.

TIranlsportab)le Storage Canister

'1n -s irtis~Iesfgned and fabrncatedjinriaccordance with", Subs'ction NB oF
,ode.Stanpiln mau mueup racti'caI Iextent."', However,' code.stamping of canister> goiponents is npvot & and
`!mpqopntA canistet0cotponents,,are not' code "stamped and %there .is no involyemenof,,anAuthozqd,,.spectiQn

Agency. ,

Matria' Ci1A sii.pli&id ibry v NAG§ aisuppliers iWithC ier fTKia4eria TortsK in
ASMEBApp eateria1 accordance .withNB7-2000 requirements.
Suppliet

Suhpr.aragrap.ih NE3-3352.3 '[he structuIrl lid-to-shell weld joint does not comply with the allowable joint configurations (NB4243
Joints of Category C - full penetration joint). [rh` ensreso iWnfi;dnfsu e 1ide

Jo nts oftatfgory C l gn gs~rpehetr .uI{ee '~ e~iIspn ad"P i~ i c.aniste to oaT'

s hi i jud,. I 'l41p "b Ii~uu"cj n7h"

1Paravr-aphl Nl3
Rem'-o`val "' 13.

n-442 RI
Back ng Rings

In accordance with NB-4243 (CategoVy C) corner- joints welded from one side with the backing riing
removed are acceptable. The tJMS strU t,1a4 to shell weld design uses a backing ring for the joint
that is not reCm1ovCd. The backing ring permits completion of the partial depth -rIy weld. It is not
considered in any analyses and has no detrimental effect on canister function.

. _ _
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ITable 2. 1.2 -1 I[xceptions to Codes and Standards (Continued)

Code Section ASMIE SECTION III, SUBSECTION NB COI)1E1 EXCEPTIONS (Continued)

Transportable Storage Canister (Continued)

Paragraph N13-5230 The structural lid to canister shell weld will be verified by either ultrasonic examination (UT) or by
Radiographic or Ultrasonic progressive liquid penetrant examination (PT). If progressive PT examination is used, it must include
Weld lxamination the root and final layers, and each intermediate (approximately) 3/8-inch of weld depth. If UT is used,
(Structural Lid to Canister it will be followed by a final surface PT examination. For either examination, the maximum,
Shell) 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) Xwith
acceptance per ASME Code Section mII, NB-5332 (UT) per 1997 Addenda, and NB-5350 for (PT)'

Paragraph NB-5230 A root and final liquid penetrant examination has been specified because a radiographic examination
Radiographic or Ultrasonic cannot be performed since the canister is loaded with spent fuel and 'ultrasonic examination 'of these
Weld Examination weld joints is not indicated because of the joint configuration. In addition, ultrasonic examination
(Shield Lid to Canister would require close proximity to the canister shield lid, which would expose personnel to high dose
Shell and Port Covers to rates. Two welds close'all leak paths through the canister shield and structural lids. In addition, the
Shield Lid) shield lid weld is pressure tested and helium leak tested to confirm its integrity.

Article NB-6111 A hydrostatic or pneumatic test of the Transportable Storage Canister is not performed at the time of
Pressure Tcsting 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 peCSSuIe tested
(following fuel loading) during the canister closure operations.

Article NB-7000 No overpressure protection is provided since the function of the canister, is to confine radioactive
Overpressure Protection material.' The canister is designed to Withstand an internal pressure that considers 100% fuel rod

failure and the maximum accident temperature.

Article NB-S800
Nameplates. Stamping and
Reports

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

--- --- --
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ITable 2. 1 .2- I Exceptions to Codes and Standards (Continued)

Code Section ASMIE S[CTION 111, SUJBSECTION NG COI)E 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

Articlc NG-800() '[he Internal Fuel Basket Assenbly is not Code stamped and no reports are completed that are
Nameplates. Stampin atnd associated with these activities.
Repolts

Code Section ASME SECTION III, SUBSECTION NF CODE EXCEPTIONS

GTCC Waste Basket Assembly
N3-2000 MaterOlsiif be supplied by -NACdtapprovedsuppieih Ctified Mat er rts in
ASME Approved Material accordance with NB-2000 requirements.,
Supplier

XrtileJNF-86O The Internal GTCC Waste Basket Assembly is not Code stamped and no reports are completedithat are
Nameplates, Stamping and associated with these activities.
Reports
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Table 2.1.2-2 Load ('Comhinations: Normal and I lypothetical Accid(lent Conditions

Applicable Initial Conditions

|__ -_)c a iy I leatAmbient TemperatLure Solar Iisolatioll | Iitelimal Pressure I-ahbtication

StressesI oad (oonditions -- Apply Separately

Notrmal ( onditions of fi ansport:

1(0() 'I -20 0F masmil)),, I Minin)[11t (/efo) Maximuim | N'li Miniumr (Zero) M aximuim I Minitmut

I I I

Hot Ens ironment

() 010' Anhient lemuperatuie)

(old Fliviroriritent

(-40'' F Arbihent Terperaltie

X X X X

N

x
X X x

---- 1---- F -I ------1 ___________

Increased External PrurSSure 20 pSia

Miniitutium External Pressure 3 5 psia

x

X

X

N

N

N

x x N

xx

X X
Viriation and Shock

Frecc Drop ( I - foot)

X

xX x x x

X X x X X

XX X X X

H ypothetical Accident Conditions:

X
Fiee Di)rop (31) foot)

Punc ture
x

x
x

X

X

x
+ _ _ __ I I

X

X X

XN

X
- -__ _ _ N

m k

X

X

x x
---Ihermal Fire Accident

200 Meter Inunmnierion

(290 psi external pressure)

x x
N

x
-� A

X X X

N

N

NX X X X
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Tahle 2. I.2-3 Allowanle Stress Iimits for Containment Structutres

Allowable Stress Bolt Allowable

Intensity Stress Intensity

Stress Intensity Normal Accident Normal Accident

Category Conditions Conditions Conditions Conditions

Primary membrane 1.)S,, I Iesser of: _ 4 SH 2.( Sm)r~\ Lesser of: 1.0 S,

and 0.7 S, and 0.7 Su

Primary membrane + 1.5 S L.. Lesser of: 3.6 S,, 3.0(S,,)mfN1 1.0 S.

Pri mary bernding 2 and i1 (,,

Range of primary + 3.() S.,, N/A ----- -----

secondary

Shear 06 0(4 .S, ---49 S.,

Bearing I1. S, 1.0 S,

o- 1.5 S,.-

Buckling Inner shell: ASME Code Case N-284-1 1 12] ---- _----

Neglecting stress concentrations.

IDistance to edge > distance over which hearing load is applied.

S = material ultimate strength.

S, = material yield strength.

S.,= material design stress intensity.

= lesser of: .SJ3 and 2S,/3.

(S.,) holting material S,/3
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Tahle 2. 1.2-4 Allowable Stress limits ftOr Noncontainmen1CIlt StrUctures

Allowable Stress Bolt Allowable Basket Allowable

Intensity Stress Intensity Stress"

Stress Intensity Normal Accident Normal Accident Normal Accident

Category Conditions Conditions Conditions Conditions Conditions Conditions

Primary menbirane 1. S.) 0.7 S, 2 .(( S. )n\1 'Lesser of' 1.0 S.. (0. 7 SL1

lO S,

and 0.7 S,

Primary membrane + I .5 S,,, I . 3.0)( Si,)\Im 1.() SY 1. 5 S, I1.( S.

Primary Bending

Range of l'rimary + 3.0 S( , N/A 3.0 S,, N/A

Secondary :

Shear (Greater oF: 0).6 Sl, 0.5 S, 0.6 S ... 0.42 S,5

or 0.6 S,

1earing I .S l( I.() 0S,, I.() l

or 1.5 S'...

Buckliing NUREG/CR-632'

Neglecting stress concentrations.
ASMI Boiler & Pressure Vessel Code, Section III, Subsection N(i.
Distance to edge > distance over which bearing load is applied.

Su = maitcrial ultimate strength.
Sy = material yield strength.
S = material design stress intensity.

lesser of: SU/3 and 2SY/3.
(S,) bolting mcteria'l - S /3.
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2.1.2.5 Miscellaneous Structural Failure Modes

2.1.2.5.1 Brittle Fracture

The primary structural material of the lUniversal Transport Cask is Type 304 stainless steel. The

outer shell, inner shell, top forging. bottom forging. neutron shield shell, cask bottom plate. and

port covepTlates 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 B3WR basket are constructed from SA-533. Type B. Class

2 carbon steel.

Type 304 and 04-L stainless steel are austenitic stainless steels and, therefore, do not undergo a

ductilc-to-hrittle transition in the temperature ran-e of interest for a spent-fuel transport cask.

Therefore, brittle fracture is not a concern.

Reoulatorv Guide 7.11, -Fracture TouLIchness Criteria of Base Material for Ferritic Steel Shipping

Cask Containment Vessels w\ith a MaximLIum Wall Thickness of 4 Inches (0.1 in)," [13] which

identifies fracture toughness critcria, references the criteria contained in NULREG/CR-1815.

"Recommendations for PIrotectinv Against Failure by Brittle Fracture in Ferritic Steel Shipping

Containers Up to Four Inchcs Thick" [18]. The cask lid bolts are made of SB-637. Grade N07718

nickel alloy steel bolting material. The port coverplatc bolts are made of SA-193. Grade B6, Type

410 stainless steel. Accordinm to Section 5 of NLUREG/CR-1815, bolts generally are not

considered fracture-cIritical components because multiple load paths exist and because bolted

systems are designed to be redundant. Thereforc. brittle fracture evaluation of the bolts is not

requi red. Nonetheless, the bolt materials possess, a level of resistance to brittle fracture that is

comparable to the other cask component materials.

The support disks in the PWR hask-et arc made of 17-4-PH, Type 630 stainless steel plate that is

0.5 in. thick. The BWR basket support disks arc made from SA533, Type B. Class 2 plate that is

0.625 in. thick.
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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-ductilitv or brttle fracture concerns are associated

wxith 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-32'22.4 for cyclic operation.

NNB-3222.4(a) states that cyclical service analysis is not required when the six cnitena of

N1B-3222.4(d) are satisfied. Justification for exemption from a detailed cyclic analysis is provided

below.

A normal operating cycle of the transport cask consists of: 1) loading an empty cask at ambient

temperature w ith 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 cycles per year x 50 years).

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

Transport Cask.

1. Atmospheric Pressure Cycle. 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 lox er than the value of' 20,000 corresponding to 3Sm for the cask material

(56.1 ksi at 400 0F).

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

but the pressure boundary is designed for 75 psig. Sa for 106 cycles is determined to be 26.5

ksi and S, is 18.7 ksi. The significant range of normal pressure changes is 1/3 x design

pressure x (S/S,,) = 35.4 psi. The only pressure fluctuations during normal operations occur

due 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 1.20()
startup-shutdown cycles are expected during the lifetime of the cask. The corresponding S.

determined from the fatiLue curves is 120 ksi. Therefore, taking the material properties Whom

Section 2.3, the value of S,,/2cz is calculated to be 245"F-substantially hiTher than the
temperature difference hetween any two adjacent points on the cask.

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

ksi and S/2Ect is calculated to be 54''F. Clearly, this is substantially higher than the change in

temperature difference betw een any trio adjacent points on the cask during normal service.

5. Temperature Difference - Dissimilar Materials. The cask components are fabricated from
austenitic stainless steel except tor the lid bolts which are ASME SB 637 Grade N07718 and

the coverplate bolts which are SA19 Grade B6. The quantity of' S/2(Ejctx - E 2ct,) is calculated
to be 192LF for the coverplate bolts and 3490F for the lid bolts. This is substantially hig£her
than the temperature difference hetwveen any adjacent points of the basket.

6. M~echanical Loads. The fluctuations due to mechanical loads are considered sienificant only

wshen they exceed the S,, quantity corresponding to 10f' cycles. This value is determined to he
26.5 ksi. From the results in Section 2.6.7. the maximum cask stress for normal conditions of'
transport is 2 1.5 ksi when the 1-ft. drop is included.

Therefore. the Universal Transport Cask structural components meet the exemption criteria of NB-
'2' .4(d) and do not require a detailed cyclic service analysis. However, a fatigue ealuton 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

cclce for a canister consists of ( 1 ) loading an empty canister/basket at the spent fuel pool (assumed
to he ambient temperature) wnith a full load of ftuel assemblies 2enerating 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 max be exposed
to one hypothetical accident. arftcr which the canister is taken out of service. A typical canister is
not exposed to significant cycling during its design life.

2.I-20



SAR - UMS ® Universal Transport Cask Ma! 2000
Docket No. 71-9270 Revision UMST-OOA

2.1.2.5.3 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 NTUREG/CR-6322 [16], which is

based on the ASME Code. Section III. Division 1. Subsection NF [19]. The code or standard 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 bucklinQ issues.

Bucklin2 of the inner shell, which is the primary component of containment, is evaluated as

follows:

2.1-2
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1. Use classical theory to determine the theoretical elastic buckling stresses.

2. 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 applx> 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

bucklinL- stresses are abov'e the proportional limit.

Theoretical Elastic Buck-linM 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 usinc the

equations of Code Case N-284-1. the inner shell geometric parameters, and the material yield

streneth 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

hb using methods described in Section-1500 of Code Case N-284-1. To directlv use the capacity

reduction factors. the tolerance requirements of NE-4220 of the ASME Boiler and Pressure Vessel

Code. Subsection NE [201 must be satisfied. 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

PlasticitN 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.
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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(i 0= or

0). must be less than the yield strength, S\, divided by the appropriate factor of safety (Si < SJFS).

Similarly, for shear, SQ.i must be less than or equal to 0.6 S, divided by the appropriate factor of

safetyV (So,, < 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 bucklin2 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.

21. I2. 5.4 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 energv-absorbinp 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 enerev-absorbinc, material in the impact limiter and the area of crush. The

impact limiter must provide a sufficient depth of energy-absorbine material so that all of the

kinetic energy of the package is absorbed (cask is stopped) before the limiter is crushed to its solid

"stacked" height (approximately 3097 of the initial depth).
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2. 9Weights and Centers of Gravity

The calculated %veights of the major components of the Universal Transport Cask containing

PWR and BWR fuel are presented in Table 2.2-1 and Table 2.2-2, respectively The calculated

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 cav itN. although the spacers do remain in the cask cavity. "Under-the-

hook wFeight" includes the cask with lid, spacer, and yoke. "Transport-ready wveight" includes the

loaded cask with upper and lowver impact limiters. The cask under-the-hook and the transport-

ready design wveiehts are 250.,000 and 260.000 lb, respectively.

The axial locations of the centers of gravity are measured from the bottom outer surface of the

cask body. The centers of gravitv are on the axial centerline of the cask because the cask is

symmetric about that axis.

.9- -I
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Table 2.2-1 Calculated \Veiohts and Centers of Gravit: Cask with Canister Containine PWVR

Fuel

Class I Fuel Class 2 Fuel Class I Fuel

Component Description t. C. G. t. C. G. W t. C. G.

( I b I (in-)l (lb) (in.)l (lb) (in.

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 6  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

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

Yoke2  8,000 - 8,000 - 8,000 -

tUnder-the-hook Nseiwht (drv 3 240,317 - 241,800 - 238,681

Under-the-hook weight (wet)4  244,893 - 247,104 . 244,122 .

Transport readv Ns~eieht' 250,009 107.99 251,492 106.79 248,373 106.30

Design transport \neight 260,000 - | 260,000 - 260,000

1 Nfeasured from bottom outer surtaice of cask hod\

2. Yoke is used t~r lifting purposes onlIN. Thereftoc, wke is not included in transport cask analysis and center of
-ra6its is not calculated.

3. Under-the-lhook Nweight: cask N ith lid. spacer. loaded c. anister- 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-read\ wNeight: loaded cask \ \ith impact limiters.

6. Measured from bottom outer surface of canister body.
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Table 2.2-2 Calculated Weights and Centers of Gravity: Cask wvith Canister Containin- BWR

Fuel

Class 4 Fuel Class 5 Fuel

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

(lb) (in.) (lb) (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 6  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 ..

Yoke2  8,000 - 8,000

IUnder-the-hook weight (dry) 3  245,330 - 244,312

Under-the-hook weight (wet) 4 250,185 249 507

Transport ready *keiohtt ' 255,022 105.94 254,004 106.23

Design transport weight 260,000 260,000

1. Measured from bottom outer surface of cask body.
2. Y oke is used for lifting purposes only, Therefore, xoke is not included in transport cask analysis and

center of ('ravitv is not calculated.
3. Under-the-hook weight: cask ~Kith lid. spacer. loaded canister, and yoke.

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 \keight:loadcd cask skith impact limiters.
6. Measured from bottom outer surface of canister body.
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Table 2.2-3 Calculated Weights and Centers, of
Greater Than Class CC(GTCC)W a ste

Gravity: Cask with Canister Containing

Maine Yankee GTCC Waste

Weight Center of Grayity

Component Description (lb)(inches)

GTCC Waste 20,000

Basket 32,314

Canister without lids 8,388

Canister structural lid + backing ring 2,927

Canister shield lid 6,825

Loaded/Closed Caniste? 70,454 93.84

Spacers 1,71 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 _. .

Yoke2  8,000 _

Under-the-hook weight3  240,066

Transport ready weight1' 4  249,758 108.54

Design transport weight 260,000

1. Measured from bottom outer surface of cask body,
2. Yoke is used for lifting purposes only. Therefore, yoke 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 yoke.
4. Transport-ready weight: loaded cask with impact limiters.
5. Measured from bottom outer surface of canister body.

2.2-4
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.*Mechanical Properties of Materials

The material mechanical properties corresponding to the calculated material temperatures of the

Univcrsal 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

analvsis. The cask materials and their mechanical properties are described in the following

sections.

2.3.1 Summary of Materials

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.

2.3-1
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Cask Component Material

Cask inner shell

Cask outer shell

Cask bottom plate

Bottom flor-,ing

Top forging

Neutron shield shell

Neutron shield

Neutron shield heat transfer fins

Gamma shield

Cask lid

Lid bolts

Port coverplates

Port coverplate bolts

Lifttine trunnions

Rotation pockets

Calnistcr Spacers - PWR Cask

- BWN'R Caslk

Canister shell

Canister bottom plate

Canister shield lid

Canister structural lid

Support disks-PWR basket

Support disks-BWR baskct

Heat transfer disks

Spacer nuts

Tie rods

Basket end weldments

Fuel tubes

Impact limiters

ASME SA-240. Type 304 stainless steel

ASTM A-240. Type 304 stainless steel

ASTM A-240, Type 304 stainless steel

ASME SA-336. Type 304 stainless steel

ASME SA-336. Type 304 stainless steel

ASTM A-240 Type 304 stainless steel

NS-4-FR

Explosively bonded ASTM B-152 copper/ASTM A-240

Type 304 stainless steel

ASTM B-29, chemical copper grade lead

ASME SA-336. Type 304 stainless steel

ASMOE SB-637. Grade N07718. nick-el allov

ASME SA-240/SA-479 Type 304 stainless steel

ASME SA-193. Grade B6 (Type 410) stainless steel

AS%1E SA-564. TYPE 630. 17-4PH stainless steel

ASTM A- I 8, XM- 19 stainless steel

ASTM A24() Type '04 stainless steel

.\STM SB-')'9 Type 6061-T6 aluminum alloy

ASM'IE SA-'40. Type 304L stainless steel

ASMIE SA-240. Type 304L stainless steel

ASTI A-'4(). Type 304 stainless steel

ASMIE SA-240, Type 304L stainless steel

ASMIE SA-6()3' Type 630, 17-4 PH stainless steel

ASMNIE SA-53* Type B class 2 carbon steel

ASMIE SB-20()9, Type 6061-T651 aluminum alloy

ASME SA-479, Type 304 stainless steel

ASMIE SA-479, Type 304 stainless steel

ASME SA-240, Type 304 stainless steel

ASTM A-24() Type 304 stainless steel

Rcdwoodbhalsa wvood encased in ASTM A-240.

Type 304 stainless steel

ASME SA-193, Grade B8S, austenitic stainless steelRetaining Rod
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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, ductilitv. 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.

2.3-3
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Table 2.3.2-1 Mechanical Properties of SA-240. Type 304 Stainless Steel

Propert V alue

Temperature ("F) -40 -20 70 200 |30 400 SO 7I

Ultimate Tensile Stress, 75.0 7.0 75.0 71 0 66.0 64.4 63.5 6. I

S_ ksi.I [211

Yield Stress. S, ksi [2 1 30 0 3O 0 3O 0 2 .0 2.5 0 19.4 V 3

Desie n Srcss Intensit. 20.) ) 0.0 (0.0 20.0 200 1 8 7 15 5.

S, mi [ 2 1

I1dS 7lns O EOlastis . 'S -1 28 ,; [ 3n1 27.6E+03 .0Etn3 '6.5+0 *S.+03 24.41>03

01 ks 112

I

Alternmti IIe StICes. (n 10

C Llch I ksi) I [I71

A iernmatinII Stre>s ( I0'

L:\Cls ,ksiI I 1 1

LPois n lh , Ratio I 2I F [21I

. 0.3 I

Density -f 503 lnli/ftli 0 29 1 I mrri/in 1

Note: Reference 1171 Appendix 1.
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Table 1.3.2-1 Mechanical Properties of SA-479, Type 304 Stainless Steel

Property Value

Temperature (0F) -40 -20 70 +200 +300 +400 +500 +750

Uiltimate Tensile No \Value 7-; 0 75 0 71.0 66.0 64.4 63 .5 63.1

Stress. S (ksi Givcn

Yield Stress, No Value 300 0 300 0 22.5 20.7 19.4 17.3

Given
S, (ksi)I

Dcsiun Stress 20.0 20.0 200 20 0 20.0 I S.7 17.5 15.6

InrtcnsitN. S., ksi)

[211

NIodulu` ot 'S SE+O' 28.-E+03 'S.3E+0. 27.6E+03 27.OE+03 26.5E+03 25.SE+03 24.4E+03

ElamsiitN ksi

12 11

Coetficient ot No Value Given 8.46E-06 S.79E-06 9.OOE-06 9.19E-06 9.37E-06 9.76E-06

The rimial

Expansion. u.

irnl,'. F 1'1I

Altcrnatinc Stress 720 718S 708 6S3 675 663 645 610

(C. 0I C\cles (ksh)
117]

Aitcrnatine Stress 2S.S 'S 7 283 '7.6 27.0 26.5 25.8 24 4

Poisson s Ratio 0.275 Co 275TF

Density 2I11 497 Ihni/t't (0.288 hrn/in Co 300'F

Note: Reference [17] Appendix 1.

Reference [ 21] ASMIE Section 11. Part D. Material Properties

* Calculated hascd on Desiu n Stress Intensits

I IS 111- CI.lI

1,sl( !SU-(9 = Su IcMFS =

'.3-5



SAR-UMS- Universal Transport Cask

Docket No. 71-9270

Apnl 1997

Revision 0

Table - 3.2-3 Mechanical Properties of SA-240. Type 304L Stainless Steel

Property Value

Temperature "PT -40 -20 70 200 300 401 50 7511

Ultimate Tenmilc 70 0 70 0 70.0 66.2 60 9 58.5 7 5, 9

Strcss, S ksj J [2 11

YwId Stress. 2r 0 25.0 5 .0 21.4 19.2 17.516.4 14.,
S. (l- I '1 1 1

S.. Lis [21]

DcmieL StiCes> 76 16 7 16( 7 16.7 6 7 15.8 14.S 13 .

Iliterlitv, S,., LIsi

,'11

%Iodulu, ot' 2.' 7Et()' S. 7 E+-0 i 'S .E+Q±0 27.6E03 '7.OE-O' 26. E+O 2 812SE+O' '4.4E+O10

Eilasticitx k, [i I

Altc-matirie StrC>s ' 71S 0 71S.O 70S.0 690.5 675.5 663.0 (45 ' 610.4

I0 e) *e.> iksv, [Wi 1-1

.\lter-a1imi SMre»s (0) 28 7 28. , S.3 2 76 7. 26.5 "5,924 4

I0 I cs e I ks ku I[ |

'cieffleicn of SI33-()6 S.191'-06 X.46E3-06 8.79E-06 9.00E-06 9.19E-06 9.371-06 9.76E-06

Thermal E\panimon.

ic in/in/ FH [12 II

Pn 's Ratio j 0' l j 1

DcnsiNt 12 1 1 503 lhn/tO '0.291 Ihm/in1

Note: Reference 117] Appendix I.

Reference 1 '-1 ] ASME Section 11. Part D. Material Properties.
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Table '.3. 2-4 Mechanical Properties of SA-336. Type 304 Stainless Steel

l'ropertN Value

Temperature (T) -40 -20 70 200 300 400 50() 750

Ultimate Tensile 70.0 70.0 70.0 66.2 61.5 60.0 9.3 58.9

Stress, S, (lksi)

Yield Stress. 0.0 30.0 30.0 250 2 2.5 20.7 19.4 17.

S. Lksi) [21]

DcsiEn Strcss 20.0 20.0 20.0 20.0 20.0 18.7 175 1 5.6

Intensit. S,., Liks

12 11

NiotL1LIs 0(! 28.-E+O 2S. 7E-O 2S'.3E+03 27.6E+03 27.OE+03 26. E+03 25.SE+03 '4.4E+O0

Elastic'ity.

E (ksi [211

AltCrlatirng Stress 71 8.0 718 0 70S.0 690. 5 675.5 66.0 645.5 610.4

10c*c ds (ilsi

1171

Altcrinatine Strcss IS 7S 7 8. 27.6 27 0 26.5 25.8 24.4

1 1O" v.les (s Ii

Cotfceient oft 8. 13E-06 8 19E-06 8.46E-06 8.79E-06 9.OOE-06 9.19E-06 9. 7E-06 9.76E-06

Thermal

Expansion. (

t in/imn/Fi I '2II

Poisson's Ratio
4 0._? 1 101211 03

Dclnsitr [']-I 503 Ibmri.(t''0.291 Ihml/in ,

Note: Reference [ 17] Appendix 1.

Reference [211 ASME Section 11. Part D. Material Properties.

2.3-7



SAR-UMS5 Universal Transport Cask

Docket No. 71-9270
April 1997

Revision (O

Table 2.3.2-5 Mechanical Properties of Type XM-19 Stainless Steel

Properl Value

lemperature (I) -40 | -20 j 71 )0 300 400 500 7510

Ultimate Tensile 100 0 100.0 100.0 99.5 943 90.7 X9 1 85.

Stress,. 8, Lsi 121I

Yield Stress, S. i ksi 55 0 0 5O.0 47. 0 43.4 40.)S .S 35.8

I)csDien Stress . . 3 3 31.4 30 . 9~ 2 8 5

Iritelnsit\. S. L ksi '2 I I

Modulus of Elustncit\, 28' -E+-1) 'X E8f- -0 'S -3i03 27, 61+0' 27 OE+O3 26 5E-()' " SE 07 `4.5E- 03

Ei ksi' [211

AltFrnatii-i Siiess ( 708 O()X '7 ( 0 67 5, 66. 0 645 5 610 4
I C\. cvclssi I 1_7_

Alternating Streq 1; 2. 2 . 2 6 27.0 26 25.S 24.4

ICOf LWeSe i ki )IiT'7

(Coc1f:fcil o! . I '0 SIE-On 4(1). 8 71!-u)1n 9 ()OE-06 9 10F-06 9.3fE-n 9.76f -06

Thermal I\xpaswion. U.

I,,n: /"F' 1 21

Thermial C(e0FtI`C\ lx. No \u0 e (UL' I ()8 3 0 (775 O.8 I7 0 850 9s0

Btu,'hr-n i F.I 1 1

Boi;son's Ratio] 2 1 0.31 O

DensitN 1211 5030 IhiitO.291 lhmlin) i

Note: Reference 11171 Appendix 1.
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2.3.3 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 Nwith 171'( chromium and 49/

nickel as compared weith Type 304 austenitic steel. which has 18% chromium and 8%7 nickel.

Both materials are considered to be stainless steel by the metals industry. The mechanical

properties of this precipitation-hardened stainless steel are presented in Table 2.3.3-1.

'.3-9
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Table 2.3.3-1 Mechanical Properties of SA-564 and SA-693, Type 630. 17-4 PH Stainless Steel

Property Value

Temperature (TF -40 70 200( 300 400 T 0(1 650

L Itimnae Tceiilc Strcsh. 1".0 3 I 0 3 5 4 0 3 5 0 13 .0 3 *1 4 128 . 12S.

S lksi: 1211I

ii lc SIrdS. S. K i' 105.0 105.0 I05.0 97.1 93 0 s9. 87.0 836

1211

Dcin Strc~ lntcnysit\ 45.0 45.0 45.0 45.0 45.0 43.8 428 41 9

5, (kmi '-I1

\flduu11, Ef ta.i 2 L±0 -'S. E7-03 2S .E-03 67.61-03 ',.(0E+ 03 '6.5E+()3 '5.8I+0 25.1E+03

.A\ItCimi i a Strcs n 10 401. 40 1.8 39:,2 3i86.4 378 0 37i 0 361.2 341.6

k' I 1171

Altcrnainn Strcs og 19.1 19.1 l 8.9 18.4 IS0 17 i7 163
IIoi cvc-e 'D' I 16

(oefcie .r ni of Therial No\ Val ue No \ alue S 90)6 90(-06 .9()E-06 5.91F-006 5.91 L-06 5 .93E-06

F\ al u olr l , Or. (1 lrl,,in",' F1 Cji\cn Giicnir

T;herillal Coildueijit\: NO \alLeG (Gien 1/74 0 8S 0.933 0.95 I Oi 7 1 II'

iBtL/h`-inr DII Ti 1211

Poiosson' Ratio 121 I 0.*1 I

Dcnsit\ 121) * 503 hn'tC10.291 Ihin/'in

Note: Reference 117] Appendix 1.
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2.3.4 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.
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Table -'.3.4-1 Mechanical Properties of SA-533, Type B. Class 2 Carbon Steel

JPropertm Value

Temperature (Ti -20 70 200 300 400H 5(( 750

tmtimn3:e Tensilc 90.0 90 0 90 0 90.0 90.0 90.0 0 2
Sress, S., (kw -I 111_

YwIld Strcs. S. ki 70.0 70 0 65.5 64.5 6. 02. 63 59.3

Desien Stiress 30.0 3 0.0 30.0 30.0 30.0 30.0 No Value
Intensit, S: (L<ipi [211 Gien

\1IIulu, Of [IF -' citN. '9.91- t ()3 '9 't-+03 2S.SE+0S 28.01+0' 2, 4E+0. 2' OF-+0' '46BF0.
F L ki p 1

Ahtcl-natin Strcss 405 0 465.0 453.S 435.0 436.3 429.9 391.7

1 l l CIlCvlil S t I 81 I7S | 154 I5.2 14.8 14 6 I3 3

10''. oclec5 Li 1 17

C(iticteni o rlierial No! \iuc 0'21- 7 2.2-06 7 06 7.58E-06 7 701-06 5.(01:-06
FF. mm F Givcn

IThormal (Conductl:\itL \(1 % iI No 1. 1.95 1.98 195 1.3
BTL'Ilir- i r P I [ ' I I_ _ Cn _ _rl_|

Pomsson's Ratio I21 0. 31

DCTIsptv [21I I03 in/t'm0.91 Ihn-&l /

Notc: Refecrence 1171 Appendix 1.
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2.3 5 Bolting 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 N07718 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 23 _5-n.

2.3-13



SAR - UMS Universal Transport Cask

Docket No. 7 1-9'70

April 1997

Revision ()

Table 2.3.5-1 Mechanical Properties of SB-637. Grade N07718 Nickel Allov Steel Bolting

Material

Properth Value

Tnemperature ((F) -40 -20 70 200 301) 400 ;W(1 750

Ultimate Sireneth No aSLI 15 I 8 5O 177 6 17.5 170.6 16 87 16(50
Gi\e

Stre>s S*

Y 'eld slicss. NO \VaIloe I 500 10440 140.7 1')S., 136. 1338

Nlainuim No \-alue 31() . 0 36 . 34.6 34.'
Allo\\ahtc Stress, Gien
S 1kioi [211

Deoien Sticess No \ aluc Sot) 5(9 0 4 0) 46.9 46.1 45.(, 44.6
Intenit%. SL lksi p Given

Nioduls of '9 .6E +(, 21 0 5F-01 ()20 IE i03 'S 2(' ' E+O 27.6F1+03 I7 E1-03 26.1 E-O.

Aliernatine SiTess 7 , I1.5 1 2.4 12.2 II -
10 Io le isks

Coefficient oft No \aliu. G\ cii - ()cE-)6 - 22[-06 7*'.E-06 7.451:-06 7.571E0 - , 211E06
T1- , I -, 1la

Pallsion . i(

Poisson s Ratio 0.'1

Detsit\ ] 211 h S0 I 1nii '0.291 Ihrmi'i

Note: Reference 1171 Appendt.\ 1.

CalcUlated based on D)esion Stress InrtensitN

S
1 S S L

S , LI'l 11 1V>1',
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Table 2.3.35-'2 Mechanical Properties of SA-193. Grade B6, High Alloy Steel Bolting Material

Properth Value

Temperature (°F! -40 -20 70 200 300 400 5(0 600

Ultimate Stress. SL No \'alue 110.0 110.0 104.9 101.5 9S. * 95.6 92.9
(ksi - Givcn

.ield Stress. No V\alue 85.0 850 8 1.1 7 S. I 76.0 73.9 71.8
Gien

S. (ksi

DcsiLn Stress 2S. 3 'S 2S.3 27.0 26. 1 25.3 24 6 23.9
Interisit% . S. i ksi

J211

Modulus of 30. IE+ 03 30. ILE+ 03 29.2E+ 03 28.'E+ 03 27.9E+ 03 27.3E+ 03 26.7E+ O' 6. 1 E+O-
Elasticit\. E Lksi)
I2 11

\Iternatimne Stre>. 1104.4 1100.0 108.O I0 O8.0 10 3 0 1015.0 989 0 935.3
IO 10 c!clves lks

AlIternatinc Stress I 3.0 12.9 12 7 12.4 12.2 11.9 11.6 11.0
10K' ! 1ILS I Li1

Coefflcient t 5 7 *E-06 7 6E-06 5. 9'E-06 6.1 5 E-06 6. 30E-06 6.40E-06 6.4SE-06 6.53E-06
Thcrmal Expansionr.

(i i iiVil l/ri 2 ) [ 11

Poisson s Ratio 0.31

[211

DcnsitN 1-11 5 03 Ihm/tt'O'.29I Ibm/in' ___

Note: Reference 1171 Appendix 1.

Calculated based on Design Stress Intensity:

S
S 1 1

S U-i=S 11;
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Table 2.3.5-3 Mechanical Properties of SA-193, Grade B8SHig Alloy Stel , Bolting Material

Property Value

Temperature (°F) 40 -20 70 200 300 400 J 500 600

Ultimate Stress, Su 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 ]3

Modulus of 28.8E+03 28.7E+03 28.3E+03 27.6E+03 27.OE+03 26.5E+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 25.3
@ 106 cycles (ksi)
[17]

Coefficient of 8.27E-06 8.38E-06 8.55E-06 8.79E-06 9.OOE-06 9.19E-06 9.37E-06 9.53E-06
Thermal Expansion,

a (in/inl°F) [21]

Poisson's Ratio 0.31
[21]

Density 121] 501 lbni/ft3 (0.29 Ibm/in3)

1. Section II, Table U, page 444, Alloy S21800.
2. Section II, Table Y-1, page 536, Alloy S21800.
3. Section n1, Table 4, page 416, B8S.

2.3-16



SAR - UMS Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-OOA

2.3.6 Aluminum Alloys

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 hi2h 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 '.3.6-1 Mechanical Properties of 606 1-T651 Aluminum AlloN

I ropert| Value

Temperature ("F) 70 1I0 200 300 400 00600

Ultimate Tensile 42.0 40- T S 31.5 1s 7 67 4

Stress. S, Lksi: 1221

Yield Str.. 3.0 33.9 3-__ 26.9 14 0 5 2.5

S.\ Lki) 12'21

Dcsieri Strcs~ 10.5 I 0. 10. 8 .4 4.4 No ValuLe GCicn
Ilntensvit\ S,, \i_

\1odulu or IO0 OE+0 - 9.9E0+03 9.E+03 9) 'E +03 8.7E+10 3 8 I F+0 . '.0E-+03
IElastivip\ . E ki i

CooffiLitent ot No \ aluc 12.611-00 1 -911E-06 13 .22E-06 I 3521E-06 I '.7E-06 14 31E-06
Thermal E\pansion, (Given

(t F1l/rl f l I' _

Poissons Ratio 1211 0 03

EDcnit> [1n* 0.098 lhm./in'

2:.3-18



SAR - UMS Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-OOA

2.3.7 Shieldin2 Material

Gamma radiation shielding for the Universal Transport Cask is provided by the steel cask body

and the lid and bv 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,

located 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 neutron-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.
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Table 2.3.7-1 Static Mechanical Propeties of Chemical Copper Lead

IPropertv Value

ITemperature ("1) -40 -20 70 200 300 600

Tensile Yield Stremrth. S, 0700 0 680 0.640 0.490 0.3S0 0.200
(ksih [231

%IoduIlu oi Elistit%, 1E >i' 2 451E+03 2 421+0 ' 2.0+03 2061E+03 1 .4E+03 I 5E+O3

1241

tcOtitLenit of ThcrlmaIl I S 6EI-06 I 7 -1-06 16. I E-06 16.61E-06 I i'.2-06 20721'-06
Expanl(ion. u i in/in'f F) 1[241

Poisson s Ratio 1'21 0.40

Density [251 708 Ihi't3t'4041 lhn/irl'i
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Table 2.3.7-2 Mechanical Properties of NS-4-FR

Property Value

Temperature ("F) 86 158 212 302

Compressike 561 561 561 561

Modulus. E (ksi)

1261

Coefficient of 2.22E-05 4.72E-05 5.88E-05 5.741E-05

Thcrmal

Expansion, C.

(in/im/'FI) 1261

Density. (Ibm/in'! 0.0607 0.0607 0,0607 0.0607

26
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2.3.8 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 energv

of the loaded cask in a drop impact bV crushing the redwood and balsa wood. The energv

dissipated. or absorbed hy crushing the wood, for a given increment of' time, is equal to the

inteoral of the area (i.e.. area of impact limiter enoaced in crushing) times the crush strength of

the wood. The area under the force-deflection curve is equal to the amount of' energv absorbed

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

The force-deformation CuI-VeS for the Universal Transport Cask upper and lower impact limiters

for end, corner. 75' 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.
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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.

2.4.1 Minimum Packa2e Size

The transverse dimension of the Universal Transport Cask is 92.11 in., and the longitudinal

dimension is 209.25 in. Both of' these dimensions are greater than 10 cm: therefore, the

requirements of 10 CFR 71.43(a) are satisfied.

2.4.2 'Tamper-Indication Feature

Crimped wire seals are used on the Universal Transport Cask as tamper-indicators. A numbered

crimped wire seal is looped through a hole in the end flance of the lifting trunnion and through a

hole in 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 is 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 wvire between the lower

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

2.4. Positi ve 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 applied to the lid bolts. Loosening of these bolts is resisted by friction from the large

clamping forces produced by the bolt installation torque. A woritten cask operations procedure is

followed to ensure that each bolt is 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.

2.4.4 Chemical. Galvanic, or Other Reactions

The materials used in the fabrication and operation of the Universal Transport Cask-including

coatings, lubricants, and cleanin_ agents-have been evaluated to determine whether chemical.

galvanic, or other reactions among the materials, contents. and environments can occur. All

phases of cask operation-loading, unloading, handling, and transportation--have been

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

The ev.aluation identified no potential reactions that could adversely affect the ovelrall integrnt

of the cask, the Transportable Storage Canister , 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 7 1.43(d).

'.4.4. 1 Component Operating Environment

The Universal Transport Cask is 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

helium or air but transport cask external surroundings could be air, rain wvater/srnow/icc, and/or
marine (salty) water/air.

The exposed surfaces of the Universal Transport Cask and the Transportable Storage Canisfterare

all stainless steel, except for the containment boundary o-ring seals of the transport cask.

Sonic of the cask component materials are completely enclosed and are exposed to an

unchanging environment that is perrnanentlK 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 typically evacuated and backfilled with helium, and the impact limiter shells

are leak tested followin2 fabrication.
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Each of the categories of cask component materials is 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 oxv-en

must be present for corrosion to occur. Since the transport cask and canister are both dry 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 transport cask occurs in air. During closing and sealing

of the transport cask, the air is evacuated, and the cask cavity is backfilled with helium.,-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, i.e..

a thin oxide laver develops on the lead . Similarly, the hydrogen in the NS4-FR material

captures any oxygen present until thermodynamic equilibrium is reached. Because the quantity

of oxygen present, if any, is vervy small, equilibrium is reached very quickly and active corrosion

in sealed regions does not occur.

2.4.4.2 Component Material Categories

The component materials evaluated are cateeorized on the basis of similarity' of physical and

chemical properties or similarity of component functions. The categories of materials that are

considered are: ( I ) stainless/nickel alloy steels; (2) nonferrous metals: (3) shielding materials;

(4) energy-absorbingr 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 material 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

transppiiable storage canister), nor with the cask's dy operating environment during any phase

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

Because no reactions occur, no Eases or other corrosion by-products are Penerated.

2 4.4.2. 1 Stainless/Nickel Alloy Steels

No reaction of the cask component steels (stainless or nickel alloy) is expected in any

environment except for the external marine (salt air) environment, where chloride-containing salt

spray might initiate pitting of the exterior surface if the chlorides are allowed to concentrate and

stav 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 gascs are gencratcd. Additionally to minimize the collection of such

materials as salts, the cask has smooth cxternal surfaces, and ridges and crevices are limited. The

cask exterior is cleaned cach time it is decontaminated to eliminate any collection of such

chloride-containine salts or other corrosi\c agents.

Galvanic corrosion bct\\ccn the stainless steels. inconel. and the nickel alloy steels does not

occur because no effectivc clectrochemical potential difference exists between these metals. No

coatings are applied to the stainless, or nickel alloy, steels.

Copper cooling fins in the neutron shield material and the lead gamma .radiation shield
material are in contact K\ith the transport cask stainless steel shells but only in the completely

enclosed (permanently sealed) gamma or neutron shield regions, where no water is present.

Therefore, no reaction with stainless steel occurs.

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

elastomers, dry film lubricants, or EPD.I (ethylcne propolvene rubber)

Therefore, there is no potential for reactions associated with the transport cask stainies__steeI
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. Reactions of lead 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.

2.4.4.2.3 ShieldinE 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. The lead oxidizes any

oxygen trapped in the sealed region until thermodynamic equilibrium is reached, i.e., a thin oxide

layer develops on the lead. Similarly, the hydrogen in the NS4-FR material captures any oxygen

present until thermodynamic equilibrium is reached. Because thequantity of oxygenp esntitf

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 materials.

2.4.4.2.4 Energv Absorbina Material

Redwood and balsa wvoods 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 material is affixed to the
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interior surfaces of the impact limiter shell that are in direct contact with the transport cask

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.

2.4.4.2.5 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 noncoiTosive silicone products that are used in the cask in a

standard design application.

No potential reactions are associated wnith the silicone expansion foam or insulation.

2.4.4.2.6 Lubricant and Grease

The dry film lubricants used in the cask meet the performance and general compositional

requirements of the nuclear power industry. NEVER-SEEZ' lubricant is used primarily on

rotating bearing surfaces. Neolube( is used primarily on threaded/mechanical connection

surfaces. In addition. Dows Coming Hibh Vacuum Grease is used as an adherent/lubricant to

lubricate and retain the O-rin- seals in their urooves. 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 is used on the trunnion surfaces of the cask. Neolube® is

99c' pure furnace graphite particles in isopropanol. It has excellent radiation resistance and high

chemical purity It dries as a thin. noncorrosive film with excellent adhesion, does not migrate,

and is nonfreezable. Dow Corning HigLh Vacuum Grease is a stiff, nonmelting. nonoxidizino.

noneummine silicone lubricating material that is insoluble in most solutions.

No potential reactions are associated w ith these lubricants or grease.
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2.4.4.2.7 Seals

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 0-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.

2.4.4.3 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 eases -can result during any phase of cask operations for

normal. or accident conditions.

2.4.4.4 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.

2.4.4.5 Effects of Reaction Products

No potential chemical. galvanic. or other reactions have been identified for the cask. Therefore.

the overall inteeritv 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 properties,

changes in basket clearances, the binding of mechanical surfaces or the degrading of safety

components, either directly or indirectly.
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Table 2.4.4.2-1 Summary of Universal Transport Cask Materials Categories and Operatinm

Environments

ITEM MATERIAL ENVIRONMENT

Stainless Steels/Alloys 304, 304L. XM-19. 17-4PH, Sealed Internal

Nickel Allov, 410 Open Internal/ External

Nonferrous Metals ASTM B 1 52 Cu. Scaled Internal

Shieldine Materials NS-4-FR, Enclosed

Chemical Copper Lead

Energy Absorhin' Materials Balsa Wood, Redwood Enclosed

Cellular Foam/Insulation Fire Block' Enclosed

HT-800' Silicone Foam

Luhnicants and Greases Never-Seeze Sealed Intcrnal

Neolubet Open Internal

High Vacuum Grease bv Dow-

Cornin

Seals and Gaskets Silicone Rubber, EPDM, V\iton 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.

Cnticality, shielding. radiological. thermal, and structural requirements of 10 CFR 71 are

satisfied as shown analytical]y 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 1 '22'F. Therefore, the cask design, construction, and preparation for

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

2.4.6 Continuous X enting

The neutron shield is the only vented component of the Universal Transport Cask. It contains a

solid synthetic 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

w ill 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.

2.4-9



THIS PAGE INTENTIONALLY LEFT BLANK



SAR-UMS-' Universal Transport Cask December 1997
Docket No. 71-9270 Revision UMST-97A

2.5 Lifting and Tiedown Standards

2.5.1 Liftin2 Devices

The Universal Transport Cask has two types of lifting devices: lifting trunnions and hoist tings.
These lifting devices are designed to satisfy the requirements of 10 CFR 71.45(a),
NUREG-0612, [3] and ANSI N14.6 [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 duning lifting and handling. The lid
hoist-rings are used for lifting the lid durinc installation or removal.

2.5.1.1 Liftin Trunnion Analysis

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 oreater 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 lb, is used for the lifting analysis. The loads on each
primary lifting trunnion for a non-redundant lift are as follows:
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260,000 x6 - .
(F, ) =780,000 lb (yield strength criteria)

,260,OO 0 Go d-- -
(FU = 2 - 1,300,000 lb' (ultimate strength criteria)

In addition to the primarxy 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:

260,000 x3
(F, ) = ' 2 - ;= 390,000 lb (yield strength criteria)

260,0002x 5
(F.), = - = 650,000 lb (ultimate strength criteria)

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

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

The properties of the materials used in the lifting

conservatively high temperature of 350'F:

trunnion analysis are as follows at the

1. Trunnions SA-564, Type 630

S, = 91.25 ksi

Su = 133 25 ksi

2. Top Forging SA-336, Type 304

S, = 21.60 ksi

Su= 60.75 ksi

3. Filler Material AWS E309
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S, = 30.4 ksi

Su = 80.0 ksi

4. Bolting Material SB-637. Gr N07718

S, = 139.5 ksi

S, = 172.1 ksi

2.5. 1.1.1 Primary Lifting Trunnions

Trunnion Shank

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

YIELD STRENGTH CRITERIA:

The shear stress is
FP 780,000 -

75 _ = =23470 psiA7(2)( 5 )

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

M. = 780,000 x 5= 1,170,000 in * lb.

and, the bending stress is

M 1 *'',170,OO0 . :
_'f_ = 43,296 psi-'

S (t32)(6 .-. '

The combined stress is

(o.e =[( ' ) + (3751 )] ` 59,428 psi :
i' -- e.
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The mar-in of safety is

MS = 1 O3
o evy

ULTIMATE STRENGTH CRITERIA

Trunion Shank

The shear stress is 7-su = '3,1 SI~
A O

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

Msu = 1,300,000x 15-1,950,000 iil ib

and, the bending stress is

K 1,950,000.' -

- =__- h572159 psi

The combined stress is

(,,= [ (TI 2) + 3,r'2 ]O ..99,110 'pSii
J-1 i . Ad

The marEin of safety is

MS= u - I +034

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.
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2.0
2.83

.125
. 1 2

Point A

Vessel Longitudinal
Plane

85.26 dia.
45o

2.0 <

-- ---- I- 2.34

<, - ,_.125

Point B

Vessel Cross
Section

Sections Through Trunnion Welds

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

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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q max

4- R

~max

The differential bending moment. dM,. due to the unit shear force q,, at an angular position 0, is

dM = (qtRdO)(Rj) = ,mR cos2 0 dO

The value of qn3\ is

yr

M, =4j>; q\,11TR cos2 OdO

where MI, (F, )(4) 780,000 x 4 3,120,O in-b.

Then

q ax- t.312x 10 :
q -a =27,587 1/

The maximum shear stress, rZa , is

qv 'x27,587
l% =a\ = 13,794 psi

where the weld depth, t, is 2 in.
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The normal stress, a,< , is

780,000
___ = 10 345 psi,

b =A (i )(12)(2)= 035pl

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

The weld material, with its lo\ er vield strength. is used for the evaluation.

The combined stress is

= 26,067psi'evx\ =() + ('3 "ma )J0*5  
-

The margin of safety is

MS =-
ae7n

30,400- .
I= --1=- -016

26,067 6

ULTIMATE STRENGTH CRITERIA

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

Is

m u t7 5* x - -,I - . - 1

qumax = M 7 2 -476

R - 21 6_ =4 I97 /1 .

w here .. . , . ._ .=1, x 4 5 - h in-lb.MU =(FU)(4) = 1,300>000x 4=5.2 x b10 i l

The maximum shear stress, r7ml, , is

q 4 9=7=22,989 psi

where the weld depth. t, is 2 in.

The normal stress. a,. is
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FL 1,3000
. I 00 =17,242psi '
A , 2)(1- ), i

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

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

The combined stress is

ffe"1 = L Or + (3i-'ma., )0 ,,,_ ,

The margin of safety is

MS = U_ -- +0.84,
u 43,412

Weld / Forgine Interface

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

90g apex angle truncated cone.

The Aveldl/foruin2 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 is

R = 6 + 0.125 + (0.5)(2'.59)(sin 45°) = 7.04 in.

The height of the cylinder is taken as

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

Shear Stress

The maximum unit shear force. qymax, is

mx 3.12X10 6 '-

q\flx = 7' 704 I

The maximum shear stress, T, m.x is

qvmax 20,038 '1094 s

TsemX [ 2-59cdi45'|: i,:

where the weld depth, t. is 2.59-cos(450 ) in.

The normal stress. a,, , is

Fxb,
07b" = -

780,000 =9X628 psi
(9)(2)(7.04)(259)-Cos45j}'' 'X.

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

b + (3mx )]O s

The margin of safety is

MS = -
0*

r *s wrs v' ~. r-t-
21,600 ' i

I1= -1+0.0I

ULTIMATE STRENGTH CRITERIA

Shear Stress

The maximum unit shear force, qumax, is
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q L11aX -¢72
q Rl i.-._ .04-_ L

The maximum shear stress, r , is

-q unit\ _ > k'tw

min~lx - 259 co(450) p

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

The normal stress, ars is

= Fu 1,300,00 D=
(Thu 16,047 ~psi;,i

A (,T)(2)(7.04)_2 59 Cos45o -'

with the lowver 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

[(+ +(3 r- )] = 35,428 psi

The margin of safety is

= Su ;6075
crevu .35,428`,<j,. -

Trunnion Base Plate

The trunnion base plate is analyzed, conservatively, as a flat circular plate with its outer edge

fixed accordin- to the method in Roark [28]. The maximum bending (radial) stress in the

trunnion base 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.

=

at-
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Where B = a variable 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 ,B =0.9793.

M = M" or M,

t = base plate thickness = 3.5 in.

YIELD STRENGTH CRITERIA

,B MN'
*r,. = _ _a =

0.979312 x 106)
: (3.) 41,5o psi

3-5 ,

The margin of safety is

Sv
MS= ,

I7s --' T 1- 5- f ' r

~91,250 if1
-1 . . I . I =1..20.

ULTIMATE STRENGTH CRITERIA

/I 0.9793(52 x 106)
art2 =2 , = 69,290 psi

The margin of safety is

MS= Su -

aru

r - I.- -, - '-

133,250!
* 69,290 -:> ->

Primarv Trunnion Overload

10 CFR 71.45(a) requires any lifting attachment that is a structural part of a package to be

desi~ned so that failure under excessive load would not impair the ability of the package to meet

other 10 CFR 71 requirements.
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Lifting Trunnion Shank

Lifting trunnion shank (Ultimate Shear Strength):

1
gTd-; 3Fu (0.5SU )1.75x1O.k lb

where

d= 6.5 in.

Su = 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:

F =A ,(0.5S ) =2.40x'O6 1b0J
u WN u , ,,+,,,f,~,

where

Art = trunnion/weld interface area. (2)(12)(7z) = 75.4 in

Su = 80.0 ksi (ultimate tensile strength of the weld material)

Weld/forginLu interface

The weld/forging interface area, Af. is taken as the mean of the weld/forging interface width at
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:

At = 2(Ti)(Rm.,.n)(hmcn) + 7t(6.1 252 6.02) = 119.3 in.

Where
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[6.0 + 0.125 + (0.5)(2.0 tan 45c)] + [6.0 + 0.125 + (0.5)(2.34 sin 450)]
R = =7.04 in.

2.83 + 2.34
hID 2.59in.

Then, the ultimate shear strength. Fuf, of the weld forging interface is:

F= (Af)(0.5)(S,) = 3.62 x 10' lbs.

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.

Primary Trunnion/Top Forging Intersection Analysis

Bending stresses are induced in the top forging and outer shell intersection when the cask is

lifted at the lifting trunnions. These stresses are evaluated using a closed form ring solution
described by Blake [29].

An equivalent ring 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,QOO) = 130,000 lb.

q = dead weight load per unit length

q = 260,000 1083 lb/in.
(gr)(76.435).

T,, = torque due to the lifting force = (30,00 0)(8.91-1.5) 963,300 in 1b

The actual load case is 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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M =' -qr (-ysinO

T T0cos H H A

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

MN!

I

where y = 11.66/2 =5.83 in.

and . 4I (8.84)(1 1.66&)/12 = 1167.8 in

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]:

T

a, bc

where b= 11.66 in.

c = 8.84 in.

a2 depends on the ratio b/c.

for this case. Cf( = 0.249.

For evaluation, the Tresca failure criteria is selected. The category of stresses at the points
selected is PL + Pb. The corresponding allowable stress is 1.5 Sm, where Sm 19,350 psi for the

forging material, SA-336 Type 304.

The computation of stresses and the evaluation at angular positions 0° to 900, is summarized in
Table 2.5.1.1 -1. The minimum calculated margin of safety is + .10.
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2.5.1.1.2 Secondarv 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 Lifting 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, Sxvt, is

S,, = (2)(0.856)(4.47 + + 3.27 + v + 1.2 + y + y+ 1.2)

The area moment of the compression zone, Sx,C, is

S - y) - 7)4.47 - + 3.27 -

where, the area of the circular segment, A, is

A.s = R2 (a-sincxcosa)

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

2Rsin 3 a

3(a-sin acosa)
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v= Rcosa

By iteration of the equation Sxt = Sx,

a = 1.1'025 rad = 64.1856 degrees

The moment of inertia, INA. of the section about the neutral axis, is due to:

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

_(64 +4(TAI 2 + I+iA4)j = 173.931in."

where Dh = effective bolt diameter, 1.044 in.

Al = 4.47 + v

A2 = 3.27 + y

A, = 1.'0 +

"A = y + 1.20

X Rcosa = 6cos(1.120-5) 2 2.613 in.

(2) The moment of inertia of the circular segment about the neutral axis, 1,L

I,5 =I >(, + A -v) 71.84 in"

where, Us(; is the moment of inertia of the circular segment about its horizontal axis at the

center of gravitv:

R4 n 16sin6 a
IC,; 4c 9( a - sin acos)

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

l D 6 ((4 .47 - Y) + (3.27_y)2)
-~64 4 )

Dh = bolt hole diameter = 1.17 in.
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INA = lb + 'CS -1h = 237.061 in4

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, Mby, is

M h Yl D1,00,000(7.083 .V;...

Mbly = =_ __ _.__ _ =46,6103 PI
'NA S 237.061

where Mby = (FV) D - (3O)(15+5)1,560,000 in. ilb

v' = 7.083 in.

The bolt maximum pre-loadtorque is 510(12 in-lb, which producesa t~ens~ile's6
addition to the bending stress:

F.~ _36,267
Gi__Ur .6, 42,368 psi
At 0.856 ; -

Where:

At 0 0.856 in.2 (1 1/8-in, bolt tensile area)

T., 510(12)
F. =36,267 ibs

tmxkd 0'0.15(1.125) 0',w ;4

k = 0.15 for lubricated thre-ads

d = 1.125 in. (nominalm rinaler

Shear stresses on the bolts do not show up due to the presence of the trunnion base piate.

The total tensile, stress (qT) in, bolt #1 is then:

aT =blY +0- =46,610.3;+ 42,368-88,978 'psi

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

The margin of safety is

MS Sy 139,500 ps 1-0.57
CT 88,978 psi
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ULTIMATE STRENGTH CRITERIA

Tension stress on bolt #1 due to the bending moment. Mbu, is

Ubu 7MhuY1 .
INA . -4`,237 e *Vf f n

where M bu = u D = 00)(15`23) a

- 7.083 in.

The tot-atensie s Ctress ( b51

aTc = bcU -- =77,684 + 42,368 := 120,052jJpf

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

The margin of safety is

- -1 = = O.Y3

e fi' e io e .; _ vff:~iLf,
In the upper bolts, where the trunnion flange is in compression, theqcmpress~ fo (p3

F. ('-Ft)= (66,4 98)Lt17434ib'-4 .4 7 +y 7.083 7

where

F, = )= 77,68~4 x0.856:66,498 lb

The minimum tensile foce (FXif

,...p.vT '490(12

n.'kd, 0 -. 15115t,<

Because"a 't-ve - g onstr ieiioitn 6t h
under maxim Tie-eude 72

adequate 'amou n= =
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Secondarv Lifting Trunnion Shank

Per ANSI N 14.6, the shear stress is taken as an average value over the cross section.

YIELD STRENGTH CRITERIA

The shear stress is TS\ N ~ 11,747pOi

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

MNI =390,00 x 15 -585,000 in -b.

and, the bending stress is

M, tt585,A0
2 621,699 psi

5' S j 32)6so)3 -.

The combined stress is

= [(o2 ) + (3 . )]O.5

r 2, 75 psi-
= 29,750 p si t, ,

The margin of safetv is

_ 91,25-
MS -1 = +2.07

(Ten N 29,750

ULTIMATE STRENGTH CRITERIA

The shear stress is T ___ 650_ ____OW '
SU1 -1 jy= 9 ,57 8 psi

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

M Su = 650,000 x 1.5.= 975.000in. 1b.>

and, the bending stress is

A (6so)2 -19,578 ; .
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M I, 975.000
Us S (§)(6.50)

The combined stress is

ac U ) + !3 Su 9,6psi

The margin of safety is

M S= U 1i 133.250 I +1.68
c 49,628..

Secondary Trunnion Base Plate

_ d2,_

2.5 in. W

3.387 in.

25in.
- - -_--- A Neutral axis

Two sections which are tangent to the upper and lower quadrants of the shank as depicted in
Figure '.5. .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, c0 b)jI. are:

7bpi IA psi
1NA

where Mhp F d2 in-lb.

y,' = distance to bolt axis from neutral axis of section

Y1i = 7.083 in. (Location 1)

2= 5.883 in. (Location 2)

Y3' = 3.813 in. (Location 3)

Y4 = 1.413 in. (Location 4)
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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, Rb, on the compression area is:

Rb = 2(T,+T2 +T,+T4 )

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

The maximum force per unit length, w. on the compression area is:

2Rb

3.387
and the value, WB. on the section being considered is:

(0.5)(6.5) - v
13 3.387

The linearly varying distributed load produces a bending moment, MBB, on Section B-B. The
corresponding maximum normal stress (tension or compression) is:

6M BB
C113 = bbt 2

weeX WBI (Ww B )I 212hee 2BB 3

b = -_ )-1.17= 7.747 in.

t = 2.5 in.

The shear stress. zr.13, is conservatively determined by

Rh

bt

YIELD STRENGTH CRITERIA

T. \ = 27,43b
T, = 22,784jb

T.; = 14,7671b

T4= 5,472 lb

Mb= F, d2 = (390U07C2.75L 1,j,5Qin-lb.
Rb, = 2(T 1, + T2, + To\, + T4 0) = 9;908 lb.

83,205 lb-

MBB, = M,7649/j.in
M B B = 22Q,774 in*Ib.
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The normal stress is:

6M HBx

cr = 28,501 psi
BB bt ,,,, ,

The shear stress is:

R h "'s2:3

7' B B' = 7,280 psi
bt .W

The evaluation stress and margin of safety are

O'v =Fa0 B\ + 3'rBBE=1L27si

* 91,250.,
and MS= -1 = -=_l= 92

31,270

ULTIMATE STRENGTH CRITERIA

lsing the same method as for the yield strength criteria and substituting the loads and allowvable

stresses for the ultimate strength case:

Tu = 45,718 lb.
T2U 37973 1b
T3 =L, 24,6121b

T 4 U= 9120lb

Mbpu = F, d, =(625,000)(2.75) = ,?87,,5QOn lb.
RhU =2(Tlu + T2 , + T3u + T40) = 234,8461b.
u= 138,677 lb.

W3u = 26,086 lb/in:

MBu = 382,537 inljb.I

The normal stress is

6M BBU =
b BBu , ,7,4
bt wf~:
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The shear stess is

R bu
'r BBu = bu 1l2 i$

bt .=

The evaluation stress and margin of safety are

7evu = A/OBBu + 3VBBU 51,988 psij

and
MS = S u -l+ 133,250 A tC ^ <

MSI= r -11 ._ =56
revlu L5 1,988-'

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 = (2T,)(4.47-3.27) = 2.4T

The normal stress, acc . is

6Mcc
bt

The shear stress, rCC, is

V
rCC' =-b

where V =12(TI + T2)

YIELD STRENGTH CRITERIA

The normal stress is

6Mcc, ,
¢CCv = 166 pSi

bt- i- -

where MCC, = 2.4T1, = 6f,834jn.1b;
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The shear stress is

v {.

rCvE = - =5,186 psi
bt >->"-

where V 2 =(TI, + T2 ,) =.00,4301b

The evaluation stress and margin of safetv are

Je, O = jl1cc) 3vCC',

S. . 91 250 -} ~-
and MS= S -I - +6A8 il

oc\ , 12,180... 2,v.~,J,

ULTIMATE STRENGTH CRITERIA

The normal stress is

6MCC r'¢
17~ 6CCU =13,598 psi,

bt-

where M(-( -u 4TU I 109,724 in-lb.

The shear stress is

7'CCL= VU = 8,643 psi
bt L

where V. = _2(T I + T2u)=67,382 lb.

The evaluation stress and margin of safetv are

7c u = 17ccu +3 TCcu ,20,234 psi.

S_ ri33,250 =-and MS = Su _-l1 -'.;1-+558
C% u 2O,234
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Minimum Length of Thread Engagement

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, Le, required to develop maximum

strength may be determined as follows.

L 1 SS,2AS =1.094 in.
S ; n Ds nin + 0.57735(Ds ,n -En rnax

where Ss, = unit tensile strength of the external (bolt) thread = 172,100 psi

Snt = unit tensile strength of the internal (top forging) thread = 60,750 psi

A, = tensile stress area = 0.856 in2

n = threads per inch = 12

Dsmin = minimum major diameter of the bolt thread = 1.1118 in.

Enmax = 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

ASn

For T1n = 45,718 lb and Smt = 60,750 psi, AS, , 1.505 in2.

The internal thread (forging) shear area is

ASn = 7z- n -L D (min2 + 0.57735(Dsnin- Enrn)a

and, the corresponding length of engagement i.s, Le > .911in.

For the external (bolt) thread to develop the unit shear strength, the shear area required is
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T
< 0.5S s

AS

For T1u =45,7181b and SA, = 172.100 psi, AS5 > 7.531 iv

The external thread shear area is

AS, n -nL K,,nmx(22 +0.57735(Esn,,-jK f,,l))

where Knniax = maximum minor diameter of the internal thread = 1.053 in.

Es~in = minimum pitch diameter of the external thread = 1.0631 in.

and, the corresponding length of engagement is, Le > .28 in.

The required length of engagement based on the internal threads, L, = 1.094. Poverns. 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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Figure 2.5.1.1-1
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Figure 2.5.1.1-2 Secondarv Lifting Trunnion Geometry
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Table 2.5.1.1-1 Primary Trunnion/Top Forging Intersection Analysis Results

Bending Twisting Shear
Angle Moment Stress Moment Stress SI
(deg.) (in-lb) (psi) (in-lb) (psi) (psi) MS

0 -1,592,029 7,948 481,65Q 2,123 gQ j

5 71,332,Q95 6,650 i ---232 2-685 -- -. 3
1 :1,074,139 5,362 714,02 3,1'48 8"27

15 -820,125 4 .,094 L96 819 A,5i2 8130

20 : 51,985 2,856 p57,512 3780

25 -331,609 1,655 $9§8v7 63953 -4

30 4100,824 503 :i58667 4,036 WC88 1T4

35 118,611 592 086803 O3'2 286

40 325,027 i ,623 p95,345 3,946 8.057

45 516,853 2,580 858,499 3,784 7E996

50 692,629 3,458 L05,604 .,55' 7 899 L4

55 85'1,018 4,249 i38,1 2 3,253

60 990,813 4,946 6598 -^619

65 1,i ,952 5,546 ~267 2C494 L4$9
70 1,210,519 6043 ,2,046 ,2968

75 1,288,757 6.,4,34 3KI1Q6 1,565,'

80 '1',345,07) ,7,1 6,,: 4Q1Q20'3 t ' 5--'

85 1,379,O31 & , -8-,853 6

90 1,3 8O 944 D fI
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2.5.1.2 Cask Lid Liftinr Analysis

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 w~ire-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-liftino 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 material

is SA-336. Type 304 stainless steel.

In accordance with the requirements of 10 CFR 71.45(a), a factor of safety of 3 against vielding

is required of any lifting attachment that is a structural part of the package used to lift the

package in the intended manner. Additionally, 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 lifting, 5 times the weight of the package without exceeding the ultimate tensile

strenLth of the material. NUREG-0612 requires that dynamic loads must be considered when

demonstrating compliance with ANSI N 14.6.

The requirements of ANSI N14.6 are not applicable to the cask lid because the lid weighs less

than 10,000 lb; however, since the requirements of ANSI N14.6 and NUREG-0612 envelope

those of 10 CFR 71.45. the cask lid is 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 acainst yield stress and a factor of safety of 5 against ultimate stress.

The cask lid weighs 8,869 lb. Assuming the load on the hoist ring bolts is purely tensile results

in a maximum shear stress on the cask lid bolt hole threads. Using a two-point lifting

arraneement for a redundant load path. and using a dynamic load factor of an additional 10'7c, the

load carried by each hoist rind bolt. F, is calculated as:

Cask Lid Weight x Dynamic Load _ 8,869 x 1.1 4
F - ____ __ 4,878 lb,

2 Lift Points 2
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To carry the load at each lifting point, a swivel hoist ring load-rated at 10,000 lb is used. The
hoist ring has 1-8 UNC-3A threads with a length of 1.54 in.

The shear area. An, in the cask lid bolt hole threads is calculated as:

A, = 3.1416 n L, DsminLI + 0.57735(D min- Enmax)] =3.694in2

where n = 8 (threads per inch)

Le= 1.54 in. (bolt thread engagement length)

Dsmin = 0.9850 in. (minimum major diameter of bolt threads)

Enmax = 0.9254 in. (maximum pitch diameter of lid threads)

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

T = 4 67=1 ,320.5psi
A 3.694

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:

(Es) -yield strength. 22,500

\iCI shear stress L=17320.5. 0

ultimate strength= 61,500
shear stress':. 1 ,320.5 ()

2.5.' 2Tiedown 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
analvsis, 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-- 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 rimn, 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 material of the package in excess of its yield strength.

2.5.2.1 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 j

(Fil-ure 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 rinm 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 q

= 60° and subtract the contribution of the 143 arc.

For q = 60°, '*(1(! = 36.148 in.
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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 act = 33.978 in.

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 equilibrum.

Vertical Loads Per 10 CFR 71.45 (b)

In the Downward Direction, using W = 260,000 lb., Fy = - 2W = - 520,000 lb.

By summing moments Mz about Pointj, the reaction forces are determined to be

Rj, max = 132,668 lb. Ri, mim = 126,772 lb.

By summing vertical forces, the reaction forces are determined to be Rjy max = 266,456 lb.

Note that Rix = R1 , = 0 because of the gap provided in the shear ning.

In the Upward Direction, F!, = + 2W = 520,000 lb. Similarly, by summing moments M7

about point j:

Rj\ max = -132,668 lb. Rjy max = -266,456 lb.

Note that the support saddle cannot carry any upward load. Hence the negative Rj,
reaction force is resisted by the tiedown strap.

Loneitudinal Load Per 10 CFR 71.45 (b)

In the Forw ard Direction, using Fx = + lOW = 2,600,000 lb. and summing horizontal

forces, it is determined that Rjx = - 2,600,000 lb.

By summing moments about Point j, it determined that Rj = - 250,433 lb.
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By summing vertical forces, it is determined that Rj, = 500,866 lb.

In the Aft Direction, using F, = - lOW = -2,600,000 lb. and summing horizontal forces,
it is determined that Rix 1.300,000 lb.

By summing moments about ;. it is determined that R_ = - 22.1 11 lb.

By summing vertical forces. it is determined that Rj = 44,222 lb.

Lateral Load Per 10 CFR 71.45 (b)

To find the reactions resisting the lateral load, F, = 5W = 1,300,000 lb., 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, 'v = 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 600 angular distance from the vertical is determined as 'Yac = 30.04 in.

The horizontal distance from the center of the cask to the support point (Figure 2.5.2.1-2)
is

d = 46.05 in.

By summing the moments, the reaction forces are determined to be R', max = 663,341 lb
and R',, mi = - 633,859 lb.

By summing forces along the Z-axis, the reaction force is determined to be R~z max

- 666,141 lb.

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

By summing moments about the longitudinal axis of the cask, the reaction forces are
determined to be

- R', max = 196,626 lb and Rix, max = - 196,626 lb.
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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 lb

Therefore. R'1, max = 663,341 lb

Rj7 max= 666,141 lb

R'v max = 196,626 lb.

Vertical Loads Per AAR Field Manual. Rule 88

In the Downward Direction, F, = - 4W = - 1,040.000 lb. By summing moments M2

about Pointj, the reaction forces are determined as:

Rig max = 265,336 lb Rig mi, = 253,543 lb.

By summing vertical forces, the reaction force is determined as Rjs max = 532,914 lb.

(Note that Rix = Rjx = 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:

Ri max = - 265,336 lb Rjx max= - 532,914 lb.

Note that the support saddle cannot carry any upward load. Hence the negative RjY is
resisted by the tiedown strap.

Lonaitudinal Load Per AAR Field Manual, Rule 88

In the Forward Direction, Fx = + 7.5W = 1.950,000 lb. By summing horizontal forces,

it is determined that Rjx= - 1,950,000 lb.
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By summing moments about Pointj. R = - 187.825 lb.

Bv summing vertical forces. RJ, = 375.650 lb.

In the Aft Direction. F, = - 7.5W = - 1,950.000 lb. By summing horizontal forces, it is

determined that Rix = 975.000 lb.

BN summing moments about Pointj. it is determined that Ri, = - 16,902 lb.

Bv summing vertical forces, it is determined that Rj,, = 33,805 lb.

Lateral Load Per AAR Field Manual, Rule 88

The lateral load is F, = 1.8W = 468,000 lb. By summing the moments, the reaction

forces are determined to be R11 max 2-38,803 lb and R'imin = - 228.190 lb.

By summing forces along the Z-axis, the reaction force is determined to be Rji =

- 239,810 lb.

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, = - 70,785 lb and - R'], = 70,785 lb.

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

are opposite to the previous case:

R ',max = 238,803 lb Rj7max 239,810 lb

R. = 70,785 lb - R'a= - 70,785 lb.

Loads Summary

The results of all the loading cases are summarized in Tables 2.5.2.1-1 and 2.5.2.1-2.
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Figure 2.5.2.1-1
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Figure 2.5.'.1-2 Shear Ring Geometry
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Figure 2.5.2.1-3
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Table 2.5.2. -1 Reactions Caused by Tiedown Devices (from 10 CFR 71.45 (b))

Reactions (lb)

Load Case Load (lb) Rj, Rj+ Rj, Ri. Ri, Rj

Al F, =-520.()( 0) 266,456 0 0 132.668 ()

A2 F, = 520, 000 0 -2)66,456 I 0) -1 3,668 0

B 1 F,= 2.600.000 -2.600.00() 500.866 0 0 -250,433 0

B2 F, = -2,600,000() 44.222 0 1,300.000 -22.1 11 (

C I F, = 1.300.000 ( -666,141 0 -196,626 -663.341

C2 F, = -1.300.000 0 0 666.141 0 196,626 663,341

Combined Reactions (lb)

Al + BI + CI -2,60000() 767W322 -666,141 0 -314.391 -663.341

Al + 131 + (C2 -2,600,00() 767.322 666.141 0 78.861 663,341

A l + B2 + Cl 0 310.678 -666.141 1.300.000 -86.069 -663,341

Al + B2 + C2 0 310.678 666,141 1,300.000 307.183 663.341

A2 + 1 +( ' -2.600(.0() 234.410 -666.141 0 -579,72? -663,341

A2 + B 1 + C2 -2,600,000 23 4,41 () 666.141 0 -186.475 663,341

A2 + B2 + C I 0 2 -?2. 234 -666.141 1.30,0000 -351.41)5 -663.341

A2 + B2 + C2 -2 2,234 666,141 1.300(.(0 41.847 663.341
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Table 2.5.2.1-2 Reactions Caused by Tiedown Devices (from AAR Field Manual

Rule 88)

Reactions (lb)

Load Case Load (lb) Rj, Rjy Rj, Rj, Rj | Rjz

Al F>=-1.040.000 0 532.914 0 0 265,336 0

A2 F- 1,040,000 0 -532,914 0 0 -265.336 0

BI F =1.950.000 -1,950,00() 375,650 0 0 -187.825 0

B2 F,=-1.950,00() 0 33,168 0 975,000 -16,584 0

Cl F, =468.000 0 0 -2139,810 0 -70.785 -238,803

C' F, =-468.000 0 0 239,810 0 70,785 238,803

Combined Reactions (lb)

Al + BI + Cl -1.950.000 908,564 -239.8 10 0 6.726 -238,803

Al BI + C2 -1,950.000 908.564 239,810 0 148,296 238,803

Al + B2 + CI 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 + BI + CI -1,950,000 -157,264 -239.810 0 -523,946 -238,803

A2 + BI + 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
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2.5.2.2 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.

2522 I Material 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 = 25.0 ksi Su = 66.2 ksi.

For Type XM-19 stainless steel forging, Rotation Pockets:

S, = 47.0 ksi Su = 99.5 ksi.

Loads

Examination of the load summaries in Tables 2.5.2.1-1 and 2.5.2.1-2 shows that the load

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 diameter = 8 in.

Inspection of the load combinations in Table 2.5.2.1-1 indicates that Case A2 + B2 + CI

is most critical for bearing stress on the rotation pockets:
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F, = 670,000 lb

Abr =1(8.0)2/4 = 50.26 in2

F.
Sbr = 13,300 psi

Ab

Fr = |(FY + (FyTY I = 1,349,000 lb

Where

F, = 1,300,000 lb Ft= - 360,000 lb.

Length of engagement, a = 46.55 - 42.94 = 3.61 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

length is 3.61 - 0.39 = 3.22 in.:

Ahr (10.0)(3.22) = 32.2 in

F, Sbr.
Sbr = 41,894 psi and MS = 2 - 1 = + 0.12.

Ahr Sbr

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, As = 0.5(1,300,000)/(0.6)(47,000) = 23.05 in2

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 - I = + 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 + BI + Cl

is most critical for vertical shear stress on the rotation pocket where Ri, = 580.000 lb.

The minimum required projected bearing length in the vertical direction is

Lb = 580.000/ (3.22)(47.000) = 3.8 in.

Included angle = cos l (4.5/5) = 26°.

Bearing length provided = 2(5)sin 26 = 4.4 in. > 3.8 in.

MS= 4.4/3.8- 1 = +0.16.

The minimum shear area is

A, = (580.000)/(0.6)(47O0001 = 20.6 in2

The minimum distance from rotation pocket centerline = 20.6/3.2' = 6.39 in. < 7 in.

MS = 7/6.39 - 1 = + 0.09.
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C

b=19 52
2 035 . !

B-

_ 1__________ 
___ _____ ____

Al

-A

15.07 1h 0 3lh=3035

_ A C c B B

1138
2.035 _ .

1.0 -- -0 pi a 2 035
An; _ _ _ 1.035 _

Stress in 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

t, = [(1.50)2 + (1.375)2]05 = 2.035 in. (Section B-B. 3 Sides).

The section properties of weld group are

Area (A,,) = (21.035)(15.07) - (18.00)(11.00) = 119 In2

- 15.07 (21.035)2 /2 - (11.00)(18.00)(1.0 + 18.0/2)

119.0

(21.035)(15.07)2 (18.0)(11.00)3 4

Ix = 21 4003 in412 1

I ( 15)( ) 1.07(21.035)" 2 11.38 Il(8(. 8.0)1 (10+ -11.381 =6201in4

12.8(1 -

2.5-45



SAR-UMSE Universal Transport Cask

Docket No. 71-9270
April 1997

Revision 0

where

b = 19.52 in.

ta = 1.0 in.

h = 13.035 in.

tb = 2.035 in.

From Table ).5. -1-1. the loads for Case A2 + B2 + C I are the highest combination loads
on the weld group are F, = 1,300,000 lb and F, = -360,000 lb.

Fr = (F< F ) = 1.349,000 lb

e- = 11.38-5.38=6.0in. e, = 5.25 - 3.22/2 = 3.64in.;

conservatively use 3.9 in.

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

Ma = Fx (e,) = 5.070.000 in-lb

M, = F, (e,) = 2.160.000 in-lb.

The component stresses on the effective thickness weld group are:

M. c= =
(5.070.000)(11.38)

= 9,304 psi (bending stress at points A & C)

S C =M
IA

(6201)

(1,404.000)( 7.535)

4003
- 2.643 psi (bending stress at points B & C)

FR 1.349.000
__= = = 11.336 psi

A\N 119.0
(resultant direct shear stress)

(SST)A = =_
2 bht.A

2,160,000

(2)(19.52)(13.035)(1.0)
= 4245 psi (torsional shear stress at point A)

2.5-46



SAR-UMS3 Universal Transport Cask

Docket No. 71-9270
April 1997

Revision 0

(SST)B - 2=
p bhtoB

point B)

2.160.000
= 2086 psi (torsional shear stress at

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

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

SEA S2C + 3(Ss + (SST)A )21 = 28,546 psi

SEB [SBC + 3(Ss + (SST)B)] = 23.397 psi

SEC = [(SAC. + SBCY + 3S]5 = 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
MS =

28.546
- 1 = + 0.65.

Stress at Cask Body/Rotation Pocket Weld Interface

C-

2.875 \
b=19.94

I- A

;C

h= 13. 875

2.875

2 875Il
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Section properties of weld/cask interface:

Area (A,) = (21.875)(16.75) - (18.0)(1 1.0) = 168 in2

wxhere b= 19.94 in.

tA = 1.0 in.

h = 13.875 in.

tiB = 2.875 in.

- (16.75) (21.875)- / 2 - (11.0)(18.0)(1.0 + 18.0/2)
=12.07

168
in.

I (21.875)(16.75)'
12

(18.0) (11.0)i
='6570 in3

12

X= (7 )16775(21.875) 7 -12.07 I( 1 ) 1.0(1i8.0)o 1.0 +, -12.07 =8886in4

Loads On Weld/Cask Interface

Inspection of the load combinations in Table 2.5.2.1-1. indicates that Case A2 + B2 + Cl
is most critical for the rotation pocket recess are F\ = 1.300.000 lb and F, = -360.00() lb.

F, = (FQ + F')° 1,349,000 lb

e, = 12.07 - 5.38 = 6.7 in. e, = 5.25 - 3.22/2 = 3.64in.;

conservatively use 3.9 in.

Ml = F, (e,) = 1,404,000 in-lb

M, = F, (e,) = 5.070.000 in-lb

M, = F, (e,) = 2.412'000 in-lb.
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The component stresses on the effective thickness weld group are:

Mc Cx (5,167,500)(12.07)
SAC - = 6,887 psi (bending stress at points A & C)

(8886) -

M x c (1,404.000)(8.375)
SBC - = 6o) 1,790 psi (bending stress at points B & C)

6570

FR _1,373,000

___ 68 =8,030 psi (resultant direct shear stress)

M z 2,412.000(SST)A = M = 4385 psi (torsional shear stress at point A)2 bhtA (2)(19.94)(13.875)(1.0)

M Z 21,412,000
(SST)B- M 2 1517 psi (torsional shear stress at point B)

2 bhtB (2)(19.94)(13.875)(2.875)

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

SEA = [SAC + (SST )A )T 17,279 psi

SEB = [SBc+ + (s ST )B) ] = 14.267 psi

SEC = f(S\C + SBC) + 3Ssj = 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 SY = 25 ksi and is:

25,000
MS = m-5,00 - 1 = + 0.45.

17.2179

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

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

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

arcs (Figure 2.5.2-1).

The load on the shear ring is RIX = 2,600.000 lb.

Assuming that the neoprene cradle cushion compresses to 0.25 in. thick, the effective

width of the rimn in direct beanrng against the side of the support frame is 1.65 in. The

bearing pressure is

Ahrg = (2)(92/360)(7T)(42.88)(1.65) = 113.6 in-

Shr' 2.600,000/113.6 = 22.887 psi

The allowable bearing stress on the surface of SA-336 Type 304 stainless steel is

(StbJ,\IOi = 25,000 psi at a temperature of 200 0F.

The margin of safetv for bearing is MS = 22 7 4 - I = + 0.09.
C~ 22,887

The shear stress across the wield is

Ss= RIX/A, = 2.600,000/185 = 14,054 psi

where Al, = mc(0.5)(85.26 + 82.61)(92/360)(1.375)(2) = 185 in.

Thc margin of safetv for shear is MS (6)(2, 5 - I = + 0.07.
C~ 14,054
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2.5.2.4 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.

2.5.2.4.1 Shear Capacities at Rotation Pockets

Rotation Pocket Weld

The effective shear area of the weld is 119 in2 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. Applying the von Mises-failure criteron, the ultimate shear

capacity of the weld is

= (119)(X0.577)(80,000) = 5493 040 lb.

Cask Body

The area of the interface between the weld and the cask body is 168 in2. 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

F~t = (168)(0.577)(7 1,000) = 6,882,456 lb > 5,493,040 lb.

Thus, the weld will fail in shear before the cask body. thereby ensunrng 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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2.5.2.4.2 Shear Capacities at Shear Ring

Shear Ring Weld

The effective shear area of the weld is 185 in2, 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 _r

capacity of the weld is

Fi (I185)(A.577)(70,000) =7472150 lb.

Cask Top Forging

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 interfacing area with the weld is

Fth = (191.5)(0.577)(71.000) = 7,845 181 lb > 7,472,150 lb.

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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2.6 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 is the orientation 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 -400 F to +1000F.

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 1000F, an internal pressure of 150 psig (from Section 3.4.4, the', cau
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:

Closure lid bolt preload-The required total bolt preload on the lid bolts is 5.46X19 lb

(111,680 lb/bolt for 48 bolts). Bolt preload is applied to the model by imposing initial

strains to the bolt shafts.

2. Internal pressure-For analysis purposes. an internal pressure of 50 psig _ is 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 (I

and 5.0 psig. respectively) use of 150 psig is conservative. The pressure loading region

includes the mating surfaces of the lid and upper body forging outward to the lid sea]

centerline.

3. 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 lOO1F, with maximum decay heat load and maximum solar

insolation, in still air. The cask temperature distribution obtained for this heat condition

is used as input to the ANSYS analysis to determine the stresses in the cask. The ANSYS

analvsis 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.

4. 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 l-g application of the

cask structure and contents are imposed on the model. The weight of the cavity contents

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

5. Fabrication and Installation-Thc effects of stresses resulting from the processes used in

fabrication and installation are negligible.
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2.6.1.1 Summarv of Pressures and Temperatures

The maximum normal condition temperatures are summarized in Table 2.6.1.1-1 for the vanious

PWR and BWR cask components. Summaries of pressures for the PWR and BWR canister

cask configurations are listed in Tables 2.6.1.1-2 and 2.6.1.1-3, respe

Normal Operating Pressure (MNOP), as..definedin NUREG-161 L7 I j 3gg
(Section 3.4.4.1.2.1).

2.6.1.2 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 = ctx AT

where Al is the resulting change in linear dimension, lo is the original dimension, ax 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.

2.6.1.2.1 Canister/Cask Radial Thermal Expansion

The maximum canister shell temperature is 398.7 'F. The thermal expansion coefficient of y

304L stainless steel at 400 'F is 9.19E-6 in/in-0F [21]. The increase in diameter of the canister is then

Ad = d( AT = 67.06 (9.19E-6 in/in-0 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

even without considering the thermal expansion of the cask inner shell.

2.6-3



SAR-UMS3 Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-OOA

2.6.1.2.2 Canister/Cask Axial Thermal Expansion

The maximum canister shell temperature is 398.70 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 Type 304L stainless steel at 400'F is 9.19E-6 in/in-0 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

Al = 1, Cx AT = 191.95 (9.19E-6 in/in-0 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 237.50 F). The thermal expansion coefficient of
Type 304 stainless steel at 70'F is 8.46E-6 in/in-9 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-0 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.

2.6.1.3 Stress Calculations and Comparison to Allowable Stresses

The stresses throughout the cask bodv 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 0F) loads; and (3) gravity. Stress results for the individual loading

case of 150 psig internal pressure (including bolt preload) are documented in Tables 2.6.1.3-1

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.

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 occuming 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 v-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. "Heat(100IF)" refers to WOOF rient temrn t x solar insolation and

maximum decay heat applied to the cask mjstiUil air.

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

circumferential and axial respectively.

These tables document primary membrane (Pm), primary membrane plus primary bending (Pm +

Ph). primary plus secondary (P + Q), and critical Pm, Pm + Pb, 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 (includingj-d botz tQad) the

maximum calculated primary membrane stress intensity is 10.9 ksi and the maximum calculated

primary membrane plus bending stress intensity is ksi A. For the individual thermal

loading condition, the secondary membrane stress is 13.9 ksi. For the individual gravity loading

condition (including lid boit pkejoad), the maximum calculated primary membrane stress
intensity is 1.8 ksi and the maximum calculated primary membrane plus bending stress intensity

is 4.7 ksi in regions where bolt preload ecti n.40) 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 112.7 ksi. the maximum calculated

primary membrane plus bending stress intensity is 21.6 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
followina stress allowables:

Pm <Sm

Pm + Ph

Pm + Pb + Q < 3 S,

< 1.5 Sm

Usin the conservatively calatedc t stresse thgminimum margin 1
and P + Q stresses in the cask for the heat condition are:

Stress State

Pm

Pm + Pb

P+Q

Max. Stress (ksi)

12.7

21.6

35.5

Allowable Stress..(ksi)
20 0

7. 4 .

57.4

A,. .v ..,
Mton of

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 (0F) Temperature (OF)
Pi W PR Y sfl Cask with iWR Fuel Canister

Canister Gas: Canister Gas: Canister Gas: Canister Gas:
Component AirO Helium Air 6 Helium

Cask Lid O-RingyVent Port 0-ring' 268 266 2Q 0 _ _

Lower DrainePort 224. . 224

Cask Radial Outer Surfae 279 266

Radial Neutron Shield 3.J4
Lead Gamma Shield 328 a96

Aluminum Disk Exterior a92 S f

Aluminum Disk Interior .3 _

Support Disk Exterior .- 5

Support Disk Interior 66 8

Canister Shell 349 4O

Canister Shield Lid 272 7XO

Canister Bottom Plate 225

Maximum Fuel Rod Cladding W. go2

Cask Bottom

Bottom Forging ¢_

Inner Shell

Outer Shell 32Q _

Top Forging2 A@_By

Cask Lid _______

Cask Lid Bolt3 268

Average Gas Temperature in the 2 4 E
Canisters_
Conditions 1000F ambient temperature

20 kW decay heat load. 11 peaking factor - PWR
16 kW deca\ heat load, 1.22 peaking factor BWR
Solar insolation

Cask cavitN eas: helium
Canister cai i eas: air or helium

I Cask lid 0-rings and vent port 0-rings not explicitly modeled-taken to be the maximum cask lid temperature
2 Average temperature.
3 Cask lid bolts not explicitlv modeled-taken to be the maximum tempature of the cask lid

4. LowrdanpotOngnt cihe t p liiw>jnX iqO°ufpuw ji

6, Alhe deragn basis clverga5 -n ARCn ujiS 9 Y j f i4cy~~
structural evalutation.
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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) PRESS[RE(BNW R)

Fr) i apps

Prsuseued fgy

Canister Analysis 2R psig J 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%q Rod Failure) 1.50 atm 21.98 psia 7 H ij

Cask Lid Closure

Analysis 80 psig Qpsig
Cask Body Finite

Element Analysis 5 psig JSQ psig
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Table 2.6.1.3-1 Pm Stresses-150 psig Internal Pressure±, fft(1001Fj

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Sv S SXV SYZ Sxz Si (ksi) (ksi) MS

3
4
5

6
7

8
9

10
11
12
13
14
15
16
17

I8
19
20

21

23

24

26
27

29
30
3 1

33
34

35
36

37
39

40
41

180
105

20
Jo

0
0
0
0

0
0
0
0
50
50
0
0
0
0
0
90
90
0
0
0
0
0

0
90
70
50
60
90
'180
0
0
10
80
30

-0.1
b.o
0.3
,1.0
-0.5
-0.7

,1.0
2.5
:3.7
P.1
-2.4
.3.3
-1.1
-3.7
-0.5
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
-0.3
-0.3

3.1
i.4
0.8
2.8
1.7
-0.3
-0.8
-0.8
:0.8
1.1
-1;2

0.0
0.0
0.5
0.1

-0.1
2.7
0.0
0.5
:7.8
-11.7
5.5
8.5
-0.6
0.0
0.4
4.6
5.4
5.8
5.6
5.0
3.3
1.3
2.5
4.8
5.9
6.4
6.1
5.0
3.1
1.6
@01.7
0.4
L6
0.3

-0.1

J.7
0.0

0.9
1.1
0.6
-1.7
-1.5
-2.2
-2.3
-3.6
-5.6
-6.3
-8.6
.-3.6
-2.3
-5.2
-4.5

0.2
1.1
0.9
0.8
0.9
1.1
1.1

-0.i
4.3
3.7
3.6
3.7
3.6
3.6

,0.1
0.3
,0.9

;4

3.9
-0.4

*0.7
-0.2

7-i

-0.2
-0.2
0.4
-0.4
0.0

.5.
0.2
0.5

0.8

1.4
P.O
0.0
!00.OO

-,0.10

;0.2
1.3
0.0
0.0

0.0

P..
:0.1

:1.4
[1.2
-0.4

-. .
017

0.8

;0.4

'-0.1

0.0

10.3
-0.3
p.O
0.0
0.1
0.3
0.3
0.2

r. -

6J

0.1
1,.2
0.2
P.3
0.0

0.1

~0.3
0.2

0.1

0.0

.:0. 1

-0.3

.0.3

;0.5
1.4

U3
01

bi.o
P..O
,0.1

rI 7

0.0
0.0
,0.5
0.4
0.0
O.Q
0.0
.0*4

oO2

~0.4
o.i
0.1
*-0.1
0.3
0.23

0.2
0.2
..20.2

0.1
P.O
0.40.4

0.4

0.4
0.4
0.4Q.4
Pi.O
0..5
0.6
'.4

;:0.6
P.O
P.Q
Q.6

U
6 iP.Q1
i0.1

J .2

4.4

5.2

5.9

5.8S
4.7

5.8
6.3

6.7

6.47

4.4
4.

5.2

0.7

0..9
470

20.0
2,0.0
20.9
20.0

0.O.

a§.Q

200

9m

W.i

.92

,19.7

194
.192.1
19.1

-191

19.b
r --

20..0

2P0.

20.0,

15.43
,4.89
3.74
Z 65

U6

Eo2

3-.9
V9a3

737

A13-

9,-2

[725

1;04

@98

.Z56

L41

28
-83

2,71

L 721.0.7

K03
,486

* Including cask lid bolt preload.
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Table .6. 1.3- Pm + Pb Stresses-J,50 psi Internal Pressure* HeaJ 100 F:

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Sy S S xY SYz Sxz SI (ksi) (ksi) NIS
1 180 1.8 0.1 4.4 z0.2 Q.0 Oa1 .3 30.Q 6.00
2 180 0.0 0.0 i '2 .1 fQ.2 .
3 180 49 :04 L7 '.3 b10 402 ,30.6
4 20 -1.0 ^1.2 .4 02 ;3 > .4 30.0

40 2.3 -0.1 45 p.0 0 Q,0 30:0 ,
6 D -0.2 ,7 0;2 p.O
7 p 2.5 6.6 6.4 f.2 .4 8Q.
8 0 5.8 10.9 0.5 O b M M
9 P 1 7 17Q8 a.9 p.4 .5
10 0 2.6 -6.9 -s.i A5 __ _ i U2
11 0 4.9 -8.7 253 1.0 3 P9 28
12 0 -6.6 4.7 4.6 204 5 U LU
3 0 6.8 6.7 0.4 0.8 0.4 p C36 5 ' M

14 0 -5.7 6.3 t3.9 -0.5 0.2 Q.2 290 ? 9-6
15 0 4.3 11.4 0.o Lo 0.3 rT.2 16 2X MMA
16 40 0.9 1.1 0.9 2.0 2.5 pt9
17 0 -0.1 7.3 8.0 0.0 0.08 9
18 0 -0.1 2.2 -7.4 p.O 0.2 .7 29: "
19 0 -0.1 2.4 ,7.9 0.0 0.0 45
20 0 -0.1 2.5 -7.2 p.0 ,,.2 .5 29Y-

2 0 -0.1 7.6 7.5 0.0 O.1i 0.7 W.8 >.-6 ___

22 40 0.8 1.3 0.9 :2.0 2.6 0.9 6. 94d .

23 0 -0.3 0.9 ,2.6 6.8 0.9 i0.3 ;.i
24 0 -0.2 4.9 8.7 .o 0.1 0.8 2.0 28hj 2j

25 0 -0.2 7.3 10.5 0.0 0.0 1.0 Lp8 28.2
26 0 -0.2 9.1 i 2.0 0.0 0.0 ).1 bZ4 28.72
22 0 -0.2 9.8 12.8 b.O .0 ..2 i3.2 28
8 0 -0.2 9.3 12.5 0.0 20 0 .92 9 8.2

29 0 -0.2 7.9 P.4 0.0 0.0 - 59 28.2
30 0 -0.2 4.9 97 P.O 1 .9 0.1j 28:7
3 1 0 -0.2 1.2 4.4 45 -0.2 0:4 4.8 28.2
32 50 i.2 -1.0 p.8 .1 -2.0 0.9 65 50.4
33 50 1. -i'.5 -2.5 ,'j.7 ; 7 ¢ 3.
34 0 -0.2 6.3 20 0.6 0.7 :0.3 ~.5 b0Q.

05 O 1.0 -0.2 '3.0 Q.6 .6 ;0.3 ;.4 3
3 6 180 -0.8 0.6 .,6 .3 0. ,.7 .9 .QQ

7 0 6.9 0.2 LSJ 0.1 .0 0.0 9P.
8 0 -4.6 -02 .2 2 0.3 P.O 10. ao 50

39 0 -2.8 0.5 V.2 V.i t0 4a
40 80 5.1 6.7 t9.5 1 °. 0°Q
41 0 -2.4 -0.2 -1 0.2 0.d 0.1 30 .0

* Including cask lid bolt preload.
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Table 2.6.1.3-3 ,Therl 0(Q) Stresses-Heat00°F)

Cylindrical Stress Components (ksi)
Section Angle Sx Sy Sz SXS SW Sxz SI (ksi)

1 80 4.5 2.9 0 0.3 0 0 4.6
2 0 3.4 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 5.3
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 3.5
11 50 0.6 2.2 2.7 -1.1 1.3 -0.7 4.1
12 20 0 2.1 3.3 -0.4 0.5 -0.2 3.6
13 0 0.4 2.2 3.2 -0.3 0 0.4 3
14 20 0 2.1 3.3 -0.4 0.5 -0.2 3.6
5 0 0.4 2.2 3.2 -0.3 0 0.4 3
16 0 -0.1 3.3 1.9 -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 5.3
20 0 -0.2 5.2 3.5 -0.5 0 0 5.5
21 0 -0.2 5.1 3.4 -0.5 -0.1 0 5.4
22 0 -0.1 3.4 2.5 -0.3 -0.1 -0.1 3.6
23 0 -0.3 -1 -5.1 0.1 0.2 -0.2 4.9
24 0 -0.2 -3 -6 0.3 0.4 0 5.9
25 0 -0.1 -5.3 -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 0.3 -0.6 -0.1 7.2
32 10 -0.2 0.6 3.2 0 0.1 -0.2 3.4
33 10 3.7 2.5 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 2.5
36 0 -0.2 1.4 -1.4 -0.2 -0.1 0 2.9
37 150 -2.7 -2.9 0 0.8 0 0 3.6
38 180 -2.7 -2.6 0 0.1 0 0 2.7
39 120 0.4 -0.3 -2.9 -0.1 -0.1 0.2 3.4
40 180 -1.4 1.6 0.7 0.4 0.1 0.3 3.2
41 10 0 2.8 5.5 0 0.3 0.1 5.5
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Table 2.6.1.3-4 Pm Stresses-l-g Gravity Load_;, Rjt100cFj

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle S, SI Sz sxY SYz Sxz SI (ksi) (ksi) NIS
I 120 0 0 0 -0. 1 0 0 .1 20 17A.86
2 10 -0.1 -0.1 0 0 0 0 0.1 20
3 105 0 0 0 -0. 1 0 0 0.1 20 J34.O4
4 10 -0.2 -0.3 -0.1 0 0 -0.1 0.2 20 2M
5 10 -0.1 -0.1 0 0 0 0 0.1 20 131±89
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 -0.2 -0.4 -0. 1 0 0 -0. 1 0.4 20
9 1 0 -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 OM
11 0 -0.3 -0.7 -0.7 0 0 0.1 1 9.1
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
1 5 0 -0.2 -0.5 -0. 1 0 0 0.1 0.4 1 9.7 7
16 50 0 0.1 0.1 0 -0.2 0 0.4 19. M
17 0 0 0.1 0.3 0 0 0 0.3 197� 65.*82
18 0 0 0.1 0.4 0 0 0 0.4 19.? 5007
19 0 0 0.1 0.4 0 0 0 0.4 19.7 44.87
2-0 0 0 0.1 0.4 0 0 0 0.4 19.7 . 44.
21 0 0 0.1 0.4 0 0 0 0.4 19. 7 S 60
22 40 0 0.3 0.1 0 0.1 0 0.4 19.7 48.49.6
2 3 40 0 -0.1 0 0 -0.2 0 0.4 19.1 96.
24 50 0 0 0 0 -0.2 0 0.4 19.1 5
25 60 0 0 0 0 -0.1 0 M 19.1 23.8
26 0 0 0.1 0.3 0 0 0 0.3 19.1 o d
27 0 0 0.1 0.4 0 0 0 0.4 19.1 .0i
28 0 0 0. 1 0.3 0 0 0 04 19.1 527
29 0 0 0.1 0.3 0 0 0 0.3 19.1 3
30 60 0 0 0 0 0.2 0 0.3 19.1 j,92
31 50 0 0.5 0 0 0.2 0 0.7 19.1
32 60 0 0.6 0 0 0.2 0.1 0.7 20

60 -0.4 0.7 0.1 -0.1 0.1 0.1 1.1 20
34 60 0.3 1 -0.2 0 0.2 0.1 1.3 20
3 70 -0.2 0.7 -0. 1 0 0.2 0.3 1.1 2 0
36 180 1 1.4 -0.3 0.1 0 0.3 1.8 20
37 0 -0.3* -0.2 0 0 0 0 0.3 20)
38 120 -0. -0.3 0 0 0 0 0.3 20
39 80 -0.2 -0.4 -0.8 0.1 0 0 0.6 20 .5,
40 80 -1.6 -2 -3.3 0.1 0 -1.1 2.9 20 8
4 1 0 -0.2 -0. I -0. I 0 0 0 0.2 20 918Z2

* Including cask lid bolt preload.
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Table 2.6.1.3-5 Pm + Pb Stresses -- g Gravity Load*. Heat (100oF

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Si ,xr SSz 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 BO-16
3 90 0.1 0 0.1 -0.1 -0.1 0 0.3 30 ;623
4 10 -0.1 -0.3 0 0 0 0 0.3 30
5 40 -0.1 -0.2 0 0 0 0 0.2 30
6 0 -0.2 0.3 0 0 0 0 30
7 0 -0.2 0.4 0.2 0 0 0 0.5 30 9
8 0 -0.1 -0.3 0.4 0 0 -0.1 0.7 30 85
9 0 0.1 -0.1 0.8 0 0 0 0.9 30 8

10 0 -0.2 -0.5 -0.4 0 0 0 0.3 28.7
11 0 0 -0.5 -0.5 0 0 0.1 0.6 28.7
12 10 -0.5 -0.4 0.3 0 0 0 0.9 28.7
13 0 -0.6 -0.4 0.4 0 0 0 1 28.7
14 10 -0.5 -0.4 0.4 0 0 0 0.9 29.6 E6.§
15 0 0.1 -0.1 0.8 0 0 0.1 X 29.6 Mi
16 50 0 0.1 0.1 0 -0.2 0 0.5 19.7 F9M6
17 0 0 0.4 0.4 0 0 0 0.4 19.7 W
18 0 0 0.5 0.5 0 0 0 O.6 19.7 EDO
19 0 0 -0.4 0.2 0 0 0 0.6 19.7 28
20 0 0 0.5 0.6 0 0 0 0.6 19.7
21 0 0 0.4 0.5 0 0 0 0.5 19.7 g7
22 40 0 0.4 0.3 0 0.2 0 0.6 29.6 >
23 40 0 -0.1 0 0 -0.3 0 0.6 28.7 UQ5
24 40 0 0.1 0 0 LO.3 0 0.5 19.1 4
25 0 0 0.4 0.3 0 0 0 0.4 19.1 W
26 0 0 0.5 0.5 0 0 0 0.5 19.1 I
27 0 0 0.5 0.5 -0.1 0 0 .6 19.1
28 0 0 0.5 0.5 J 0 0 19.1 E6
29 0 0 0.5 0.4 0 0 0 0.5 19.1 F
30 50 0 0.2 0.1 0 0.2 0 0.4 19.1
31 40 0 0.6 0.1 0 0.3 0 0.8 28.7
32 50 0 0.6 -0.3 0 0.2 0.1 1 30 DO

70 -0.8 0.4 -0.7 -0.2 0.2 0.1 1.4 30
34 50 0 0.6 -1.4 0 0.3 -0.1 2.1 30
35 70 -0.3 0.5 -1.1 0 0.4 1.5 3.1 30
36 70 3.2 1.9 1 0.1 0.2 0.4 2.3 30
37 0 -3.7 -3.6 0 0 0 0 3.7 30 7.06
38 30 -3.9 -3.7 -0.1 0 0 0 3.8 30 6.82
39 70 3.6 2.7 -1.2 0 0 0 4.7 30 5.32
40 0 -3.1 -6.3 -9.8 0.2 -0. 1 0.3 6.7 30 3.45
4 1 0 -0.3 -0. 1 0 0 0 0 0.4 30 U

* Including cask lid bolt preload.
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2.6.2 Cold

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 150 psig- no decay heat load.

no solar insolation, and in still air and shade. Note associated
with the minimum internal pressu ean interal pressre of i5 psig, which co0 espond e
maximum internal pressure, is conservatively used.

2.6.2.1 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). ahxMa mu mni

Operating Pressure (MNOP), as defined by NUREG-1617 [57,Tableq4, is+.sig En
3.4.4.1.2.1).

2.6.2.2 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.

).6._'.3 Stress Calculations and Comparson to Allowable Stresses

The stresses throughout the cask body are calculated for the individual and combined loading

conditions . The loading conditions are: (1) J5Q psig internal pressure (including bolt

preload): (2) cold (-40cF) 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. 3-'. Stress results for the thermal loading case is documented in Table 2.6.2.3-3.
Stress results for the individual gravitv 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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1. 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 v-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 (-40 refers to -40'F ambient temperature no solar insolation and go decay heat

applied to the cask in still air.

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

circumferential and axial respectively.

These tables document the primary membrane (Pm). primary membrane plus primary bending (Pm

+ Ph). primary plus secondary stresses (P + Q), and critical Pm. Pm + Pb, 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 10.9 ksi and the maximum calculated primary membrane plus

bending stress intensity is 16.9 ksi, . For the individual thermal loading condition, the peak

stress is 13.9 ksi. For the individual gravity loading condition (including cask lid bolt r
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

intensity is 12.8 ksi, the maximum calculated primary membrane plus primary bending stress
intensity is 21.6 ksi. and the maximum calculated primary plus secondary stress is 5.5 ksi.
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Using the conservaoif lysfetfor the m *nm-
and P + Q stresses inn the afe cr

Stress State

Pm
Pm + Pb

P+.Q

Max. Strespkd,,i)
12.8

5:L

3..

20.0

'Margin of Safety

IPAI
± PA

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

requirements of 1(0 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 (0F) Temperature (0F)

Component PWR Cask BWR Cask

Canister Canister Canister Canister

Gas: Gas: Gas: Gas:

Air* Helium Air* Helium

Lid O-Ringl 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 Web2 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 0-ring not explicitly modeled-taken to be the greater of the maximum cask upper forging and the
maximum cask lid temperatures.

2Taken 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.
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Table ,.6.2.3-1 Pm Stresses-150 psig Internal Pressure4: Cod1-40i Fj

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle S Sy Sz Sx1 Syz Sxz SI (ksi) (ksi) NIS

4
s
6c.

8
9
10

11
12

13
14
15
16
17

18
19
2'
_ I

21
- ,,

24

26

-'7

-28
29
30
31

3 3

34

36

37
' S

39
40

41

180
180
105
20
10
0
0
0
0
0
0
0
0
0
0
50
0
0
0
0
0
0

90
0
0
0
0
0
0
0

90
70
50
60
90
180
0
0
10
80
30

-0.1
0.0

0.3
-1.0
-0.5
-0.7
-1.0
2.5
-,3q

0.1
-2.5
-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
-0.3
-0.3
3.1
1.4
0.8
2.9
1.7
-0.3
-0.8
-0.8
-0.8
1.2
1.2

0.0
0.0
0.5
0.1
-0.1
-0.1
2.7
0.0
0.5

77.8
,11.7
5.5
8.5
-0.6
0.1
0.4
4.6
5.4
5.7
5.6
5.0
3.4
1.3
2.5
4.8
6.0
6.4
6.1
5.1
3.1
1.7
-0.7
0.4
1.6
0.3
-0.5

O-I-0.1

.-,0.1

1.8
0.0

p.9
1.1
0.6
-1.7

-1.5

82.2
-2.-3
-3.6
-5.6
:6:3
8.6

-3.6
-2.3

.4s5
0.2
1.0
0.9
0.8
0.9
1.1
1.1

-0.1
4.3
3.7
.3.6

3.6
3.6
,4.0
-0.1
0.3

6.4
0.2

-Q.4

,0.2
-1.1

0.2

0.4
0.4
0.0
0.2
.DA

p.2
125
0.4
1.6
0.5
0.8
-1.1
0.9

A.4
0.0
0.0
0.0
0.0
-0.1
-0.1
1.3

0.0
0.0

0.0
0.0
0I0

-0.1
-1A
,1.2
0.4

-0.7

0.

-0.
A,,[

P.O
LO.3
0.3

0.0

-04
0.3

03
0.2
0.3
0.3
0.1

1.2
0.2

70.1
0.0

-0.1

-0.3
0.0
0.4
0.2
,0.1

-04
-0.2
0.4

Q-0.

0.8

-1.4
-0.3
-0.1
P.O
Q.Q
0.1
J .7

0.0
0.0
0.5
.0.4
0.0
0.00.0

1.0.2
0.4
:0.4
0.1

-0.3
0.3
0.2

0.2

0.2
0.2
O.2

P.0
0.4
0.4
0.4
0.41
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. I

1.2
1.2

2.3

9 .9

949-29
5.0

5.3

5.1

3.5

3.1
4.7

.5.2
O

'6.4

4.1
3.6

5.2

2255.4

0.7

09-

4-I

5.3

20.0

20.0
2O.' P
20.0
20.0

20,.Q

20pQ20.Q
20.Q

2,Q.Q

20.,

200

2Q.O

20.0
20.0
20.0
20.0
20.0

20.0
200

20,,Q
20.0,

td0'd
20.0
"'.6

29A0
20.0

20.0
,20.Q
20.Q

....

20.Q

6-5.57
¢5.03
Z3.88

MP~

.;77
kb9

3,22

Z.a5ra2-

0,0

N69

20,93

210

* Including cask lid bolt preload.
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Table 2.6.2.3-2 Pm + Pb Stresses-:15 psig Internal Pressure*; - 40T:

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Si, Sz SXy SYZ Sxz SI (ksi) (ksi) MS

3
4

5

6
7

8
9

10
11
12

13
14
15

16
17
1S
19
20

21

123
24

25
26
2 7
28
29
30

31
32

34
35
36
3 7

38

39
40
41

I 8U
180
180
20
40
0

p0
0
~0
0
0
0
0
40
40
0
0
0
0
40
40
0
0
0
0
0
0
0

0
50
50
0

90
180
0
0
0
80
0

1.8
0.0
b0.9
'1.0
-2.3

21.5

5.8
a.7
2.6

-6.6
-6.8
-5.7
4.3
0.9
-0.1
-0.1
-0.1
-0.1
-0.1
0.8
-0.3
-0.2
-0.2
-0.2
-0.2
-0.2
-0.2
-0.2
-0.2
1.2
Lil
:0.2
3.3
-0,8
7..0

-2.9
5.2
-2.4

9.1

t. .

0.0

1.2

-0.1

0.2

6o.6
17.8

76.9

-8.8

2.

4.6
6.6
6.3

11.3
1.1
7.3
2.2

2.4
7.6
1.3
0.9
5.0
7.4
9.2
9.9
9.4
8.0
4.9
1i.2
-1 .1
-1 .6
6.3
0.6
-0.6
-0.2

6.9
-0.2

43

..
3.0

;.71

1.4-45

L:2.,0.5
P.9

:5.1
-5.3

-4.6
i:44

-3.9
0.0
0.9
7.9
-7.4
7.9
7.,2

7. .5

0~.9

2.6
8.7
0.5

12.1
12.9
12.6
,1'1.6
4.4

0.8
-2.5
2.Q
0..6
3.7
F8.2

L7-
wr.

.0Q2

.02

0.0
.0

,0,.,2

z.0
o.0

0 0

0.0
2.0
0.0

bop
P-Q

pOD

W.0

15M1

0.6.
:0.8

0.2

p.0

0.0

Q.3

0

r.2

_ r

0.4

0.200-
0,20.3

20.5

0.1
0.0
0.2

p i
00

~Q.P

i, .0
g1.7
:0;8
~1.4
,°L4

0.0

10.I
0.2

,0.2

ro.2

0.8

'0.2
0.8
i.0.
L2
,10

b.7
b09

p0.3
0.8

1.0

1-0.2

~:U

0.4

0.9
0.'8

0.0,*

20.3

0.1

V

0_3

[6:31

,J3,6
r -'
;!.2.0

e

.7$
7.8

k5'

_ . j.

X 3> 0

M+.1

M.
rP4
5...
8.QO
uj

0,

2;2

Q.O
F50.0

M-0-

NOii
a07.0

T0lp
N0.0
V0,0

WQ0

UF O

3QQO

50,
5 00
w! ' S

N6Q6

0045
t;83

Mi

Lz4

i;si<

EMI
W6

rZ8

- Including cask lid bolt preload.
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Table 2.6.2.3-3 ' Thermal (Q) Stresses-: Cold (74 0°

k
Cylindrical Stress Components (ksi)

Section Angle sx SZ S 5 Xv SSXZ SI (ksi) I I
1 10
2 i0
3 105
4 90
S p
6 b
7 9
8 9
9 P
10 105
11 180
12 10
13 0
14 10
15 0
16 90
17 90
18 180
19 180
20 180
21 180
22 70

70
24 90
25 90
26 90
27 180
28 180
_9 180
30 90
31 90
3 2 90

105
34 180
35 90
36 0
3'7 0
38 0
39 0
40 0
41 b

,-0. I
.0.L
0.0
0.0
-0.2
-02

-0.3
b.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

rO.21-0.1
-0.2
0.2
p.1
0.2
-0.1

p.O

0.0
0.0
0.0

b.0o.
0.0
0.0

0.2

0.0
0.0
0.2

-0.3I

0.2

P.3

-O.QI0.0
0.0
-0.

0.0
-0.1
-0.1
-0.1

0.0
0.0

0.0

-0.1
0.0
0.0

0.0

0.0

-0.2

-0.1

0.0
O0.Q
0.O

0.1

0.0
0.1
,0. 1
o.0

-0.1

-0.1

0.02

-0.2
P-0.1
0.2-0..1

-0.0

P0.O
0.0
0.0
0.0
-. 1
0.0
0.0
0.0
0.0
0.0

b . .
-0.0
0.0

p.O

0.0
0.0
p.O
0.0
07.0

Q.O
0.3

0. 0

, 0.1

PQ.O

0.;

b-Q
0.0

'.0

.0Q
0.0

60

0.0
0.0
0.0

o.d
0.1

0.00.0

b.-
. 0

0.0-o.1

0.1.
0.0

0.'j
w0.0
0.0

O.1
0..0
p.1

,0.0

0.0

-0.

P.
oeo

oco

0o0
0.0Q9

0.0P.O

0.0
0.0

6..

0.0
0.0
PO

P.Q

0.0

PQ0

0.0
0.0
0.0

i.O
0.

.y ..

0QQ

0.0
0.0
0.0

PQ

p.O

0.0

PO

0.0

0.0

FQ

P.O

0.0D

0:0

0.0

bno
04,

0.0_,
0,0

P.Q

-.0
0.0

p.Q

P.O
0.0
0.O
0.0
Lo

Q.P
. _

0.0,

pOl-

P.

0.0
U,.

Otl
,0i.0.I

,0.4;
0...

)j

0.23

bDi

P.'.

0V4

0.2,

.

0.1
0.12
0.1

0.1

.

0.1.

P.,1
p.2

0.2_
0.2

b.3

P.2
0.20.

u.3

0.4

0.3

L i
I I
I I
I I
I I
I I
I I
F I
I I
I I
I I
I I

I
E. I
I I
F I
I I

E

r

t- I
r I

La
5 1

I
I. I

I

L I

11I
9I
EI
EI

I
II

I I

I I
II
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Table 2.6.2.3-4 Pm Stresses-1-r Gravity Load*; kold.-40oF1

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx SI z xy Syz Sxz SI (ksi) (ksi) NIIS
I 0 -0. 1 0 0 0 0 0 0.1 20 174.28
2 0 -0. 1 -0. 1 0 0 0 0 0.1 20 159.51
3 30 -0. 1 ;0.2 0 0 0 0 0.2 20 127.21
4 10 -0.2 -0.3 -0.1 0 0 -0. 1 0.3 20 2I02
5 0 -0.1 -0.1 0 0 0 0 0.1 20 ¢j5
6 0 -0.2 -0.2 0 0 0 0 0.2 20 -)O5
7 0 -0.2 -0.3 0.1 0 0 0 0.4 20 O
S 1 0 -0. 1 -0.4 0 0 0 -0. 1 0.4 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 E
1 1 0 -0.3 -0.7 -0.7 0 0 0.1 0.4 19.1 .8
1 0 O -0.4 -0.4 0.5 0 0 0 0.9 19.1 Ff28
13 0 -0.3 -0.3 0.7 0 0 ( 2 19.1 ra8Fs
14 0 -0.4 -0.5 -0.1 0 0 -0.1 0.5 19.7 MJ17
15 0 -0.2 -0.5 -0.1 0 0 0.1 0.5 19.7 >56
16 60 0 0 0 0 -0.2 0 0.3 19.7
17 0 0 0.1 0.3 0 0 0 F 19.7 S.13
IS 0 0 0.1 0.4 0 0 0 0.4 19.7 >4
19 0 0 0.1 05 0 0 0 0.5 19.7 41A2
20 0 0 0.1 0.5 0 0 0 ,j: 19.7 41.96
21 0 0 0.1 0.4 0 0 0 0.4 19.7 A8j01
22 40 0 0.3 0. 0 0.1 0 0.4 19.7 .0
3 40 0 -0.1 0 0 -0.2 0 0.4 19.1 K6L73

24 50 0 0 0 0 -0.2 0 0.4 19.1 52.56
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 40.O4
27 0 0 0.1 0.4 0 0 0 0.4 19.1 4Y4$
2S 0 0 0.1 0.4 0 0 0 0.4 19.1 469
29 0 0 0.1 0.3 0 0 0 0.3 19.1 6
30 60 0 0 0 0 0.2 0 0.4 19.1
31 50 0 0.5 0 0 0.3 0 0.7 19.1 ,,22
32 60 0 0.6 0 0 0.2 0.1 0.7 20 2
33 60 -0.4 0.7 0.1 -0.1 0.1 0.1 1.1 20 Ti24
34 60 0.3 1 -0.2 0 0.3 0.1 1.3 20 [112

35 70 -0.2 0.7 -0. 1 0 0.2 0.3 1.2 20 15-08
36 180 1.1 1.6 -0.2 0.1 0 0.3 1.9 20 D
37 0 -0.4 -0.3 0 0 0 0 0.4 20-
3*S ISO -0.4 -0.3 0 0 0 0 0.4 20 a5
39 S0 -0.3 -0.4 -0.8 0.1 0 -0. 1 0.6 20 33.72
40 s0 -16 -2 -3.4 0.1 0 -1.2 3 20 6.64
4 1 0 -0.2 -0. 1 0 0 0 0 0.2 20 96.75

* Including cask lid bolt preload.
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Table 2.6.2.3-5 Pm + Pb Stresses-1-g Gravity Load*; CoI4X-400F

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle S S S Sz sx SWz Sxz SI (ksi) (ksi) NIS
1 180 -0.1 0.1 0 0 0 0 0.2 30 149545
2 20 -0.2 -0.2 0 0 0 0 0.2 30 B2.69
3 30 -0.2 -0.2 0 0 0 0 X 30
4 10 -0.3 -0.3 -0.1 0 0 -0.1 0.3 30 7
5 0 -0.2 -0.2 0 0 0 0 0.2 30 2
6 0 -0.2 -0.3 0 0 0 0 0.3 30
7 0 -0.2 -0.3 X 0 0 0 0.6 30 w
8 0 -0.1 -0.2 0.5 0 0 -0.1 30 U
9 0 0.1 -0.1 0.9 0 0 0 1 30 RIT8

10 0 -0.1 -0.5 -0.4 0 0 -0.1 0.4 28.7 ____

11 0 0. 1 -0.5 -0.5 0 0 0 0.6 28.7 ff8.
12 0 -0.6 -0.4 0.4 0 0 0 1 28.7 NO
13 0 -0.7 -0.4 0.5 0 0 0 28.7 5
14 0 -0.5 -(0.4 0.5 0 0 0 }. 29.6 _

15 0 0.1 -0.1 0.9 0 0 0.1 1 29.6 273
16 50 0 0.2 0.1 0 -0.2 0 0.5 19.7 9
17 0 0 0.4 0.5 0 0 0 0.5 19.7 MB
18 0 0 0.5 0.6 -o.i 0 0 0.6 19.7 '72
19 0 0 -0.4 0.3 0 0 0 19.7 F91I
20 0 0 0.5 0.6 I0.1 0 0 0.6 19.7 .Q2
21 0 0 0.4 0.5 0 0 0 p.6 19.7
22 4(0 0 0.4 0.3 0 0.2 0 0.6 29.6
23 30 0 -0.2 0.1 0 4Q 3 0 0.6 287.
24 4(0 0 0.1 0.1 0 -0.2 0 0.5 19.1
2 0 0 0.4 0.4 0 0 0 19.1
26 0 0 -0.4 0.2 0 0 0 19.1 3
27 0 0 -0.4 0.2 0 0 0 0.6 19.1 O
28 0 0 -0.4 0.2 0 0 0 0.6 19.1 57
29 0 0 0.5 0.4 0 0 0 0.5 19.1 Ad
30 50 0 0.2 0.1 0 0.2 0 0.5 19.1 A
31 40 0 0.6 0.1 0 0.4 0 Mn 28.,7
3'2 50 0 0.6 -0.3 0 0.2 0 1 30 Ace

73 0 -0.8 0.4 -0.6 -0.2 0.3 0.1 1.4 30 K.0
34 50 0 0.6 -1.4 0 0.3 -0.1 2.1 30 m

35 70 -0. 0.5 -1.1 0 0.4 1.5 3.2 30 [23
36 ISO -0.4 0.7 -2 0.1 0 0.1 2.7 30 Li
,7 0 -3.8 -3.6 0 0 0 0 3.8 0 6.92
38 30 -4 -3.8 -0.1 0 0 0 3.9 30 6.67
39 70 3.5 2.7 -1.1 0 0 0 4.7 *0 5.41
40 0 -3.2 -6.4 -9.9 0.2 -0. 1 0.4 6.7 30 3.49
41 0 -0.3 -0.2 0 0 0 0 0.3 30 F09.17

* Including cask lid bolt preload.
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2.6.3 Reduced External Pressure

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

results in an additional internal pressure in the cask of 11.2 psig (14.7 -3.5 = 11.2). However,

stresses are conservatively calculated for a 1 psig internal pressure as presented in Section

2.6.1.3. The maximum stress intensities in the cask due to the 1O psig pressure hi y are

calculated to be a primary membrane stress of ¢ ksi with a margin of safety of + and a

primary membrane plus bending stress of 2 ksi with a margin of safety of +Q. | Therefore,

the requirements of 10 CFR 71.71(c )(3) are met.

2.6.4 Increased External Pressure

An increased external pressure of 20 psia (5.3 psig external pressure), as specified in 10 CFR

71.71(c)(4), has a negligible effect on the 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.

2.6.5 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:

I. The minimum natural frequency of the cask is conservatively calculated as > Hertz [28]

(Table 36, Case 4a). The determination of this natural frequency is made considering

only the stiffness of the cask outer shell and the total cask weight of lb for the

case of a free cylinder. .

closest rail c. c

of 140 mil or
between2 d whi&pjjorres n t_ _aM2 _r

This'is ________j~ipap

vibrati n ationals coniidered =e a;nj 4t
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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 followin- analysis documents the second factor mentioned above.

It is conservatively 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 1-g stress evaluation presented in Section 2.6.1.3,
the peak stress produced in the cask is 6,700 psi. Scaling the stress for 2 g, the maximum stress
intensity is 13,400 psi.

The maximum stress intensity range for normal transport vibration is obtained by multiplying the
maximum stress intensity from the 1grno dii by the acceleration values from vibration

Thus the maximum stress intensity in the cask for the 2 g loading is Sx = hipsi
and Slin = -13,400 psi. The allowable alternating stress intensity for austenitic stainless steel is
determined as the 1i'l c'cle value from the ASME Boiler and Pressure Vessel Code, Section HII,
Appendices, Table 1-9.2.2 [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 = (S/St) -I = (23.700/,3,400) - 1 = .,72

where Sal, = '2i 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 maximum shear stress of 28,_54 psi. This i, 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 Smx = (2.0/10.2)(28,546) = 5,597 psi and Smin = -(2.0/1O 2)(28J546) = -59J psi.

The margin of safety for the rotation pocket as a rear tiedown device for normal transport is:

MS = (Sa/SaIt) - 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).

'2.6.6 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

71.7I(c)(6) has no adverse impact on the package. The cask surface temperature specified during

the water spray is between lOOTF and -20 0F. 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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'.6.7 Free Drop (I-Foot): Cask Body Analysis

The free drop scenario outlined by 10 CFR 71.71(c)(7) requires the Universal Transport Cask to

be structurallv adequate for a 1-ft drop (normal conditions of transport) onto a flat, essentially

unvieldin2 horizontal surface in the orientation that inflicts the maximum damace to the cask. In

the following subsections, the cask body, impact limiters. closure lid and bolts, neutron shield

shell, and upper ning components are evaluated for the end, side, and corner-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.' 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 d
acceleration provides a bounding analysis, as it exceeds the calculated g-loads'for t'he enann
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 followin_ a drop. Therefore, oblique drop orientations are not considered a credible
evcnt. and are not included in these analyses.

Only the analyses for enveloping structural conditions, representing the more restrictive of either

the PWNR or BWR fuel payload configuration are presented. Where necessary a composite

pay load of the PWR con fi guration decay heat load and the BWR configuration weigoht is used for

the cask body analysis. This composite configuration imposes larger impact loads on the cask

components and raises the component temperatures., thereby lowcring the material strength,
resulting in a more restrictive loading configuration than either the PWR or BWR payload

configurations would impose.
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2.6.7.1 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

impact on the bottom end or top end of the cask occurs. _Te analysisP iog

acceleration, which provides a bounding analysis as it exceeds the calculated..g'-lads forthe 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 (Pm), primary

membrane plus primary bending (Pm + Pb), primary membrane plus primary bending plus

secondary peak stress (P + Q). and critical (Pm, Pm + Pb. and P + Q) stresses in accordance with

the criteria presented in Regulatory Guide 7.6.

As sho\\n in Tables 2.6.7.1-1 through 2.6.7.1-8, the margins of safety for the primary stress

intensity categlorv 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 Pm 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 Pm + Pb 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 '.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 Pm stress intensity for the bottom end-drop condition is found to

be 0.74, as documented in Table 2.6.7.1-13. The minimum margin of safety for Pm + Pb stress

intensity for the bottom-end-drop condition is found to be 1.29, as documented in Table

2.6.7.1-14. The minimum margin of safety for the P + Q stresses (2.49) occurs in the inner shell

as documented in Table 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 Pm Stresses-1-Foot Top End-Drop, Bolt Preload. Internal Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle S, SE S, SXY Sxz SI (ksi) (ksi) mS
1 70 0.3 0.3 0 0 0 0.1 0.4 20 44.31
2 ISO 0.3 0.3 0 0 0 0.1 0.4 20 48.47
3 180 0.2 0.4 0.2 0 0 0.2 0.4 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 92.5
7 0 -0. 1 0.1 0.5 0 0 0.1 0.7 20 28.2
8 IS0 1.1 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 0.4 0.9 20 21.26
10 135 0.8 -0.5 -1.6 -0.1 0 0.6 2.7 19.1 6.1
11 135 0.2 -1.1 -2.8 -0.1 0.1 0.6 3.3 19.1 4.85
12 8( 0.2 0.1 0.8 -0.1 0 0 0.8 19.1 24.3
13 80 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 24.06
15 SO 0.6 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 19.7 12.58
IS 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 2.5 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
a 10' -0.1 0(.2 -0.6 0 0.2 0.2 1 19.1 18.69
24 120 -0.1 1.5 -0.7 0 0.1 0 2.2 19.1 7.59
2 0 -(1. 1. -0.9 -0.1 0 0 2 19.1 8.44
26 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 2.2 19.1 7.82
2' () 02 0 -1.7 0.1 0 0 1.7 19.1 10.23
29 10 -02. -1.2 -1.9 0 0 0 1.7 19.1 10.2
30 '0 -0.2 -2.S -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
2 0 -0.3 4.3 -2 -0.5 0 -0.3 6.4 20 2.1

0 1.1 2.9 -1.9 -0.2 0 -0.6 5 2( 3.02
34 0 3.4 3.3 -3.1 -0.1 0.1 1.2 7 2( 1.87

ISO -0.0 1 -2.1 0.3 -0.2 0.2 3.8 2( 4.31
36 0 1.5 I -3.2 0 0.3 0.1 4.8 20O 3.18
37 0 -0.3 -0.2 -1.2 0 0.2 0.6 1.4 20O 12.85
38 () -0.3 -(.2 -1.1 0 0.2 0.5 1.3 2( 14.86
'9 0 -0. -0.5 -3.1 0 0.1 0.2 3 20 5.7
40 0 - 2 6.2 0 -0.1 -1.2 4.8 20 3.15
41 13 -0.2 -0(.2 -0.6 0 0 0.2 0.5 2( 40.25

-d4
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Table 2.6.7.1-2' Pm + Pb Stresses-I-Foot Top End-Drop, Bolt Preload, Internal Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle SX Sy SZ S XY SYZ SXZ SI (k5i) (ksi) NIS
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 2 7.25
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 1 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 -2.5 -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 -I -0.1 0 0.5 2.8 28.7 9.25
11 135 2 -0.2 -2.1 -0.1 0 0.7 4.3 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
17 20 -0.1 1.5 -0. I 0 0 0 1.6 MO
18 30 -0.1 1.8 -0.2 0 0 0 2 VP 4
19 0 0 2.2 -0.5 -0.2 0 0 2.7 V96 F91
20 20 -0.2 3.2 -0.7 0 0 0 3.9 wt4 Kc
21 0 0 4.3 -1.2 -0.4 0 0 5.5 _-16 LA
22 10 -0.3 5.1 -3.8 0 0.1 0.1 8.9 29.6 2.32
2 SO -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 2.5 28.7
25 0 -0.2 1.5 -0.8 -0. I 0 0 2.3 28.7
26 0 -0.2 1.4 -1.1 -0. I 0 0 2.4 7
27 0 -0.2 1.3 -1.3 -0.1 0 0 2.6 W87 0
28 0 -0.3 0.6 -1.5 0 0 0 2.2 ¢T7 2
29 0 -0.3 -1.9 -2.1 0.2 0 0 1.9 W.7 j2,4
30 20 -0. 1 -3.3 -2.3 0 -0. I 0 3.2 1Q8
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
*5 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 5.6 30 4.35

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 4.3 30 6.05
39 0 4.8 1.4 -2.9 0.2 0.2 -0.2 7.7 30 2.88
40 0 -4.6 -5.4 -13.4 0 0 -0.1 8.7 30 2.43
41 1 35 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 Pm + Ph + Q Stresses-1-Foot Top End-Drop, Bolt Preload. Internal
Pressure. Thermal 1ot

Allo, able
CvIindrical Stress Components (ksi) Stress

Section Angle sx Si S SXY SYZ Sxz SI (ksi) (ksi) NIS
I 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 5.3 60 10.41
3 10 -3.2 3.2 -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 33.7
7 0 -1.7 -0.3 -3.4 -0.1 -0.1 -0.8 3.5 60 15.99
8 0 -1.7 -0.3 -3.4 -0.1 -0.1 -0.8 3.5 60 15.99
9 40 -1.3 -0.5 -3 -1 1.3 0.4 4.3 60 13.08
10 0 -0.8 (.1 -3.3 -0.2 -0.2 -0.1 3.5 57.4 15.38
11 40 -1.3 -0.5 -3 -1 1.3 0.4 4.3 57.4 12.46
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 2.9 57.4 19.05
14 0 -0.6 2 4.5 -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 3.4 1.7 -0.3 0.1 0.1 3.6 59.1 15.5
17 0 -0.1 5. 3 -0.5 0.1 0 5.5 59.1 9.66
18 ( -0. 5.9 2.7 -0.6 0 0 6.2 59.1 8.48
19 0 -0.2 6.5 2.3 -0.7 0 0 6.8 59.1 7.74
20 0 -0 7.4 2.1 -0.7 0 0 -7.7 59.1 6.64
2 0 -0.2 8.4 1.4 -0.8 0 0 8.8 59.1 5.75

22 -0.2 S7 1.4 -0.8 -0.1 0 9 59.1 5.55
( -02 0.1 -5 0 0.2 0 5.2 57.4 10.08

24 () -0.9 0.8 -6.6 -0.1 0.5 0 7.5 57.4 6.63
25 0 -0. -3.1 -12.7 0.3 0.3 0 12.5 57.4 3.59
26 0 -0.4 -3.6 -14.8 0.4 0.1 0 14.4 57.4 2.97
27 0 -0. - ' -15.2 0.4 0.1 0 15 57.4 2.83
28 0 -0.3 -4 -15.5 0.4 0 0 15.3 57.4 2.76
29 () -0.6 -5.8 -15.8 0.6 -0.1 0 15.3 57.4 2.75
-() ( -0.( -7.4 -14.6 0.7 -0. 0 14 57.4 3.1
3 0 -1.5 7 -14.2 0.5 -0.5 0 12.8 57.4 3.48
3 (2 -0.2 5.4 -2.4 -0.6 0.1 -0.7 S.1 60 6.37

() 0. .' -6 -0.3 -0.1 -0.6 9 60 5.66
34 ( 0.4 -2.5 -16.8 0.2 -0.5 0.4 17.2 60 2.49

0> O -(.2 -0(.8 -12.4 0.1 0.1 0.6 12.3 60 3.86
36 0 5. 4.1 -2.3 0.1 0.2 0.2 60 6.48
7 10 -3.1 -4.5 -0.8 -0.2 0.2 0.4 38 60 14.79

38 135 -5.8 -2.6 -0.7 0 0 0.2 5.1 60 10.67
39 ( 1.3 -2.9 -15.7 0.4 0. (0.5 17.1 60 2.5
40 0 0.1 -2.4 -13.8 0.3 0.2 0.1 13.9 60 3.3
41 0 -0. 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 + Pb + Q Stresses-i-Foot Top End-Drop, Bolt Preload, Internal
Pressure. Thermal Cold

Allowable
C-lindrical Stress Components (ksi) Stress

Section Angle sx Si Sz SxY SYz Sxz SI (ksi) (ksi) MS
I 0 0.7 3.4 -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

I10 -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

0 -3.3 -2.3 -0.3 -0.4 0.1 -0.1 3.2 60 17.77
6 135 -2.4 -2.3 -0.3 0.3 0 0 2.4 60 24.06
7 180 -2 0.5 -0.5 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 -3.6 -0.7 0.6 1.7 5.4 57.4 9.56
12 10 -3.8 -0.1 1.5 -0.2 0.3 0.4 5.4 57.4 9.62
1 3 10 -0.2 1.1 2.5 -0.2 0.2 0.8 3.2 57.4 17.16
14 10 -3.8 -0.1 1.5 -0.2 0.3 0.4 5.4 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 3.3 1.7 -0.3 0.1 0.1 3.5 59.1 16.08
1 0 -0.1 5.4 2.8 -0.5 0.1 0 5.6 59.1 9.58
18 0 -0.2 6.1 2.5 -0.6 0 0 6.4 59.1 8.3
1') 0 -0.2 6.6 2.1 -0.7 0 0 6.9 59.1 7.57
20O 0 -0.2 7.5 1.8 -0.7 0 0 7.8 59.1 6.58
2I 0 -0.2 8.4 1.2 -0.8 -0.1 0 8.7 59.1 5.77
'' 0 -0.5 4.2 -4.6 -0.5 0.1 -0.1 8.8 59.1 5.73
2 0 -0.2 -0.7 -5.5 0.1 0.3 0.1 5.3 57.4 9.9
'4 0 -1 1.6 -6.7 -0.2 0.6 0 8.4 57.4 5.85
25 0 -0. -3.4 -14 0.3 0.3 0 13.8 57.4 3.17
2(. 0 -0.4 -3.9 -16.2 0.4 0.2 0 15.8 57.4 2.62

O( -0.2 - . -16.6 0.4 0.1 0 16.4 57.4 2.5
28 0 -0. -4.3 -17 0.5 0 0 16.7 57.4 2.43
29 0 -0.6 -6 -17.3 0.6 -0.1 0 16.7 57.4 2.43
30 0 -0. -7.6 -15.9 0.7 -0.3 0 15.3 57.4 2.75

I 0 -1.5 -6.6 -14.5 0.5 -0.6 0 13 57.4 3.41
3 0 -0.2 5.1 -3 -0.6 0.1 -0.7 8.4 60 6.17

0 0.3 3 -6 -0.3 -0.1 -0.6 9.1 60 5.59
34 0 0. -2.3 -16 0.2 -0.6 0.4 16.3 60 2.68
35 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 -2.9 -4.2 -0.8 -0. 1 0.2 0.4 3.5 60 16.04
3' 135 -6 -2.9 -0.7 0.3 0 0. 5.4 60 10.2
39 0 1.3 -2.4 -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 3.2 0 0.3 0.3 4.0 60 13.86
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Table 2.6.7.1-5 Critical Pm Stress Summary (ksi)- -Foot Top End-Drop. Bolt Preload.

Internal Pressure

SI Allowable Marino
Component Section Angle . Str ki) Safety

1 4 180 0.6 20 35.02
_180 !1.5 20.0 12.06

3 11 135 3.3 19.1 4.85
4 14 135 0.8 19.7 24.06
5 1 0 5.3 19.7 2.72
6 2 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 Pm, + Ph Stress Summary (ksi)-l-Foot Top End-Drop, Bolt

Preload. Internal Pressure

SI Allowable Margin of
Component Section Angle (ksi) Stress (ksi) Safety

1 70 1.8 30 15.46
135 3.1 30 8.58

3 1 135 4.3 28.7 5.7
4 14 J 180 1.3 29.6 22.42

2 0 5.5 29.6 4.36
6 22 10 8.9 29.6 2.32
7 23 80 1 28.7 27.23
S 30 20 3.2 28.7 8.08
9 31 0 - 5.8 28.7 3.95
10 34 0 13.81 30 1.17
I1 40 0 8.7 30 2.43
12 41 135 1. 30 23.27
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Table 2.6.7.1-7 Critical Pm + Pb + Q Stress Summary (ksi)-l-Foot Top End-Drop, Bolt

Pre]oad, Internal Pressure, Impact. Thermal io

| SI Allowable agin of
Component Section Angle (ki Stresi)

1 4 0 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 I 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 3.48
10 34 0 17.2 60 2.49
11 39 0 17.1 60 2.5
12 41 I 0 16.6 60 8.13

Table '.6.7.1-8 Critical Pm + Pb + Q Stress Summary (ksi)-1-Foot Top End-Drop, Bolt

Preload. Internal Pressure. Impact, Thermal Cold

SI Allowable 1 Margin of
Component ! Section Angle ij Strassgj FSfet

l 4 0 13.9 60 3.33
2 8 30 5.4 60 10.05
3 10 30 5.4 57.4 9.56
4 14 10 5.4 59.1 9.95

2 11 0 8.7 59.1 5.77
6 22 r 0 8.8 59.1 5.73
7 23 0 5.3 57.4 9.9
8 2 9 0 16.7 57.4 2.43
9 31 0 13 57.4 3.41
10 34 0 16.3 60 2.68
1 1 39 0 16.6 60 2.61
I2 41 l 10 4 60 13.86
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Table 2.6.7.1-9 Pm Stresses-1-Foot Bottom End-Drop. Bolt Preload, Internal Pressure

jMlowible Martio,
C lindricalStres iConents:(j -Ie n k

Section AngIe Sx 9kSzi Si S1 i
1 180 -0.3 Li o i ] Dji 6_. _i.

2 180 lo0. 0.7 01 -0-2 b b __ _ __ _ __ _ .
3 180 0 lS r 1.i -0.1 0.4 0 20 _ _ Q0
4 180 1 -35 0 0.22 0 t 20 _ .42
5 180 0.5 Fo.9 0.i _.6 0.3 b 2d ______
6 0 0.6 -.6 0. _ 0 o i b __4 2_0_ .1_3
7 0 0.5 -175 0.4 0b.7 0 '0 5 I ___.03

8 180 1.2 2.5 £:i L o UJ. __ toi - a
9 180 2.1 -2.9 -0.2 0.6 0.3 03 O Q0 5.0
10 180 4 2.5 0.8 4,'4 -0.2 0.S ii 9.I 6.74
11 180 6.2 :2.6 U2 .3 0 .30.7 __ ____

12 180 3.3 -0.8 16 2.2 .6 0.3 _ _ _ _ 1C3
13 180 6.7 1.6 J.3 -0.8 0.4 03 ||_
14 80 0.8 3:4 0.2 1i. 0.6 61 __J _7 ___

15 180 3.7 1 34 61 -0.9 J 0.3 63 _______ _ _ _ 7
16 0 -0.1 -1.8 '4 -0.1 0 '0T4 K79 ss ____3_

17 0 -0.1 -1.5 i.- 0 o ° .3 __ 5 §. J .82
18 0 -0.1 -i.3 1.8 0 |b |D2 _i fis.7 533
19 o o Ip 1 1.4 o 0 02 2.5 NJ g.78
2 0 0 o -:1 1.2 0 0 0.1 2.2 .i9_7

21 0 0 -0.8 y 0 0.1 1.8 19.7_ .98
22 0 0 -0.6 b 0 0 O i 1.6 _ 9;7 1T-h1
23 90 -3 -1.7 -0.3 -4 O b8 0.1 2.8___9
24 0 -0.3 -2.1 -'2J. 0 0 -0.2 co9 _r
25 0 -0.3 '-2 -0.7 _ 0 O T;'i.8 ____ __ _ _7_

26 0 -0.2 -1.9 0.3 | ' 0 1 ° 2.2 | __ 1_
27 o -0.2 -1.7 0.9 b o 0 2.-6 T l -3
28 0 -0.2 -1.5 1i.1 0 0 0.1 2.6 19.1_ __4

29 0 -0.1 -1.3 1.2 b 0 0 0.1 2.s _1___ 6.f76
30 0 -0.1 1 ° 0 b 0.1 2-.4 WI _ 6__6
31 0 -0.1 -0.8 2.1 0 0 6 0.2 i2.9 P2 I__
32 0 0 -O.5 T4 o.i O 0. i _ __ _ PIT$
33 0 -0.6 o0.i f 0.1 0 0.2 i | __ 8.
34 0 0 -s 6 '0 0.2 Y2.9 _
35 0 0.1 -0.2 1 £ 0.3 01 -0.i __ _ _ __0_ _ _8

36 80 Yu2 :b64 :Oj 6oi -0.8 0.2 |_ __ __

37 30 0.2 0 o 2 0o.1i 01 - 0 o..b 0 I __.'

38 70 -0.2 |0 -0.2 .1 -02 0 0.4 _ a_ t_-
39 0 -0.2 -. 1 -l .4 0i2 01. ' I o |_ T i
40 80 '0.9 1.6 -:& L4' 1.7 60.1 !
41 180 -0.4 -4.8 -0.1 | 01 -0. 1 4.8 M0 t____
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Table 2.6.7.1-10 Pm + Ph Stresses-I-Foot Bottom End-Drop, Bolt Preload, Internal Pressure

w1 Mrginj
UyiindrilStress Coj0 sf _~ tre

sion Angle .j S ' ij g 1|

9h Y0 2 t.7 ';6 rX2 O 6.1 f O I1T
3 180 2. 1 .5 - 0-oi 6.s i0.2 K_ _ _ _ -____

4 80 S2.3 .6.6 11.3 VI .5 F0.2 K.5
'0 '.8 -0.5 4 _ O:5 011 6.3 ___ AI3.

6 ijo 3.6 pq0 .4 4 0 0 I O i 5.5 46
__ 0 b .9 Wf.6 0.2 0.4 0_ VO. I 5
8 i80 1i[6 L.4 0 r3j Vii b.3 U.7 Vjf
b i80O S h'3 Y.i1 ___ b5 B4

i80 98 6:4 2.3 s3.6 2 f:.5 2.5 52d
180 5.2 U5.1 0.4 :b13 0.7 87 P
180 2.9 :'07 i.4 33 0.-6 0.3 736 k8.7 i7

13 f8o ITi.7 1 ___ 5 24 v4 0.8 3 8.7 F68
i4 0 -0.3 ,6.9 Wi i 0.9 0.3 0;i 6.9 E9.6
15 180 -i.8 F.5 -2.2 0.3 0.2 0.1 7 8 f9T6 079
16 20 0.3 E1.9 3.7 b 0o1 T.4 '6.2 _ _ __ __

17 20 f0.2 1.3 2.5 0 I 1 i.3 _ _ _ _

18 20 0.1J I 0.3 _ _T _

19 20 o 0.1 [ _ _ .4 ° F6 Pi 6 ml
20 20 0.1 -o0.9 1.2 o o 0.5 2.3 |fT74
21 20 0. 1 '07 I1 0 b 0.4 t§.9 0_ 67
22 0 1 o 0.8 o o o i i
23 180 :0.6 56 4 6 0.3 0.5 os ______________

24 0 -0.3 21 -2.7 | 6 |0.3 2. 28.7 106
25 180 -A0.4 14 0.7 | b 2. f i 2.t l
26 b 60.2 !1 7 0.9 b 6 b t VO
27 o 10.2 1.6 i .s brI 8 r3|7
28 0 0.2 'i.3 , 6 I 1 0.1 2.9 t 28.7g
29 o -0.2 -fl- Y.6 b o .I1 2.7 j 8.7 M
30 0 50.2 fb.9 1 .7 0 o o __ 2.6 27 T07 2
3_ 1 _ o O_ I 1 2.1 o 0.2 '3.3 28.7 _ _

32 0 0 o .o 1.4 0.1i _ o._i 2j3 __ _ f _ 3
33 0 -. .6 0 0.9 I 0.3 I 0.1 0.4 I 2.7 p.
34 o -o_ __ 9 _ 0-oi ' 0.2 5 f5s |
35 0 0.4 .L18 _ _ | 1 K~ |, _2 | r0 |
36 80 1.1 1 b p0.7 b b.3 :4L2 UJ n F°
37 b Z2.1 0 o | 6 o.i 6 6 Y3.41 f

_ 8 td 43.4 rb 1 ____-7 ob i 6 | i __ | _ _______|____

39 I ! 3.8 2.4 |6 r | .2 | | 0
40 |1 1L7 7-2 | _ I | ,1.6 0.3 |5 M
41 180 0.6 -64 -0609 Uj |0 O__ __O
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Table 2.6.7.1-1I1 Pm + Pb t Q Stresses-I-Foot Bottom End-Drop, Bolt Preload. Internal

Pressure, Impact, Thermal Hot
1 W11owable

CylindricaStress Comne i _ Stie >
Section X-ngle 7Sx | Sy S i S"y S 7 s 'i ?I M .

0 -2.5 '1.2 3 _ _ 5.9 D IPQg
2 180 0.2 L0.9 t8 : 2.8 ___ tsO
3 180 1.1 *i ,.8 ?1 05 t0.2 2.1
4 0 -9.4 '0.8 3.9 1.3 VJ 0.7 0

5 0 -0.3 1 6.2 .0.3 90.3 __

180 '--2A T  7 .1.6 0 -1 Q.i W, 5-
9 0 6.2 j -14.7 3.4 12.4 0,2 Q. l ____

o 0 -6.2 -14.7 .3,4 -,2.4 P,2 0.3 h2 F
0 -0.7 -17.6 -2.8 _15 D.2 LO.2 -' |

,0 180 5.3 2.3 4.8 -4.1 063 ' 0.1 8. l !
1 180 0.9 t2.2 2 i2.1 0.4 ;02 $Z4 7 f
12 180 2.1 0.3 3.4 2.1 0,4 0. 1 [ 0._4

-13 180 9.3 3.4 .7 -2.1 0.6 0:1 6% 74
14 0 0 -6.6 0.8 -0.8 0.2 0.1 7.5 591 EW
15 0 -0. -8.4 0.5 0.2 0 o.i $.9 I $9 i j
16 0 -0. 1 -0.4 6.5 0 -0.1 0.6 6.9 l 59. -fi
17 0 -0.2 JA 4 6.6 p P 0.7 6.9 | 9d 7 i
18 0 -0.21 1.7 6.2 0 0 0.6 6.5 5|94A
19 0 -0.2 1.8 5.8 0 0 0.6 j.l 5911 T
20 0 -0.2 2 5.7 D 0 0 0.6 9.1 1

21 0 -0.2 2.2 5.2 0 0 0.5 54A 59.1 i R
22 0 -0.1 0.6 3.2 -0.2 0.1 0.3 3.4 59.1 [Ch
23 0 -0.7 '-9.8 -3.3 o0.-3 0 -0.3 9.2 74A
24 0 -0.4 -8.2 -3.5 0 -0.4 -0.4 7.9 |
25 0 -0.4 -13.9 -4.5 0 -0.5 13.6 5714 i

26 0 -0.4 15.5 A 0-4 54
27 0 -0.2 -15.4 0 0 -0.3 -15.2 5-3,4 i 8
28 0 -0.2 -15.3 T -3.2 P 0 -0.3 |15.1 57.4 A [
29 0 -0.5 -15.1 T -3.9 0 0.1 -0.4 14.7 57A4 j ;-i-
30 0 -0.5 -13.1 03? 0 0.3 -0.3 12.7 53.4 ;51
31 0 _09 g I77.7 -0.4 : r.l 0.6 0 7.4 57A F'
32 0 -0.1 -1.4 1.9 -0.4 p 0.3 3.4 - L 8
33 0 _0.1 1 2.5 0 0.1 - 0.2 3.5 9
34 0 -- 1 '-5.8 1-0.6 -0.9 OA 04 0.2 5.5 N0_ _

35 0 0 -9.8 -0.9 0.5 0 -0.1 19.9 I 8
36 0 0 -1.6 2.9 0.4 '0.1 0.3 -4.7 60 i

37 1 -3.6 0 O 4:9 0 0-0.4 5 60
38 70 -3.8 -0.1 5.1 P.1 .10A 0.7 5.3
39 0 -1.1 -1.6 2.9 | 1.2 0.3 0.1 5.5 |
40 60 0.6 5-4 3 3 | .8 .6 3.3 11.2 Ku _

41 180 -0.2 -1.7 2.2 1.1 1 .6 ! 0-3 4.8 ! 60 hi57
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Table 2.6.7.1-12 Pm + Pb + Q Stresses-I-Foot Bottom End-Drop, Bolt Preload. Internal
Pressure, Impact, Thermal Cold

,4lo|abIs |argin
. a Xtif ri a Stress Com'ores i) 0 4i f

Section IAnge Sx IS Sz Sk < SI SXz WI) tksij
1 180 0.3 1 1.4 P r°.l .5 00 b3.23
2 180 1.3 tO,7 1.7 0.2 0 4 3.9
3 180 -2.6 7.1 :1.4 0 D. $0.2 p.36
4 180 -2.6 p7.1 ,1.4 0 . ,0.2 V.8 0 p36
5 0 1.2 '.0.5 3.9 0.1 0.1 0.1 M i I 6
6 120 3.7 AO.3 4.6 0 0 ¢
7 0 0.5 03.9 9 0.6 .2 0 l 2.4 .8

180 2.8 ' .5.2 0.5 ,3.1 0.2 0 . t
9 180 6.2 1.2 1.4 _.4 RI P. U m
1 180 5.9 1.5 2.5 -5.I 0.4 i4 |j4 L

80 1 2.8 -5.2 -0.5 _ 3.1 0.2 0.5 10.2 A ___

2 180 |29 0.2 1 .6 2.9 s5 0-3 | 6.1 | 574
3 180 11.8 4 5.6 -2.4 0.6 0.7 915 57i4

14 0 -0.1 -7.1 -1.2 1 0.3 1-0 JOJ _ [ 1 .04
15 1180 0 -9.5 1.6 r0.2 0.2 { 0.2 9. 5911
16 20 0.3 ~1 2 3.6 P 0.1 J 1 I
17 20 0.2 | 1.4 2.5 s 0 || 2 |
18 30 0.4 -1.2 1.5 0 0.9 3.2 759,1 iP3
19 20 0.1 1.4 0 0 0.5 2.6 59.1 |L65
20 20 0.1 -0.9 1.2 0 0 0.5 21 2 2 1 59.1 F 25.36
21 150 0.2 -0.8 0.7 0 0 O0.5 1.8 | ii|0
22 a I o 1.1 0.7 0 0 0.1 1.8 1 9.1 a2:29

80 -0.6 -.5 4 0 i 0.3 0.5 5.1 57.4 023
24 o -0.3 .1 -2.6 0 P -0.3 2.4 57.4 23.26
25 180 L04 j 1.3 0.8 0 0 0 24 57A4 26;16
26 0 .0.2 :1.7 I 0 0 0.1 2.7 1 574 [ ;0.52
27 0 .0.2 4.5 1.5 0 0 0.1 3 574 J
28 0 -0.2 4.3 L.6 0 0 J 0.1 ____ 57.4 { :8.39
29 0 -0.2 -1.1 _ 1.7 1 0 0.1 2.8 I 7.4 1 9.31
30 0 -0.l I -o.9 i.8 o 0 p 0.2 2.7 1 7 4 j 0.19.
31 0 o O. I 1.1 2.3 !_° 0 0.2 315 57.4 115.57
32 0 0 o 0.8 1.4 P.1 0 0.1 2.2 t 26.09
33 1 -1.7 -2.1 0.6 0.4 -0.1 0.4 1__.1 60 1 18.18
34 0 -0. 1 1.4 j0 e 0 0.2 3.4 |i6 56
35 0 0.1 -7.9 .0.6 0.5 -0.1 . 8.- I
36 80 1.2 | .1.2 0.2 0 -0.5 0.2 2.6 i
37 50 I2 0 =19 P.1 | .1 0.3 2.2 |
38 20 j L3.6 'O.1 -2.8 p .1 0 0.3 |. 6 1
39 0 l0.6 ^1.2 1.2 0 p.2 0 b .2
40 10 -3.5 4.3 | .4 | 1.4 0.3 0.9 8.4 0
41 180 0.6 1 4.3 1.9 _-0.9 o.1 -0.2 4.2 I 3.45
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Table 2.6.7.1-13 Critical Pm Stress Summary (ksi)-l-Foot Bottom End-Drop, Bolt

Preload. Internal Pressure

component sectFon gle wjsja () Fjy"

180 r8

15 180 F7T' £74
16 0 5.8 i9.7 j

_ 22 0 .7
7 23 90 28 _

8MP 28 0 2d 1 4
____ ,_ 3i1 0 2.9 Tii

10 1 34 0 2.9 20

11 _40 80 __9 _ _ >_ _

12 41 180 4.8 20

Table 2.6.7.1-14 Critical Pm + Pb Stress Summary (ksi)-I -Foot Bottom End-Drop. Bolt

Preload. Internal Pressure

SI | 16owable glaigin of
Component Section Xngle (ksi) Stress (ksi) Safety

1 3 180 5.6 30 J.32

2 8 180 7_ 7 30 _ __

310 .180 1* 8712
__15 J80 71.8 29.6 fr79
5 t16 20 6-2 29-.6 g
6 22 0 96B1
7 23 i80 5A 28.7 F89

io 0 ' 4.
91 3b I Od 33 5b F
12 41 1 8O 4.3 3 0 _ j
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Table 2.6.7.1-15 Critical Pm + Pb + Q Stress Summary (ksi)-1-Foot Bottom End-Drop,

Bolt Preload, Internal Pressure, Thermal Mt

Component Secti i i'Th K Safety
46 | f 08 fi

_ _ _ _j 09 4b3O .O
3 10 in 180 V8 5i~7 F f d
4__ 1 5 09~ n .76X

__________ b pF RI

6 22 0 .4 _ 964.2
7 23 0b 7
8 20in __,

9 31 b 5i4 _ M_

10 g 3 5 0 §_8 .08
I11 40 io __ __

12 41 ri8 4O ;a -

Table 2.6.7.1-16 Critical Pm + Pb -+ Q Stress Summary (ksi)-1-Foot Bottom End-Drop,
Bolt Preload, Internal Pressure, Thermal Cold

SI ll~owabie Maghf. - jqfii -... r-n -.
Component I Section xie (ksi) Stress Owls)

1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ s _s _ _ _

2 '8 180 __ 2 _d _9

. 10 ~ i80 i 1 -.2 57.4 4.1
4 15 180 9.6 591
'5 I 6 __ 2 91 i i 8.6
6 _ _22 _ E8 _ _S__ 5

23 8 . S7.4

9~ 31 4 3.5 57 4Fe6
I3. 1~j. -4 -f~

10 35 0 1 8.1 60 Pf5
1 40 _ _ _ _ _ _4 _0 6T4

12 41' _ _ _8_ _7_2 __ _4_ 45
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2.6.7.2 One-Foot Side Drop

In the 1-ft side-drop event, the cask (equipped with an impact limiter over each end) falls a
distance of 1 foot onto a flat, unvielding, 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. the analysis j y fn g
analysis, since it exceeds the calculated g-loads for 34e~eLoi
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 primary membrane stress intensity. as documented in Table 2.6.7.2-5. The minimum margin
of safety is 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).

Bccausc the margins of' safety are all positive, the Universal Transport Cask satisfies the
requiremcnts of 10 CFR 71.71(c)(7) for the I-ft side-drop (normal transport) condition.
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Table 2.6.7.2-1 Pm Stresses-1-Foot Side-Drop. Bolt Preload, Internal Pressure

Allowable
CN lindrical Stress Components (ksi) Stress

Section Angle Sx S. Sz i y S z SXz SI (ksi) (ksi) MNS

4

5

6
7
8
9
10
11
12
13
14

15

16
17
18
19
20

I')

21
24

25
26

28

29

30
31

34

36

38
39

40

180
135

105
10
10

10

0
10
10
0
0
0
0

10

0

50
0
0
0
0
0
60

40
50
0

0
0
0
0
60
50

70
SO
so
60
0

1S0

0
0
0

10

-0.7
0.2
0.5
-4.1
-3.0

-3 .5

-4.2

-1.6
-5 '.
-4.5

-6.1
-8.3
-5.2

-7.4
-4.4

0.0

-0.1
-0.1
-0.1
-0.1
-0. I
0.0

-0.2

-0.1
-0.3

-0.3
-0.3
-0.3
-0.3

0.0
-0. I
0.1
-1.0
0.S
-1.1

1.4

-3.4
-3.5

1.5
I1.2
1.1

-6.2
-2.4

-4.2

-6.1
-7.8
-9.2
-11.6
-14.0
-7.7

-5.9

-10.6
-10.2

1.5

2 .0
1.6
1.6
1.7

2.1)

-2.1
3.1
4.0
4.1
4.2
4.1
4.0

2. _
2. 8

2.3
0.9

23.

-4.8

6.8
-0.4
-1.7

-2.8

-5.5

0.0
0.0

1.1
-2.1

-0.1
-0.1
2.5
-0.4
-0.2

-10.2
-15.4

8.8
13.0
-2.8

-2.3

1.3

6.2
7.9
8.6
8.5
7.4
0.7
1.2

1.5

5.6
7.6
8.4
8.1
6.9
0.9
1.6

-0.1
-0.1
1.4
0.4
-0.8
-0. I
-0.1
1.0

-3.2

0.1
-1. I

-1 .0
-0.1

0.2

0.0
0.1
-0.2

0.1
0.6
0.7

-0. I
0.0

0.1
0.5

-0.1
-0.3

-0.3
-0.3
-0.3
-0.3
0.0
0.0
0.0
-0.4
-0.4
-0.4
-0.4
-0.4
0.0
0.0

0.1
-0.7

0.2
0.3

0.8
0.0
0.0
0.0

0.1
-0.2

0.0
0.0
-1.0
-0.3
0.0
0.0
-0.2
-0.7
-0.9
-0.4
-0.3
-0.5
-0.5

-0.6
-0.3

-3.7
-0.3
-0.2
0.0
0.1
0.2
3.2

-3.6
-3.7
-0.3
-0.2
0.0
0.1
0.2
3.1
4.3

3.4

3.5
0.0

0.2
0.0
0.0
-0.1

-0.2
0.0

0.1
0.2

0.3
-1.3
0.0
0.1
-0.3
-0.8
1.5

0.4

0.6

1.0

-2.5
2.0

-0.1
0.1
0.0
0.0
0.0
-0. 1
0.2

0.4
-0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.4
0.1
0.2
-0.9
1.1

-0.2
-0.4
-0.2
-0.5
0.6

2.4

2.6

3.0
4.8
2.9

4.1
8.5
8.0
9.7
7.3
10.3
17.5
18.5

9.0
9.1

7.4

6.4

8.1
8.8
8.6
7.5
6.6

7.8
7.5

6.1
7.9
8.7
8.5
7.2
6.4
8.7
7.2
4.7

7.1
5.6
8.1

3.1
3.4
4.6

2.7

3.9

20.0
20.0
20.0
20.0

20.0
20.0
20.0
20.0
20.0

19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.1
19.1
19.1

19.1
19.1
19.1
19.1
19.1
19.1
20.0

20.0
20.0
20.0

20.0
20.0
20.0
20.0
20.0

7.47
6.79

5.72
3.14
5.96
3.87
1.35
1.50
1.07

1.18
1.16
1.66
2.09
1.43
1.23
1.28
1.63
2.00
1.45
1.55
2.15
1.42
1.19
1.24
1.66
2.00
1.19
1.78
3.23
1.82
2.54
1.47
5.49
4.90
3.33
6.49
4.1241 0 -5.0 2_.8 -1.3
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Table 2.6.7.2-2 Pm + Pb Stresses- I-Foot Side-Drop. Bolt Preload, Internal Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx SI 'z SX)k SYZ Sxz SI (ksi) (ksi) NIS
1 180 1.8 5.3 0.1 0.1 0.0 0.1 5.2 30.0 4.73

2 180 1.0 4.9 0.1 0.2 -0.1 0.1 4.8 30.0 5.22
3 90 2.7 1.3 2.5 -1.5 -1.8 1.0 5.4 30.0 4.51
4 90 2.9 1.3 2.1 -1.6 -2.0 1.3 5.8 30.0 4.22
5 60 -4.3 -5.0 -0.1 -0.4 0.0 0.0 5.0 30.0 4.96
6 0 -4.3 -6.6 -0.2 0.1 0.0 0.1 6.4 30.0 3.71
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 -1.1 20.8 0.3 -0.6 0.0 22.6 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
1 2 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 9.9 -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 29.6 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 3.3 1.4 -0.1 -4.8 -0.1 9.8 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. 102. 12.1 -1.0 0.0 0.0 12.3 19.7 0.60
20 0 -0.1 9.9 11.9 -1.0 0.0 0.0 12.3 19.7 0.60
21 0 0.0 8.4 10.1 -0.8 0.0 -0.1 10.2 19.7 0.94
2 40 -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 -5.5 0.4 11.3 28.7 1.54
24 40 -0.2 4.7 1.6 -0.1 -4.8 -0.1 10.2 19.1 0.88
" 0 -0.2 10.5 8.2 -0.9 -0.1 0.0 11.3 19.1 0.69
26 0 -0.2 12.2 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
2S 0 -(.2 12.S 11.5 -1.2 0.1 0.0 13.4 19.1 0.43
29 0 -0. 11.7 9.9 -1.0 0.1 0.0 12.3 19.1 0.55
30 0 -(.2 9.7 6.2 -0.9 0.2 -0.1 10.1 19.1 0.90
3I 40 -(.2 2.9 0.2 -0.1 6.5 0.1 13.4 28.7 I.IS
32 50 0.0 2.0 - I.7 0.0 4.7 0.1 10.2 30.0 1.95
- 60 -2.I -0.3 -2.4 -2.1 3.6 0.2 8.5 30.() 2.52
34 50 -0.1 0.5 -2.4 0.1 4.7 -0.4 10.0 30.( 2.01
35 50 -0.4 -2.2 -0.1 0.1 3.8 1.1 8.2 0.( 2'.65
36 I So -(.2 5. 8 -2.5 0.8 0.2 0.7 8.6 30.0 2.48
37 90 -7.0 -O 5 0.2 -0.3 0.0 -0.1 8.4 30.( 2.56
38 180 -0.3 -7.1 -0.2 -0.1 0.0 -0.3 7.0 30.0 3.30
39 0 -2.4 -6.3 2.5 0.2 0.0 -1. 9.1 30.( 2.28
40 0 1.7 -6.6 -3.7 0.4 0.0 1.4 8.6 30.( 2.48
41 0 -6.6 -2.9 0.7 -0.2 -0.1 0.4 7.4 30.( 3,06
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Table 2.6.7.2-3 Pm + Pb + Q Stresses-i-Foot Side-Drop, Bolt Preload, Internal Pressure,
Thermal Hot

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Sy S SXY SYz Sxz SI (ksi) (ksi) NIS
1 90 8.2 4.3 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 5.2 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 3.53
5 20 -4.2 -8.9 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 0.4 14.4 60.0 3.17
& 20 1.4 -3.3 8.5 -2.7 -3.0 0.4 14.4 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 1.61
1I 0 8.3 1.5 22.0 -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
15 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 11.5 59.1 4.14
17 0 -0.2 14.0 14.0 -1.3 0.0 0.1 14.4 59.1 3.11
IS 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
1 0 -0.2 13.9 13.9 -1.3 0.0 -0.1 14.3 59.1 3.14
2 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 57.4 4.70
24 0 -1.1 7.8 0.3 -0.7 0.3 0.1 9.0 57.4 5.35
25 0 -2.3 11.0 1.3 -1.2 0.1 0.0 13.5 57.4 3.27
2( 0 -2.5 13.2 2.1 -1.4 0.0 0.0 16.0 57.4 2.58

0 -2.6 14.2 2.3 -1.5 0.0 0.0 17.0 57.4 2.37
28 0 -2.6 13.7 1.6 -1.4 0.0 0.0 16.4 57.4 2.49

29 0 - I_, 12.0 0.4 -1.3 0.0 0.0 14.8 57.4 2.88
30 0 -2.2 9.2 -2.1 -1.0 0.0 0.0 11.7 57.4 3.90
31I 40 -0.3* 0.1 0.0 -0.1 5.9 0.0 11.8 57.4 3.86
32 50 -0.2 3.4 1.3 0.0 5.4 -0.1 11.1 60.0 4.41

40 2.7 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

0 -0 1 -10.2 -6.4 0.8 0.6 0.1 10.3 60.0 4.84
36 IS0 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

38 IS0 -9.1 -10.0 -0.2 0.0 0.0 -0.1 9.8 60.0 5.15
39 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 4.41
41 1)0 -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 Pm + Pb + Q Stresses-I-Foot Side-Drop, Bolt Preload. Internal Pressure,

Thermal Cold

Allowable
Cvlindrical Stress Components (ksi) Stress

Section Angle S Si Sz SXY SYZ Sxz SI (ksi) (ksi) NIS
1 180 1.0 5.9 -0.1 0.3 0.0 0.2 6.1 60.0 8.90
2 ISO 0.4 5.9 0.0 0.3 -0.1 0.2 6.0 60.0 9.07
3 90 4.8 2.7 3.6 -1.5 -2.0 2.0 6.4 60.0 8.42
4 0 9.6 -6.4 -3.5 0.7 1.0 -2.1 16.7 60.0 2.58
5 20 -5.5 -7.8 0.0 -1.0 0.0 0.0 8.2 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 0.9 -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 0.4 23.9 60.0 1.51
10 0 3.0 -8.0 -8.4 0.5 -0.5 -0.1 11.8 60.0 4.08
11 0 -2.4 -11.8 -12.5 0.3 -0.5 2.5 11.5 60.0 4.22
12 0 -15.0 -8.4 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 3.1 23.4 60.0 1.56
14 0 -15.0 -8.4 12.0 -0.8 -0.3 0.0 27.1 59.1 1.18
15 0 t0.7 1.8 24.6 0.2 -0.5 3.1 23.4 59.1 1.52
16 0 -0.1 1().5 9.6 -1.() -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 3.23
Is 0 -(.2 15.0 15.3 -1.5 0.0 0.0 15.7 59.1 2.76
19 0 -0.2 15. 15.8 -1.5 0.0 0.0 16.2 59.1 2.64
20 0 -0.2 I5.0 15.5 -1.4 0.0 0.0 15.9 59.1 2.71
21 0 -0.2 13.4 13.6 -1.3 0.0 -0.1 13.9 59.1 3.26
22 50 -0.2 4.1 2.5 -0.1 5.4 0.1 11.1 59.1 4.33
_ 30 -0.2 -3.8 1.S -0.1 -4.2 0.5 10.3 57 4 4.59
24 0 -1.2 S.7 0.2 -0.8 0.3 0.1 10.2 57 4 4.65
25 0 -2.5 11.9 0.7 -1.3 0.2 0.0 14.7 57 4 2.91
26 0 -2 14.2 1.3 -1.5 0.1 0.0 17.3 57 4 2.33

O7 () -2.9 15.1 1.4 -1.6 0.0 0.0 18.3 57 4 2.14
28 0 -2.9 14.6 0.9 -1. 6 0.0 0.0 17.S 574 2.23
29 0 -2.S 13.0 -0.3 -1.4 0.0 0.0 16.1 57 4 2.56
30 0 -2.4 10.4 -2.7 -1.1 0.0 0.0 13.2 57 4 3.33
31 40 -0. 0.4 -0.5 -0.1 6.0 0.0 11.9 57 4 3.82
3 5(3 -0.1 2.8 0.9 0.0 5.4 0.0 11.0 60 0 4.46

40 1.6 1.0 4.6 -3.8 4.2 -0.8 12.0 60.0 3.99
34 0 -5.0 -10.0 -I3.5 0.0 -0.5 -2.8 10.2 60.0 4.90
35 60 -(3.1 -2.3 -5.3* 0.0 4.5 0.6 9.7 60.0 5.22
36 18( 5.1 9.4 0.2 0.8 0.0 2.0 10.0 60.0 5.02
37 180 -11.4 -11.2 -0.2 0.1 0.0 -0.1 11.2 600 4.36
38 180) -9.1 -10.0 -0.2 0.0 0.0 -0.1 9.8 600 5.15
39 0 0.5 -7.1 1.5 0.8 0.2 0.2 S.7 600 5.87

40 IS0 -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 Critica] Pm Stress Summary (ksi)-l-Foot Side Drop, Bolt Preload,
Internal Pressure

_ _ 1 SI Allowable Marginof
Component Section Angle si) Stresij SSafei

1 4 10 p1.8 20 3.14
2 9 10 9.7 20 '07
3 13 0 8.5 19.1 b.08
4 15 0 9.1 19.7 6
5 19 0 8.8 19.7 k.23
6 22 60 6.6 19.7 Q.00
7 23 40 7.8 19.1 E.45

27 0 8.7 19.1 -L19
9 31 50 8.7 19.1 F

10 36 180 8.1 20 1'.47
11 39 0 I 20 .33
12 41 0 3.9 20 4.12

Table '.6.7.2-6 Critical Pm + Ph Stress Summarv (ksi)-
Internal Pressure

I-Foot Side-Drop. Bolt Preload,

SI Allowable a ii of
Component Section Angle _i__) Stress (k_ __ W_ y

1 4 90 1 5.8 30 4.22
1 9 0 22.6 30 0;33
3 13 0 22.6 28.7 0.33
4 1 9 0 20.5 29.6 b.44
4 19 0 12.3 29.6 0:.40
6 22 40 9.7 29.6 Q.07
7 23 40 11.3 28.7 _ke64
& 27 0 13.4 28.7 .- 5
9 31 40 13.4 28.7 'A15
1 32 50 10.2 30
I 39 0 9'1 30 p2.28
12 41 L 0 .7.4 30 3.06
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Table 2.6.7.2-7 Critical Pm + Pb - Q Stress Summary (ksi)-l-Foot Side-Drop, Bolt

Preload, Internal Pressure, Thermal Hot

SI Allowable M4n of
Component Section Angle (ksi St (k0) ;Safety

1 4 0 2 12.9 60 3.66
2 1 7 20 14 60 3.3
3 12 0 22.4 57.4 1.56
4 14 0 22.4 59.1 1.64
5 19 0 16.2 59.1 2 2.64
6 2 2 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 31 40 11.5 57.4 4.01
10 33 40 12.7 60 i 3.74
11 40 180 10.8 60 F 4.54
12 41 10 17.2 60 2.49

Tahlc 2.6.7.2-8 Critical Pm, + Pb + Q Stress Summary (ksi)-l -Foot Side-Drop Bolt
PreTload. Internal Pressure. Thermal Cold

Si Allowable 1argin of
Component Section Angle (ksij Stress (ksi) eSafety

_ 4 0 16.3 60 2.68
, 7 0 15.4 60 2.9

12 0 26.4 57.4 1.18
4 1 4 0 26.4 1 59.1 1 1.24

19 0 15.8 59.1 2.74
6 2 50 10.8 59.1 4 4.48
7 2 30 10 57.4 j 4.74
8 27 0 17.8 57.4 j 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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2.6.7.3 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. unvielding. 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 23.50

for the top and bottom corner-drops, respectively.

Results for the top corner and bottom corner 1-ft drop evaluations are presented in Tables

2.6.7.3-1 through 2.6.7.3-16. For the top-corner-drop loading case including impact, bolt

preload, and internal pressures the minimum margin of safety resulting from calculated Pm stress

intensity is 1.54 (Table 2.6.7.3-5) and the minimum calculated Pm + Pb stress intensity margin of

safety is 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 Pm stress intensity is 0.84 (Table

2.6.7.3-13) and the minimum margin of safety resulting from calculated Pm + Pb stress intensity

is 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 Pm Stresses-I-Foot Top Corner-Drop. Bolt Preload, Internal Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle Sx Se y z SXY SYz Sxz SI (ksi) (ksi) NIS
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 2(0 20.22

180 0.2 1 0.1 0.1 0 0.1 1 2() 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

0 -1.6 -2.1 2.2 0 -0.1 -0.2 4.3 2(0 3.66
8 0 0.2 -3.1 0 0.3 -0.2 -0.3 3.6 20 4.54
9 40 -2.6 -2.5 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
I3 0 -4.1 -3.5 3.3 0 -0.1 -0.4 7.5 19.1 1.54
14 0 -2.7 -3.8 0.1 0.1 -0.1 -0.6 4 19.7 3.91
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 0.4 -0.7 0 -I 0 2.3 19.7 7.66
18 90 0 0.5 -1.6 0 -0.5 0 2.3 19.7 7.48
19 105 0 0.7 -1.9 0 -0.2 0 2.6 19.7 6.44
20 105 0 1.2 -1.9 0 0.1 0 3.1 19.7 5.26
21 80 0 2.2 -1.3 0 0.8 0 3.9 19.7 4.1
22 60 -0.1 3.8 -0.9 0 1.6 0.1 5.6 19.7 2.5

50 0 1.1 0.1 0 -2. 0. 5 19.1 2.8
4 0 -0.I 4.S 0.9 -0.5 -0.3 0 5 19.1 2.82

s 80 0 2.4 -0.9 0 -0.7 0 3.5 19.1 4.4
2( 90 -0.1 2 -1.4 0 -0.1 0 3.4 19.1 4.58

7 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 3.1 19.1 5.21

9 70 -0.1 0.8 -1.1 0 1 0 2.7 19.1 6.03
30 50 -0.2 -0.1 -0.9 0 1. 0 .7 19.1 6.02
1 40 -0.3 -(1.6 -1.2 0 1.7 0.1 3.6 19.1 4.38

70 -0.1 . -1.1 0.1 1.6 0 5.3 20 2.74
IS( 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 2.99
I5 8O -0.4 2.3 -1.6 0.4 -02 0.3 4 20 3.98

36 180 1.2 3.2 -2.3 0.3 -0.2 0.7 .7 20 2.54
07 0 - -0.3 -0.9 0 0.2 0.5 1.6 20 11.85

38 10 -1. -0.8 -0.5 0.1 0.1 0.4 1.3 20 14.92
39 s0 -0.1 -0.7 -1.9 0 0 -0.1 1.8 20 10.25
40 80 - I -1.7 -4 0 0 -1.4 3.7 20 4.47
41 0 -1.7 -1.2 -(.3 0 0 0.3 1.5 20 12.18
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Table 2.6.7.3-2 Pm + Pb Stresses-1-Foot Top Corner-Drop, Bolt Preload, Internal

Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Sy Sz SxY SYz Sxz SI (ksi) (ksi) NIS
1 180 1 2.6 0 0.1 0 0.1 2.6 30 10.39
2 180 0.1 1.9 0 0.1 0 0.1 2 30 14.23
3 90 1.1 0.5 0.6 -0.5 -0.6 0.4 1.8 30 15.22
4 90 1.1 0.5 0.4 -0.5 -0.6 0.5 2 30 13.82
5 20 -2.6 -2.5 -0.1 0 0 0 2.4 30 11.35
6 0 -2.1 -3.2 -0.1 0.1 0 0.1 3.1 30 8.69
7 0 0.2 -1.5 5.5 0 -0.1 0 7 30 3.31
8 0 3.1 0.6 9.6 0.1 -0.2 -0.3 9.1 30 2.31
9 0 1.5 1.8 15.6 0 -0.3 0.5 14.2 30 1.11
10 0 -0.7 -4.7 -5.5 0.4 -0.1 -1 5.3 28.7 4.46
11 0 0.7 -5.2 -7.9 0.5 -0.2 0.6 8.7 28.7 2.29
12 0 -4.5 -3.5 2.9 -0.1 -0.1 0.4 7.5 28.7 2.82
13 0 -6 -4 3.1 -0.1 -0.2 0.1 9.1 28.7 2.15
14 0 -3.5 -3.2 2.9 0 -0.1 0 6.4 29.6 3.61
15 0 -1.6 -2.4 4.8 0.1 -0.1 -0.7 7.3 29.6 3.04
16 50 0 0.7 0.1 0 -1.8 0 3.6
17 0 0 3.4 2.8 -0.3 -0.1 0 3.5 ;9.6
I 8 0 0 4. 3 .5 -0.4 0 0 4.4 it 67
I 0 0 4.8 3.5 -0.5 0 0 4.9 -2, .
2( 0 0 5.1 3.1 -0.5 0 0 5.3 29.6 _

2 0 0 5.3 1.8 -0.5 0 0 5.4 ;9.6 age
22 40 -0.2 3.8 -2.3 0 2.1 0.1 7.4 29.6 3.01
_ 50 0 0.6 -1.4 -0.1 -3.4 0.2 7.2 28.7 3.01
24 0 0 6.6 2.3 -0.6 -0.2 0 6.7 28.7 s.3O
2 0 -0. 1 5.7 3 -0.5 0 0 5.9 28.7 ot$5
2( 0 -0.1 5.6 3.4 -0.5 0 0 5.8 28.7
27 0 -0.1 5.5 3.3 -0.5 0 0 5.7 28.7 g.O3
2S 0 -02 4.8 2.7 -0.4 0 0 5 W.7
29 60 -0.1 2.9 -0.2 0 1.1 0 3.9 28.7 45
30 50 -0.2 1.1 -0.5 0 1.6 0 3.7 28.7
31 40 -0.2 0.2 0.5 0 2.5 0.1 5.1 28.7 4.66
32 50 -0. 2.9 -2.8 0 2 -0.1 7 30 3.29

33 70 0.3 2. 1 -0.9 -0.9 1.6 -0.3 4.7 30 5.4
34 60 -0.1 -0.1 -8.4 0 1.7 -0.4 9 30 2.33
35 18( -0.6 2.3 -1.8 0.4 -0.3 1.1 4.9 30 5.17

36 I80 -0. 3 2.6 -2.9 0.4 -0.3 0.5 5.7 30 4.24
37 70 -0.5 - -0.8 0.4 0.1 0.6 3.1 30 8.75
38 80 3. 0.3 -0.4 0.1 0 0.4 4.2 30 6.19
39 SC 4.6 1.3 -1.6 -0.1 0 -0.3 6.3 30 3.78
40 0 -3.6 -5.6 -11.6 0.1 0 0.2 8 30 2.74
41 0 -2 .5 -1.3 0.4 -0.1 0 0.3 2.9 30 9.31
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Table 2.6.7.3-3 Pm + Pb t Q Stresses-I-Foot Top Corner-Drop. Bolt Preload, Internal
Pressure, Thermal Hot

Allo- able
Cflindrical Stress Components (ksi) Stress

Section Angle sx Si, Sz Sx SYZ SXZ SI (ksi) (ksi) NIS
1 90 5 3.7 0 0.3 0 0.1 5 60 10.93
2 ISO 2.4 4.7 0 0.2 -0.1 0.1 4.7 60 11.65
3 10 -3.2 2.8 -0.1 0.3 0 0.1 6 60 8.95
4 0 7 -1.5 -4.5 0.4 0.7 -0.6 11.7 60 4.15
5 20 -1.7 -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 -2.1 -0.8 0.8 -1.7 -1.6 -0.6 5.5 60 9.96
8 0 1.2 -2.1 -5.4 -0.2 -0.2 1.3 7.2 60 7.35
9 30 -4.6 -4.4 -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 5.95
11 0 1.2 -2.1 -5.4 -0.2 -0.2 1.3 7.2 57.4 6.98
12 0 -3.9 -0.8 3.9 -0.5 0 0.2 7.9 57.4 6.27
13 40 -0.3 0.6 4.8 -1.7 -1.7 0.1 7.3 57.4 6.85
14 0 -3).9 -(.8 3.9 -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 S.9 5.6 -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 5.12
20 0 -0.2 9.7 3.9 -1 0.1 0 10.1 59.1 4.85
21 0 -0.2 9.8 2 -] 0.1 0 10.2 59.1 4.79
22 40 -0.4 4.8 -3.2 0 3 0 9.9 59.1 4.94
2 0 -0.3 -(1. -4.6 0 0.2 0.2 4. 3 57.4 12.233
24 0 -0.9 4.3, -4 -0.4 0.5 0 8.4 57.4 5.85
25 0 -0.4 -4.8 -11.6 0.4 0.2 0 11.2 57.4 4.11
26 0 -0.4 -5.7 -13.5 0.5 0.1 0 13.1 57.4 3.38
27 0 -2.5 6.1 -7.9 -0.8 0.1 0 14.1 57.4 3.08
28 0 -0.4 -5.9 -15 0.6 0.2 0 14.7 57.4 2.9
29 0 -0.6 -6.8 -16.2 0.6 0.2 0 15.6 57.4 2.67
30 0 -0.7 -7.1 -16 0.7 0.1 0 15.4 57.4 2.73
31 0 -1.4 -4.2 -15.4 0.3 -0.3 -0.1 14.1 57.4 3.07
32 0 -0.2 4.9 -4.6 -0.8 0.3 -0.9 9.9 60 5.08

0 0. 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

0 -0.2 -5.6 -13.9 0.5 0.5 0.4 13.8 60 3.34
36 0 4.6 -I5 -5.3 0.6 0.3 -0.7 10 60 4.98
*7 180 -5.( -1.9 -0.6 04 -0.1 0.4 5.1 60 10.79
38 18( -S.S -5.1 -0.7 0.4 -0.1 0.2 8.2 60 6.31
39 80 12 -3.8 -10.4 0.6 0.7 0.6 11.9 60 4.05
40 0 -2.4 -9.5 -15.1 0.8 0.3 -0.7 13 60 3.63
41 10 -0. 1.1 5.7 0 0.1 0.2 6 60 8.95
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SAR - UMS® Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-OOA

Table 2.6.7.3-4 Pm + Pb + Q Stresses-i-Foot Top Corner-Drop, Bolt Preload, Internal
Pressure, Thermal Cold

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Sy Sz sax SYZ Sxz SI (ksi) (ksi) NIS

1 0 1.2 3.5 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 0.4 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 3.9 60 14.53
6 0 -2.4 -3.6 -0.1 0 0 0 3.4 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 9.4 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 57.4 6.43
12 0 -5.9 2 4.4 -0.5 0 0 10.4 57.4 4.54
1 3 0 5.7 2.5 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 2.5 9.9 0 -0.1 1.2 7.7 59.1 6.68
16 0 -0.1 5.3 3.7 -0.5 0.1 0.1 5.5 59.1 9.79
17 0 -0.1 7.8 5.3 -0.8 0.1 0 8.2 59.1 6.25
I S 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 3.4 -1 0.1 0 10 59.1 4.93
21 0 -0.2 9.6 1.4 -0.9 0.1 0 10 59.1 4.93
22 30 -0.3 3.8 -4.4 0 2.8 0 9.9 59.1 4.96
2 0 -0.3, -1.3 -5.5 0.1 0.3 0.3 5.3 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 57.4 3.58
26 0 -0.5 -5.8 -15 0.5 0.1 0 14.6 57.4 2.93
27 0 -2.8 6.6 -9.1 -0.9 0.1 0 15.7 57.4 2.64
25 0 -0.4 -6 -16.6 0.6 0.2 0 16.3 57.4 2.51
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
*1 0 -1.5 -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

0 0.3 2.1 -7 -0.3 0.1 -0.8 9.2 60 5.55
34 0 0 -3.9 -15.1 0.4 -0.1 0.4 15.1 60 2.96

0 -0.2 -4.5 -14 0.4 0.5 0.3 13.8 60 3.35
.36 0 4.7 -1.4 -6.2 0.6 0.4 -0.2 11.1 60 4.42

IS0 -6.2 2.2 -0.6 0.3 -0.1 0.4 5.7 60 9.56
3S I180 -9.4 -5.6 -0.6 0.4 -0.1 0.1 8.8 60 5.81
3 0 0. -, 1 -11.7 0.7 0.2 0..2 1 2 60 3.98

40 O -2.3 -8.4 -15.2 0.7 0.3 -0.7 13.1 60 3.58
41 10 -1.4 0.2 5 0 0.4 0 6.5 60 8.26
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SAR - UMS iUniversal Transport Cask

Docket No. 71-9270

May 2000

Revision UMST-OOA

Table 2.6.7.3-5 Critical Pm, Stress Summary (ksi)-1-Foot Top Corner-Drop, Bolt Preload,
Internal Pressure

SI Allowable Margin of
Component Section Angle (ksi) Stress (ksi) Safety

1 4 0 2 O 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

2 21 80 3.9 19.7 4.1
6 2 2 60 5.6 19.7 2.5
7 23 50 5 19.1 2.8
8 2 4 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 3.7 20 4.47
12 41 0 1.5 2 20 12.18

Tablc 2.6.7. -6 Critical Pm + Ph Stress Summary (ksi)-l-Foot Top Corner-Drop, Bolt
Preload, and Internal Pressure

SI Allowvable Margin of
Component Section Angle (ksi) Stress (ksi) Safety

1 1 180 2.6 30 10.39
29 0 14.2 30 1.11
3 13 0 9.1 28.7 2.15

4 15 0 I 7.3 29.6 3.04
2 1 0 5.4 29.6 4.45

-6 22 40 7.4 29.6 3.01
7 20 3 7.2 28.7 3.01
8 24 0 6.7 28.7 3.30
' 31 40 5.1 28.7 4.66
I0 34 60 9 30 2.33
11 40 () 8 30 2.74
12 41 0 2.9 30 9.31
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SAR - UMS® Universal Transport Cask

Docket No. 71-9270

Mav 2000

Revision UMST-OOA

Table 2.6.7.3-7 Critical Pm + Pb + Q Stress Summary (ksi)-l-Foot Top Comer-Drop.
Bolt Preload. Internal Pressure, and Thermal fct

SI Allowable Lar o
Componentt Section Angle ps Srs( i ) Sa e y

_7_ 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 O 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 Pm + Ph + Q Stress Summary (ksi)-l-Foot Top Comer-Drop.
Bolt Preload. Internal Pressure. and Thermal Cold

SI Allowable Ma ginof
Component Section Angle (ksi) Stress (ksi) 3Safety

1 4 0 13.8 60 3.34
2 9 0 9.4 60 5.36
3 12 0 10.4 57.4 4.54
4 14 0 10.4 59.1 4.71
5 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 4 1 10 6.5 60 8.26
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SAR - UMSO Universal Transport Cask

Docket No. 7 1-9270

April 1997

Revision 0

Table ' 6.7.3-9 Pm Stresses-i-Foot Bottom Corner-Drop, Bolt Preload. and Internal
Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Si, Sy SX1 SYZ Sxz SI (ksi) (ksi) NIS
I 180
2 180

3 0
4 180

180
6 180
/7 10

8 10
9 0

10 0
11 0
12 10
13 10
14 0
15 0
16 50
17 70
18 90
19 90
20 105

_1 105
22 0

_ 20_

24 40
25~ 60
26 s0

90

2' 90
'9 b()
30 0

40

8 0

34 60

^n180

37 180
10

39 0
4(0 80
41 0

-0. /
-0.4

-1.3
-0.8
-0.4
-0. I
-1
2.4
-1.6
0.5
1 .4

-1.4
1.7

-2.6
-0.4

0
0
0
0
0

0
0

-0.2
-0. I

-0. I
-0. I
-0.1
-0. I

0
-0. I
-0. I

0.1

-0.8

0
-0. I
1.1

-1.1
-1.2
-1.2

-I. _
-. 8

0.6
0).8

(.9
0.6
0.9

0.4
-4.1
-3.7
-4.'5

-1.9
-0.5

-4.3
-3.8
1.3

1.1
0.4
0.1

-(0.1

-0.2
0.4

0.8

1.5
1

2.4
3.4

2.9

09

0.9
I1S

-0.7

-2
-7

-0.9

-0.5
-6.4
-1.8

-0.8
-0.5
-0.1
-0.3
-3.4
-4.9

-8

2.6

4.8
-4.8
-4.8

-1.8
-1.9
-2.3
-2.3
-2.2

-1.8

-0.8
-2.7

-1.5

-1I.2
-1.5
-1.7

-1.6

-1.2
1 .2
-0. 1

-0.8

-0.3

0.3

0
-0.5

-0.1
-0.1

0
-.

0.1
0.1

0
0.2
0

0.1
-0. 1
-0.6
0.3
0.4

0.5
0.1
-0.1
0.2
0.3
0
0
0
0

0

0
0

0
0
0
0
0
0
0

-0.4

0
0

-0.2

0.2
0.3
0.3
0.2

0
0
0

-0.1I

0

0
-0.5

0.2
0.3
0.1
-0.2
-0.9
-0.3
-0.1

-0.2

-0.5
-0.6
-0.6
-0.3
-1.6
-1.1
-0.5
-0.2
0.1

0.3

0.9
-1

-1.5

-1.2
-0.8
-0.4

0

0.4
0.2

2

0.9

0.6

1.6
0
0
0

0
-0.1

0

-0.1
0.1

-0.2

0.3
-0.6
0.1
0.3

1 .2
0.4
3.4

-1.2
0.2
-2.4
1.2

-0.1

0
0
0
0

0
0.1

0.4

0

0
0
0
0
0

0
0

0.2-

0.1

0
0. 1
0.5

0
-0.2

0
-1I

1.5

1.4

5.2
2.8
1.9
1.4
2.1
4.2

2.8
8.7

10.4
5

5.4
5.4
5.1
5.2
- .7

2.9

2.4

1.8

2.1

3.8

3.7
3.6

3.8
4

4.1

3.9
4
5

2.6

2.1

3.6
2

3.8
1.1

I 1.2
1.2
2.6

20
20
20

20
20
20
20

20
20

19.1
19.1
19.1

19.1
19.7

19.7
19.7
19.?

19.1

19.-
191'

19. 7
19.7

19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1

19.1
20

20

20

20
2O

20
20
20
20

11.93
13.27

2.82

6.07
9.6

12.89

8.57
3.78
6.09
1.19
0.84

2.8
2.54
2.65
2.85
2.77
4.37

5.78
7.12

8.14
9.94

8.41

4.03
4.14

4.28

4.03
3.74
3.7

3.92
3.74

2.81

6.72

8.45

4.55
8.91
4.27
17.94

16.26
15.19

6.57
-0.1 0.5 4 2 2n I 8'
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SAR - UMS Universa] Transport Cask May 2000
Docket No. 71-9270 Revision UMST-OOA

Table 2.6.7.3-10 Pm + Pb Stresses-1-Foot Bottom Corner-Drop, Bolt Preload. and Internal
Pressure

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Sy S SXY SYZ Sxz SI (ksi) (ksi) NIS
1 180 -0.9 1.2 -1 0.1 -0.1 -0.1 2.2 30 12.48
2 10 -2.6 -1.9 -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 4.3 30 6
5 180 -2.2 2.1 -0.4 0.4 0.2 -0.5 4.5 30 5.66
6 120 4.5 2.9 -0.3 -0.3 0 0.1 4.8 30 5.2
7 150 -2.2 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 -11.3 0.5 -0.2 1.3 8.5 30 2.53
10 0 -0.5 -4.5 -6.6 0.4 -0.1 3.4 9.2 28.7 2.13
11 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 -2.2 6.6 28.7 3.35
13 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 -12.3 0.3 -0.6 -2.3 10.9 29.6 1.72
15 0 -5.4 -8.4 -15.9 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 > 6
17 60 0 2.8 -I 0 -1.3 0 4.6
1 S 0 0 4.1 2.1 -0.4 0 0 4.3 59,6 -.94
19 0 0 3.9 2.7 -0.4 0 0 4.1 ;9.6
20 0 0 3.5 2.8 -0.4 0 0 3.6 _.0 V:16
21 0 0 2.5 2.3 -0.3 0 0 2.6 29fi .0,4$
2 50 0 0.9 0.1 0 1.3 0.1 2.8 29.6 9.66
2 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 4.9 28Y7 .8
2 60 -0.1 3.3 -0.6 0 -1.4 0 4.8 ,8.7 ,.O1
20 0 -0.1 5.3 1.9 -0.5 0 0 5.5 ;8.7 k.24
' 0 -0.1 6 2.7 -0.6 0 0 6.2 28.7 0.6O
2S 0 -0. 1 6.2 3 -0.6 0 0 6.4 2.48
29 0 -0.1 6.2 2.9 -0.6 0 0 6.3 t8J . 3.
30 0 0 6.2 2.1 -0.6 0.1 0 6.4 8..7 2.52
3I 4( -0.1 -I 0 3 0 7.3 28.7 2.94
32 (0 0.1 1 -1.6 0 1.3 0.1 3.6 30 7.29

71 0 -1.9 0.1 -2.4 -0.6 1 0.4 3.7 30 7.21
34 50 -0.1 1.6 -0.3 0 2.1 -0.1 4.6 30 5.54

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

0 -5.3 -0.1 0 0 0 5.5 30 4.45
38 0 -4.4 -5 -0.2 0 0 -0.2 5 30 4.94
39 0 -3.1 -4.6 1.3 0 0 -0.4 5.9 30 4.11
40 0 -1.4 -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

2.6-55



SAR - UMS® Universal Transport Cask May 2000

Docket No. 71-9270 Revision UMST-OOA

Table 2.6.7.3-11 Pm + Pb + Q Stresses-I-Foot Bottom Comer-Drop, Bolt Preload, Internal
Pressure, Thermal Hot

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle sx Sy Sz SxY Syz Sxz SI (ksi) (ksi) NIS
I 0 -1.9 1.9 -1.2 -1 0.3 -0.4 4.5 60 12.29
2 180 2.5 2.9 -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 -1.4 -0.1 -0.5 9 60 5.66
6 50 -4.1 0.2 -0.6 -1.9 0 -0.1 5.7 60 9.46
7 40 -10.1 -5.9 -9.6 -2.6 -2.5 -3 10 60 4.98
8 0 3.4 -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 1 0 -0.6 5.3 12.9 57.4 3.44
11 0 3.4 -0.5 -3.9 -0.2 -0.5 4.5 11.6 57.4 3.95
12 S0 -5.5 -1 3 -0.9 -0.4 -0.6 8.8 57.4 5.5
I3 40 4.4 3.4 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 13.9 59.1 3.25
15 0 -1.3 -4 -17.6 0.2 -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
1S 0 -0.2 9.8 4.5 -I -0.1 0 10.2 59.1 4.8
19 0 -0.2 9.6 5.3 -I -0.1 0 10 59.1 4.92
20 0 -0.2 9.4 5.9 -0.9 -0.1 0 9.8 59.1 5.06
21 0 -0.2 S.5 5.8 -0.8 -0.1 0 8.8 59.1 5.71
22 0 -(. I 5.7 4 -0.6 -0.1 -0.2 6 59.1 8.89

0 (.S8 --13 0.4 -0.1 0.1 12.2 57.4 3.69
24 0 -0.5 -4.5 -10.4 0.4 0.1 0 10 57.4 4.76
25 0 -0.5 -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 2.9
27 0 -0.3 -5.9 -14.5 0.6 -0.1 0 14.3 57.4 3.02
2S 0 -0. -6 -14.2 0.6 0 0 13.9 57.4 3.12
29 0 -0.5 -6.4 -14.1 0.6 0 0 13.6 57.4 3.21
30 0 -(.5 -5.4 -12.4 0.5 -0.1 0 11.9 57.4 3.81
3I 0 -0.3 -3.6 -7.9 0.3 -0. -0.2 7.6 57.4 6.56
.2 50 -I.1 2.5 2.2 0 1.8 -0.1 4.2 6( 13.13

' 40 1. 2.1 3.5 -2.1 1.8 -0.5 6.1 6() 8.89
34 0 - -5 -8.9 -0.2 -0.6 -1.8 6.9 6(0 7.66

60 -. 1I 1 -5.9 0 1.6 0.7 7.8 60 6.74
36 70 5 2 0.8 1 1.4 0.8 5.7 6(0 9.44
37 30 -7.8 -8. I -0.1 -1.5 0 0 9.3 61) 5.45
S 60 -7.9 -5.8 -0.2 -0.3 0 -0.1 7.7 6(: 6.75

39 0 -1.4 4.4 -1.7 -0.3 -0.3 -1.3 7. 60 7.26
40 70 -2.2 -2.4 -8.5 0.9 0. -0.6 7.1 60 7.41
41 60 -2.2 0.3 1.6 0 -1.1 -1.1 5.1 60 10.82
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SAR - UMS® Universal Transport Cask April 1997

Docket No. 71-9270 Revision 0

Table 2.6.7.3-12 Pm + Pb + Q Stresses-i-Foot Bottom Corner-Drop, Bolt Preload. Internal

Pressure. Thermal Cold

Allowable
Cylindrical Stress Components (ksi) Stress

Section Angle 5x Si Sz SxY SYz Sxz SI (ksi) (ksi) NIS
1 180 -2.2 0.6 -1 0.3 0 -0.2 2.9 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 -I 9.1 60 5.6
4 0 10.1 -1.9 -4.5 0.4 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
S 0 2.3 -3.5 -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 2.3 -3.5 -8.7 0.3 -0.4 6.1 16.4 57.4 2.5
11 0 2.3 -3.5 -8.7 0.3 -0.4 6.1 16.4 57.4 2.5
12 20 -3.8 -1.7 3.1 -0.3 -0.5 -1.6 7.7 57.4 6.45
13 20 11.4 4.9 10.8 -1 -1.6 2.5 9.5 57.4 5.04
14 0 -2.2 -5.8 -16.6 0.3 -0.6 -2.4 15.2 59.1 2.9
15 0 -3.5 -7.9 -22.1 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 59.1 5.19
17 0 -0.2 9.6 2.4 -1 -0.1 0 10 59.1 4.94
IS 0 -0.2 9.8 4 -I -0.1 0 10.1 59.1 4.83
19 0 -0.2 9.6 4.9 -I -0.1 0 10 59.1 4.92
20 0 -0.2 9.3 5.5 -0.9 -0.1 0 9.7 59.1 5.09
21 0 -0.2 8.3 5.5 -0.8 -0.1 0 8.6 59.1 5.84
22 0 -0.1 5 3.4 -0.5 -0.1 -0.2 5.2 59.1 10.32
2? 0 -0.8 -7.3 -15.3 0.7 0 0.3 14.6 57.4 2.94
'4 0 -0.5 -3.8 -11.6 0.4 0.1 0 11.1 57.4 4.16
25 0 -0.5 -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 57.4 2.51
27 0 -2.8 6.4 -9.4 -0.8 0 0 15.9 57.4 2.61
28 0 -2.7 6.6 -8.9 -0.8 -0.1 0 15.5 57.4 2.7
29 0 -0.6 -6.5 -15.6 0.6 0 0 15.1 57.4 2.8
-0 0 -0.6 -5.4 -13.7 0.5 -0.1 0 13.1 57.4 3.37
31 0 -0.3 -3.1 -8.3 0.3 -0.2 -0.2 8 57.4 6.13
32 40 -0.1 1.5 2.5 0 1.7 -0.1 3.9 60 14.51

40 0.6 1.7 3 -1.7 1.5 -0.4 5.2 60 10.5
34 0 -3.9 -5.5 -10.5 -0.2 -0.6 -2.1 8 60 6.52

3.5 0 0 -4 -6.9 0.3 0.2 0.5 7 60 7.56
36 so 6.1 2.6 2.4 0.6 0.8 0.7 4.7 60 11.72

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 -0.3 -1 6.7 60 7.98
40 S( -1.9 2.7 -8.1 0.6 0.2 -0.6 6.7 60 8
41 50 -0.3 0.8 4.5 0 -0.3 0.9 5.2 60 10.51
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Table 2.6.7.3-13 Cnitical Pm Stress Summary (ksi)-l-Foot Bottom Corner-Drop, Bolt
Preload, Internal Pressure

| Si Allowable Margin of
Component Section Angle (ksi) ksi) tafety

1 3 0 5.2 20 2.82
2 8 80 4.2 20 3.78
3 1 0 10.4 19.1 0.84
4 14 0 5.4 19.7 2.65
5 16 50 i 5.2 19.7 2.77
6 2 710 2.1 19.7 8.41
7 23 20 3.8 19.1 4.03
8 28 90 4.1 19.1 3.7
9 31 40 5 19.1 2.81
10 36 180 3.8 20 4.27
11 40 80 2.6 2 0 6.57
12 41 0 4.2 2 0 3.82

Table 2.6.7 .3-14 Critical Pm + Ph Stress Summary (ksi)-I -Foot Bottom Corner--Drop. Bolt
Preload, Internal Pressure

. SI Allow'able I Margin of
Component Section Angle (ksij Stress (ksi) fSafety

1 3 0 6.5 30 3.58
2 8 0 9.4 30 2.18
3 1 0 12.3 28.7 1.34

4 14 0 10.9 29.6 1.72
_ 16 50 6.3 29.6 367
6 2 50 2.8 29.6 9.66
7 23 0 5.9 28.7 3.83
& 28 0 6.4 28.7 3.52
9 31 40 7.3 28.7 2.94
I0 34 50 4.6 30 5.54
11 40 0 6.3 30( 3.79
1 2 4 1 0 7.1 30 3.2
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Table 2.6.7.3-15 Critical Pm + Pb + Q Stress Summary (ksi)-l-Foot Bottom Corner-Drop,
Bolt Preload, Internal Pressure. Thermal Sot

SI Allowable 1argiiiQf
Component Section Angle ______ _t Irs (PA) rSajie

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 57.4 6.56
10 35 60 7.8 60 6.74
11 37 I 30 9.3 60 5.45
12 i 41 60 5.1 60 10.82

Table 2.6.7.3-16 Critical Pm + Pb + Q Stress Summary (ksi)-1-Foot Bottom Corner-Drop.
Bolt Preload, Internal Pressure, Thermal Cold

SI Allowable argin of
Component Section Angle (ksi) | S te(ksi) Safy

1 4 0 14.9 60 3.04
2 8 0 16.4 60 2.66
3 10 0 l 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 57.4 2.94
8 26 0 16.4 57.4 2.51
9 31 0 8 57.4 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
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2.6.7.4 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 corner) 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

t'orcc (upward) multiplied by the distance crushed. The amount of energy an impact limiter can

absorb is calculated for various cask impact orientations, from vertical (00) to horizontal (900).

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

qualitfication of the impact limiter attachment is presented in Section 2.6.7.5.7).

2(.6.7.5.1 Description of Impact Limiters

Each of the impact limiters on the Universal Transport Cask consists of 2 energy-absorbing

materials: (I ) redw ood and (2) balsa wood. The wvood 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 !Lsids'
diameter. The lower (bottom)n impact limiter I-ft end drop analysis conservativel n si6
effect of backing afforded by, the neutron shield shell bottom pIate. This Presults in Alarger
backed area for the lower impact iritert even .hough. they bottom end_ C B

smaller diameter than the top end. Consequently1 thirejs a highercacu~ated g-lod than would
result from considering only the diaetneie-er o'f the 1 bottom end of th akhjpjii
used for the backed area of the bottom impact limrit'er is 46.2 inches. -iTheapproxirma~teracaui>i
the backed area of the top impact limiterfis43.6 inches.
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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 2 1.6 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
orientation. The redwood and the balsa wood side nrng absorb most of the energy in a corner
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 impact load conditions in this analysis, the impact limiters remain in position on
the cask and absorb the energy of the impact: thus. they limit the impact loads to the calculated
values presented in Tables '.6.7.5-1 and 2.6.7.5-2 and summarized in Table 2.6.7.5-3.

2.6.7.5.2 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:

1. 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).

2. I-ft drop of the cask in a horizontal orientation (side impact).

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 l-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).

2.6.7.5.3 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 database 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 lb/ft3. was established

and onlv redwood with a density within this range is used in the Universal Transport Cask impact

limiters. For the remaining 45 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 i"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-strain 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 bv 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 +152cF temperature effect shown in Figure 8

of NUREG/CR-03212 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 analyses 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 directlv in the RBCUBEI) program as

dynarmic crush stress-strain data. The 1.058 dynamic load factor is applied to the specified static

test data crush strcngth of the redwood used for the Universal Transport Cask impact limiters.

The avcragc static crush stress ± 10%7, is used in conjunction with the "least squares" straight line

t'or the data set to read off' the equivalent density limits. The average of the density limits is the

dcnsity 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-arain direction (Figure 2.6.7.5-4) was

obtained fronm 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-orain-direction specimen was accidentally destroyed). The same procedure as outlined

prciously 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 hounding 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 in the parallel-to-the-grain direction at room temperature is 1,550 psi for a density

of 10 Ih/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 +1520 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.

2.6.7.5.4 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 lb/ft3 . The density of any 15° or 30°

pic-shaped section of redwood shall be 22.3 ± 1.2 lb/ft3. 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

psi 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 limiters as a reduction in the density specified for any 15° or 300 pie-shaped section.

The moisture content of any single board shall be greater than 5% but less than 15%7c. 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 lb/ft3. 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 wlood.
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2.6.7.5.5 Method of Impact Limiter Analysis

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 in
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 1-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 encrg\ 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 basis 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 0

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

is 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 is 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 is crushed.

The cask orientation for a corner impact is defined by the angle from vertical of the cask's

longitudinal axis when the cask center of gravity is vertically aligned with the impact point on the

limiter. For the Universal Transport Cask, this angle can vary from 23.35° to 24', depending

upon the cask configuration, i.e.. which canister (class of fuel) is being considered.

The RBCUBED computer program is run for various combinations of redwood and balsa wood

in impact limiter designs until satisfactory results are obtained. Two runs are then made for each

impact orientation. One run is made using the cold maximum crush strength stress-strain values

of redkkood and balsa wood plus 101q fabrication tolerance to determine the maximum impact

limiter crush force on the cask. A second run. using the hot minimum crush strength values of

redw\ood and balsa wood minus 10%-c fabrication tolerance, is also made to determine the

maximum crush depth of the impact limiter.
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2.6.7.5.6 Impact Limiter Analysis

2.6.7.5.6.1 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 is calculated by multiplying the weight of the cask by the height of the center of

gravitv of the cask above the datum surface. The design weight of the Universal Transport Cask,

contents, and impact limiters is 260,000 lb. For these analyses, 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 Niotion-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 107 in.-lb of potential energy. As shown in

Figure 2.6.7.5-7. the cask translates in the vertical direction and impacts on an unyielding

surfacc. 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 energy of' the cask

is ahsorhed. thereby decelerating the cask to rest. Both impact limiters crush simultaneously in a

side drop; therefore, the cask is in a stable orentation follow ing 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 engaged in decelerating the cask; therefore, each impact limiter absorbs

one-half of the totalask e4,1Q X n-l

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 23.35-924 (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 Motion-Oblique Drops

Figure 2.6.7.5-9 shows the cask in an oblique-drop orientation. hi
for slapdown concludes that the angle-of drop resultin ing i the maximum- a on i rah

the cask corresponds to the side drop. The 750 drop is bounded by th6iddroothe NA-
UMS design.

The slapdown effect is associated With free drop angles in which the tr qan s. csujhdga
near horizontal position (Shall I The leadin nd ofs
ground first followed byadat._ l and rotationamotign i
consequence.of the crushing ofA JBer tothde
the moment of the caskt weig ~~~~~tn_ar_, js_ .___ .._jqp. _z-r,.:'dhmn 1*A

jn an angular acceleration a tdih1r6feaAncreasingj vel&e
cask rotates towards thegr uncd -t grapling end fIthe note u
this time and,therefore, n o __ibute_ th moment about fi
a result, the trailing eritdofthecadk"er itsttt
of the leading endof the cask w ition o
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factoredbhe _of ttheheratg T

gre~ater thn 1 thledi dniiai oct ,j or lertnhas>,h duefio,
the angu~lar. rot~aton _otiuii _s les. g

end Li.kewise, withthe reverse cdfif&e ,
impact velocity would,,be lagefrffanthe A
deceleration ,at the trail~ing~ e e a^sk which1 hic h 'i
effect.

The ,,ratioof cask lengt .p
geometrical paramter _ _
Lr less than two will noepe epp laR oweffa

During the time between initial impactof the liigh tJlt~
the trailing impact limiter, the only forcesctig_
The crush force is normal to the, l
rotation. The package weight actsn dtou ,,

The radius of gyration (r) for the NAC-UMS transport package, (loa".gask wit impac trs
attached) is:

I _ 6.7x 10 9
r=.S = 5 . in.

260000 _:,'--

where

I , 6.573x,0 lb-in. the2 masmoment of inertia about the point o n
m, 260000 lbthe cask designaweigh

* s w '-.- r < - r -- -4'- f-' .. r. ,, - -n .. ~ r

- -4 - , <,, - - -. ! -. >. - ; . ~L-*: 273.34The overall length (L) of the jpackag~e'is273.3 in. The ratio ,

With the IUr ratio being less than in the abs e offrictLonl fc
bounded by the side droF
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2.6.7.5.6.4 RBCUBED Calculated Force-Deflection Plots
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Figures '.6.7.5-12 through 2.6.7.5-8 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-- 4 and 2.6.7.td l7) since these orientations produce the
highest lateral deceleration component.

2.6.7.5.6.5 Results

Tables 2.6.7.5-1 and 2.6.7.5-2 present the results of the impact limiter design analyses for 1-ft
drops and 30-ft drops, respectively. The calculated g-loads in the tables are based on the cold

crush strength of s40nF plus 10% fabrication tolerance and on the hot crush strength at 152tF
minus the 10, fabnrcation tolerance of redwtood and balsa w iood (calculated impact limiter

temperature is 1350F). The wkeight of design basis cask 260,000 lb 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-F through 2.6.7.5-s. 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., Ema, = 9.74 x 107 in.-lb for the upper

impact limiter at minimum strength and Emin = 9.65 x 107 in.-lb for the upper impact limiter for

the maximum crush strength condition. The potential energy to be dissipated is the cask weight

(260.000 lb) multiplied by the distance the cask drops (360 in. + 14.9 in. crush depth), i.e.,

Ep = (374.9)(260,000) = 9.74 x 107 in.-lb.

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 is maintained between the neutron shield and the unyielding surface for the 1-ft

and 30-ft 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 Fi2ure 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 lifting 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 was 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 ot

the trunnion is therefore 26,899 - 9,582 = 17,317 psi. The area of the trunnion covered by

the impact limiter is 19.2 in2. The increase in the deceleration force resulting from the

presence of the trunnion is (19.2)(17,317) = 332,486 lb. The total deceleration force at

the trunnion location increases from 1.32 x 107 lb to 1.35 x 107 lb, 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 is 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 lb. The total deceleration force increases from

1.28 x 107 lb to 1.31 x iO' lb. thereby producing a deceleration increase of 1.03 g (2.0%)

from 49.57 g to 50.6 g. Thus, a side impact of the cask over a lifting trunnion has a

minimal effect on the deceleration force.

2. The 30-ft flat top-end-drop of the Universal Transport Cask produces a deformation of

14.9 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.

Similarly, the deformation of the redwood for the maximum crush strength condition is

11.4 in.. with a compression ratio of 11.4/30 = 38%'7. This value corresponds to 2,244 psi.

Both stress values are \vell belo\ lock-up stresses, which start at a compression ratio of

69V .

'. For a 30-ft corner-drop on the upper impact limiter, the maximum impact force occurs

\\ith 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 corner-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, hut onlv in 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.

in. (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 in 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 bounding yalues for crush and acceleration, are summarized in Table
2.6.7.5-3. Acceleration values using woodproperties at 700F are shown in ,Table2.6.7.5-4.

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
hody.

I The impact limiters must remain attached to the cask body during normal handling
and transport. Satisfaction of this criterion ensures that the limiters will be in a proper
position to perform their impact-limiting function in the event of a free drop (normal
or accident).

2 In a free drop (normal or accident), the limiter (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.

. In a free drop (normal or accident) involving an initial impact on a single impact
limiter, the limiter on the opposite end of the cask must remain attached to the cask
during the initial impact. Satisfaction of this criterion ensures that the limiter will be
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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.

'.6.7.5.7.1 Impact Limiter Attachment Dunun Normal Handling and Transport

Attachment of the impact limiters to the cask bodyc 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 w ith 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) = 6,34 lb. where B lb is the:

weight of each impact limiter.

Analysis of Retaining Rods

Sixteen 1.25-in. diameter retaining rods are equally spaced on a bolt circle diameter of X in.

for the upper limiter and 71.0 in. for the lower limiter. The attachment geometry of the impact

limiters is showtn in Figurc 2.6.7.5-19. The retaining rods are SA-I13,Grad8S stainless steel

wnith a vicld strcnmtth of 39.8 ksi and a design stress intensity CtSm)of13.0_'ksi at 2000F (Table
2.3.5-3).

TIhe load on each retaining rod resulting from a longitudinal shock load of 7.5 g is given as

P =66,345/16 4,147 lb per retaining rod.

The retaining rod tensile area is 0.606 in in the thread~ed re ' t 3 ina

S =4,147/0.97 = 4,275 psi

Each retaining rod nut is_ t__bj____w ' in a~ p
the preload }_"Ue n

load of 7.5g is, threfr 2754 2642ig
allowable stress is ,twice,§; ,"or,-2 _-,

NIS= (26/6.92) - I = +12.76
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Analysis of Retaininz Rod Anchoraee

The nut of the retaining rod is 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

,147, '+ ~2,560 6,707 lb > The bearing, area between the bearing plate and the redwood
material is:

A =(7L14)(50 - 3.0) 12.57 in.

The bearing pressure is:

p= ~,70712.57 =-53ps

The perpendicular-to-the-grain compressive stress in the redwood at 2.5% strain is 5 psi. The

margin of safety for compression of the redwood is

Ms= (750/534) - 1 + 0.41.

The washer is made of TyPe 304 stainless steel and has a L1.31-n-diameter hole in the center. It

is analyzed by assuming that it is simply supported along a circle having a diameter equal toF-

the edge of the hole in the bearing plate K 3.00 in.). The tt1load of ',6 7 lb isdsriue

along the edge of the nut, which has an average diameter of iL939 in. From Roark, ,-" 4J
Cask la, [28] th e' strie'ss on- th-e- wash er"i-s

S max

br 2, 4,4

where:

a = 1.5-0rn. b = FK655i n.

t = OS50in. v = 0.31

r_= 0.9695 in. MIj6,10 /(2~.65=g41l/A
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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 = 25.0/24:4 - I = + O2.

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 limiter
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
eliminate 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.

2.6.7.5.7.2 Response of Impacted Limiters During Initial Impact of Package with Ground

The second criterion applicable to the impact limiter attachments requires that the impact limiter
making initial contact with the unvielding 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, durinn 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
applicable to the Unniversal 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 separation 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.

2.6.7.5.7.3 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.e., 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 it. This scenario is repeated during a rebound of

the whole package: the around 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 velocitvy 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 limiter. This analysis provides further evidence that the secondary impact limiter will

stay attached to the cask body to absorb the second impact.

2.6-79



SAR - UMS® Universal Transport Cask

Docket No. 71-9270
Man 2000

Revision UMST-OOA

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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Fioure 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 2.6.7.5-5 Crush Stress-Strain Curves for Balsa Wood (Crush Strength Parallel to
Grain)
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Figure 2.6.7.5-6 Variation of Crush Strength of Redwood and Balsa Wood with Impact
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Cask Side-Drop Geometry IFigure 2.6.7.5-7
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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 '
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Figure 2.6.7.5-1 I
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Figure 2.6.7.5- Force-Deformation Curve - Lower Impact Limiter

(Bottom End Impact, 0 Degrees)
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Figure 2.6.7.5-1l Force-Deformation Curve - Lower Impact Limiter

(Bottom Corner Impact, 24 Degrees)
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Figure 2.6.7.5-J4 Force-Deformation Curve - Lower Impact Limiter (Bottom Oblique

Impact. 75 Degrees)
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Figure 2.6.7.5-f6 Force-Deformation Curve - Upper Impact Limiter (Top Corner Impact, 24
Degrees)
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Figure 2.6.7.54.7 Force-Deformation Curve - Upper Impact Limiter (Top Oblique Impact.

75 Degrees)
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Figure 2.6.7.5-i 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.) (lb) g-Load Factor*

End Impact

Lower Impact Limiter

(Max. Crush Strength)

Lower Impact Limiter

(Min. Crush Strength)

Upper Impact Limiter

(Max. Crush Strength)

Upper Impact Limiter

(Min. Crush Strength)

Corner Impact

Lower Impact Limiter

(Max. Crush Strength)

Lox er Impact Limiter

(Min. Crush Strength)

Upper Impact Limiter

(Max. Crush Strength)

Upper Impact Limiter

(Min. Crush Strenuth)

Equivalent g-load factor = force/260,000.

1.00

1.50

4.44 x 106

2.58 x 106

3.99 x 1061.00

1.70 3.82 x 106

17.10

9.93

15.36

14.71

5.59

4.70

5.06

4.19

6.20 1.45 x 106

7.40 1. 22 x 106

7.50

9.10

1.31 x 106

1.09 x IO6
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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 106* 16.07

(Max. Crush Strength)

Lower Impact Limiter 1.5 3.54 x 106* 12.90

(Min. Crush Strength)

Upper Impact Limiter 1.2 4.26x 106' 16.40

(Max. Crush Strength)

LUpper Impact Limiter 1.4 3.53 x 106* 13.61

(Min. Crush Strength)

Equivalcnt g-load tFactor= force/260.000.
Total Iorcc lor both 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.) (lb) g-Load Factor*
End Impact

Lower Impact Limiter 9.8 1.29 x 107 49.70
(Max. Crush Strength)

Lower Impact Limiter 13.1 9.96 x 106 38.30

(Min. Crush Strength)

Upper Impact Limiter 11.4 1.21 x 107 46.75

(Max. Crush Strength)

Upper Impact Limiter 14.9 1.06 x 107 41.10

(Min. Crush Strength)

Corner Impact

Lower Impact Limiter 24.2 1.06 x 107 40.85

(Max. Crush Strength)

Lower Impact Limiter 28.0 1.13 x 107 43.60

(Min. Crush Strength)

Upper Impact Limiter 24.7 1.14 x 107 43.94
(Max. Crush Strength)

Upper Impact Limiter 28.1 1.25 x 107 48.90
(Min. Crush Strength)

* Equivalent g-load factor = force/260.000.
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Table '.6.7.5-2 Summary of Results-Impact Limiter Analysis for 30-Foot Free Drop

(continued)

Analysis Description Displacement Force Equivalent

(in.) (Ib) Q-Load Factor*

Oblique Impact (30°)

Lower Impact Limiter

(Max. Crush Strength)

Lower Impact Limiter

(Min. Crush Strength)

Upper Impact Limiter

(Max. Crush Strength)

Upper Impact Limiter

(Min. Crush Strength)

25.2

29) .2

26.4

30

9.24x 106

9.95x 106

9.79x 106

1.06x 107

35.5

38.3

37.6

41

Side Impact

Lower Impact Limiter

(Max. Crush Strength)

Lower Impact Limiter

(Min. Crush Strength)

Upper Impact Limiter

(Max. Crush Strength)

Uppcr Impact Limiter

(Min. Crush Strength)

11.2

14.0

10.8

13.3

1.28 x 10'

I.19 x l0o

1.32 x 107

1.28 x 10

49.3

45.87

50.95

49.57

Equi alent g-load factor = force/260.000.

Total lorce bor both impact limiters.
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Table 2.6.7.5-3 Summary of Cask Drop Equivalent g-Load Factors

Equivalent Load Factora

1-Foot Drop 30-Foot Drop

Direction Total Axial Componentb Lateral Componentb

Lateral (Side) (90°) 16.4 52.0 0.0 52.0e

Longitudinal (End) (00) 171. 49.7 49.7 0.0

Comer(23.350 - 24°) 5.6 48.9 44.8 19.5

Oblique (300) c 41.0 35.6 20.6

Oblique (450) c 34.4 24.3 24.3

Oblique (600) c 31.9 16.0 27.6

Oblique (750) c 28.7 7.4 27.7

Slapdown Based on

Oblique (750) c 54.9 0.0 54.9

a. Equivalent g-load factor = force/260.000 lb.

b. Axial component = total x cos 0

Lateral component = total x sin 0

where 0 = 23.35°, 23. 5', 23.76°, 23.80. 23.880, 24, 300, 450, 60° or 75°.

c. Oblique orientations for 1-ft drop are not considered credible. Refer to Section 2.6.7.4.

d. Angles wvith highest g-loads.

e. Based on the addition of peak g-loads occurring at the trunnion.

Table 2.6.7.5-4 Summav of Results of RBCUBE

or ."

Displacement Equit

Condition LF

Enid mpacq

,Upjp~jpip~q~j~ r4.7

oeimp- L a

SideIMact

,rmvactUmiter E

L I 'q p ct Hiite -
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2.6.7.6 Closure Analvsis

The Universal Transport Cask closure lid and the bolts are required to satisfy two criteria: (I)
calculated maximum stresses must be less than the allowable stress limit (the material yield
strength is conservatively selected), and (2) lid deformation or rotation at the 0-rings must be
less than the elastic rebound of the 0-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 N07718. Material properties are taken at 2750 F H
bolts, and cask wall. A maximum temperature graodient of hugh te-fickly s"asP 3 gqh_ i
lid is used as well. For evaluation purposes. a maximum internal pressure of 80 psi is used.

Accelerations are based on the impact limiter analysis for normal conditon ofaansp.
Therefore, an acceleration of 20 g (1-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 lb/bolt.

The preload on the cask lid closure bolts considers the following factors: (I) an internal pressure
force on the inner lid of 80 psi: (2) the O-ring compression force- ,id (3) the inertial weight of
the lid, canister, basket, and fuel due to the 30-ft accident horned drop conditions. Based on the
ahove considerations, a preload of 1 l, ' d is conservatively selected for the cask lid
closure bolts. Aminimum- torque value o31L738 foot-pounds, develops a tensile preload force of
111,680 pounds/bolt based on the following relationship:
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=F[ L + djl + (d + b)t i

2L 2 cos 4

where: T = applied torque in inch-pounds

F = preload force in pounds

d = bolt diameter = 2.0 in

b - bolthead'diaetdn 3-7.-ifh
dm = mean diameter of threads = 1.9188 in

(x = one-half the thread angle = 300

t = coefficient of friction = 0.15

N = 8 threads per inch

Lo 1/N

Thierefore, the minimurm torque T.. required to dieelo te Oeipa
determined as:

T = F(0.4017) . 12

T = 3,73 8, foot-pounds

An installationtorqueof 3,900'±100 fopLppunds is specified ,toensurethat-th eini m u!n
required torque of 3,739 foot-pounds isachieved.

Maximum stresses in the closure bolt result during the top-end corner drop (23.35k from axial
plane of' cask) assumingthclosure bolts sutmort the full weight of~te lid Eoi S
This is conservative since d '-end o cas lidis fis ,&J c
limiter; thus, the closure bolts do'not carry an weight. For the follow ing evaluation, only worst
case forces and stresses are reported.

The tensile force per bolt, F is:

Fapt- . PL+P 134,877 pounds

where, PL. = i",111,680 pj, pr-e,0ad

-h I-. = 23,19 pouds .tigfth xpansion
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_~ _j _§

where PO =i667pounds. load resulting from 0-ring compression o

P, = 6.549 lb. load resulting from internal pressure

P2, = l8,662 lb. load due to 20 g i impact.

3695 pounds, load resultingfrom 20 'VIE

Since Fapt is greater than t

Fa ,_--j_- - * 3- -777.It-1
., , 1. 7 _

The shear load is

F, = Pi + Pth + P2() : w. = 33,242 pounds

wvhere Pi 1 5- 45 pounds. load resulting from internal pressure

P, ,57,647 pounds, load resulting from tempeatpg# dffO en a
lid and upp forging

P = 1,465pounds,,1 dZesu from2 top-end cornej drop

3,695 pounds,,load resultingfrom.2 i

The bending moment is

Mb - -o u;c s lid r2 5 t}r t -.zi iT5J iMba r ti fcr-mouinids, Lo hrm ln t

and the loadl resulting from torsion is

N11 =29,40 incF_3.
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These loads and moments translate into the following stresses:

The tensile stress in the bolt is:

1.2)732 F_
Ct= = 48.679 psi

where D = 1.878 in., minimum bolt diameter. The shear stress is

z= 1.2732F F, 13.441 psi
D-

WNVhere D .878 jin., minimum bolt diameter.

The bending stress is

10.1 86M = 1.038 psi

where D = 1.878 in., minimum bolt diameter.

The stress resulting from torsion is

5.093M, = 17.249 psi
D ps

wnhere 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 So] (where Sm = 2/3 S,), or

91'3xc) =,: /7a = 48,679 Sm.= i94.350pi

Table 6.1 also requires that the average shear, which is comprised of the average direct shear (T)

be less than 0.6 Sm. This is expressed as

= = 13,441 psi < 0.6 Sm = 61Q psi
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For the combined state of stress that includes tension plus shear, the computed

average tensile stress divided by the allowable tensile stress plus the §qu arf average shear

stress divided by the allowable shear stress must be less than 1. This is expressed as

48679 +(13.441
I- =0.33 <1.

94.350(, 56,610),

For the combined state of stress that includes tensile, shear, and bending; the bolts must have a

maximum stress intensity less than 1.35 Sm (when the minimum tensile strength is greater than

100.000 psi). Therefore, the maximum stress intensity is

otiti [(G + h ) +4 4(T TY = 78,989 psi < 1.35 Sm = psi.

The margin of safety for ASME SB-637, Grade N07718 closure bolts is 0.

2.6.7.6.1 Bolt Fatigue Evaluation

For the 2.00-inch closure, 9b4octss f i

Section 11, Appendix I, Table I-9.1, Figure 1-9.4 17]

The maximum stress, S, on the cask closure bolts is:

4.OF 40(14269i) A- .e
S= * = 206,053 psi (206.053 ksi)

A 2.77

where:

F = Fi + Fh 1 19,494 +23 ,197 =142,69i b
- 12T -< -- "; "

F. = ' =119,4941b (maximumpreloadforce)

L,. +( d29

T ,=4000ft-lb m to ra u e
F.~- th -~,- -2,,,9F2 --= A s n o2.6

A =2.77 ilk they O

4.0 = the strss reduc jn±orcNB,32323jc j
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The num Her o-([7 Th

N Nrf ioN=A1 l 43'F=94'cvcles-
N.&

where

N 500, cycle~s
1000 cycles

oS1 .-. 43 ksi
A' 100 ksi

2.6.7.7 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 =dL+dt. = d 11 psi

where:

d, =0.0607 lb/in3, the density of NS-4-FR

L =178.56 in, height of NS-4-FR material
dp= 0.291 lb/in", density of Type 304 stainless steel

t = 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(2O) = J6O psi.

The material properties (conservatively taken at 300'F) for the Type 304 stainless steel shell, fins

and bottom plate are:

S, = 66,000 psi

S, = 22,500 psi

S,= (0.5)S., = l 1.250 psi

Allowable Stresses

The allowable stress intensity for normal condition loading is (Regulatory Guide 7.6):

Sai1,, = Axial + Bending = 1.5 Sn = 30,000 psi,

Where Sm is equal to 20.000 psi for Type 304 stainless steel.

Calculated Stresses

From Table 26. Case 1 [28]:

J3Pbp

whe re:

P PI = 220 psi

a = 11.49 inch andb=4.5 inch

t= 0.5 inch

A= 0.675

The marpin of safety is:

302000
MS= -1 1.49

12,028 *~
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For the reaction in the welds, conservatively assuming all welds are quarter-inch fillets:

= 3 5 6 i b 35i i'
r& (P)(b + a) --; (2O)*.5 1.49),3 X

The allowable shear/inch is (0.707)(0.25)(Ss), or 1,988 lb/in. ;rlherefo jr I S4L

MS= . .:- 1=4.58
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Figure 2.6.7.7-1 Neutron Shield Geometry

Neutron Shield Bottom Plate Attachment

k

t = 0.5 in b = 4.5 in

I1 I_ l

a = 11.49 in

Equivalent Flat Plate Simply Supported
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2.6.7.7.2 Side-Drop Analysis

This analysis assumes that the cask is subjected to a I-foot side-drop event. The side-drop impact
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 shielding 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 wvelds connecting the radial heal
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 was loss
from the NS-4-FR subjected to extended service in a high end temperature environment.

Following the methodology of the ASME. Code, Section III criteria and cask design practice, the
load on the weld joints has been cate-onrzed into the following service-level conditions

Service Level B

I PressurIe developed on the neutron shield shell from differential radial thermal expansion
of the NS-4-FR neutron shield is relative to the Type 304 stainless steel radial heat
transfer fin. The thermal expansion is

T1 = w x Lx T)NS-4-R - (u x LxT) 1,4ss

= (4.72 x 1< 5)(11.49)(75)- (8.79 x l-")(1 1.49)1(75)

= 0.033 in.
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where

R= 4.72 x 105 in/in/0 F, coefficient of thermal expansion at 1580F

ct,,s,= 8.79 x 106 in/in/0F, coefficient of thermal expansion at 200'F

L = Length of the section

AT = 150 - 75 = 750 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

% Compression = x 100 = 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.

2. 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

1. Service Level B loads plus dynamic induced load from a postulated one foot side impact
(20g ).

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) = 6.9 psi

where, from the dimensions provided in Fig. 2.6.7.7-1

M= [(4.5)(0.0607) + (0.25)(0.291)] x 1 .346 lb, the mass of a I in unit area,

A= 20 g, the acceleration during a side drop.

Service Level D

1. Service Level B loads plus dynamic 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 is presented for two different load orientations of the fin w elds. Case I

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 I-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 transfer 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 - 17.867 psi
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w here m = -= 186.1 in. -lb
12

t = 0.25 in.

and = 12.1 + 3 =15.1 psi

= 12.16 in.

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,11 = 1.33 x 1.5 x 17,200 = 34,314 psi

Thus, the margin of safety is

MS = 34,314 1 9
17,867

The maximum tension stress for Service Level C load is:

S - 6m 26.024 psi

where
mI

12

t = 0.25 in.

and W = 15.3 + 6.9 = 22.0 psi

I = 12.16 in.
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Allowable membrane plus bending stress limits defined in NF-3256.2 for Service Level C limits

is

Sal[ = 1.5 x 1.5 x 17.200 = 38.700 psi

Thus, the margin of safety is

MS 38.700 1 + 0.49.
26.02 4

The maximum tension stress for Service Level D load is

S = , = 31,850 psi

As directed by NE-3256.2 for Service Level D. qualification of the structure is based on ASME.

Code Section III. Appendix F, [17] Paragraph F-1340, "Acceptance Criteria Using Plastic System

Analvsi s.

Considering plastic failure of fixed-end beams wkith uniformly distributed load, the plastic

moment then becomes (from [28] Table 15, Case 2d):

m = i = 331.8 in.-lb
16

\v here aV = 15.1 + 20.8 = 35.9 psi

I = 12.16 inch

t = 0.25 inch

Paragraph F-P 1340 defines the allowable primary membrane plus primary bending stress intensity

as the lesscr of 1.5 (2.4Sr..) and 1.5 (0.7Su). Implementation of this criterion limits Service Level

D stress to 68.8 k-si.
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MS 68.800 _ I + 1 16
3 1.850.3

In addition to the evaluation of the

is evaluated as follows:

maximum local bending stress in the weld region, shear stress

Service

Level

B

C

D

w

(psi)

15.10

22.00

36.10

S =-
2t

(psi)

367

535

878

Allowable

Stress (psi)

1.33 (.4SJ) = 12,700

1.5 (.4S,) = 14,000

0.42 (S5) = 28,900

MS

+ Large

+ Large

+ Large

where I = 12.16

t = 0.25

Case 2-Heat Transfer Fin Loading

Followina a similar method as used in the evaluation of the neutron shield shell, the heat transfer

fin is evaluated bv 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 is developed from radial

thcrmal urowth 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. w hich is insignificant.

Lateral load from Service Level C produces the following stress:

6m -
S = , = 2.135 psi

w here r = -= 35.3 in.-lb
8

w = (0.0607)(1 1.49)(20) = 13.95 lb
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92.11-82.61 
-0.25-4.5 

in.

I 92.1 1 - 82.61 _0.25 = 45 in.

t = 0.315 in. (8 mm)

From the preceding evaluation of the neutron shield shell, the service level C allowable is
38,9'5 psi. Therefore.

MNIS = 38,925 _ I = Larae
2.135

Lateral load for Service Level D produces the following stress:

S 6m
= - = 8.540 psi

=- = 141.23 in-lb
6

where M-1,

=(0.0607)(11.49)(60) = 41.85 lb

4.5 in.

t =0.315 in. (8 mm).

1'ssing the acceptance criteria for an elastic system analysis provided in the ASME Code Section
111 Appcndix F. Paragraph F-1332.2, (1.5 x 1.2S or 1.5 x 1.55Sm< 5x .7SJ

S~l=45,000 i

MS -1=4.27
$.8,54.,
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In addition to the evaluation of the maximum local bending stress in the weld region, shear stress

is evaluated as follows:

Service
Level

C
D

w
(psi)

13.95
41.85

S ~W
2t

(psi)
6,126

377

Allowable
Stress (psi)

14,400
28,900

MS

+ Large
+ Large

where l = 4.5 in.

t = 0.25 in.

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.

2.6.7.8 Upper Ring/Outer Shell Intersection Analysis

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
is conservatively neglected in this analysis.

The geometry and loading of the equivalent ring are defined as follows:

F lifting force (not including weight of impact limiter)

= 260,000 =130.000 lb

q dead weight load per unit length

W = width of equivalent ring = 3.45 in.

r = mean radius of the equivalent rine = 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 lb. q is calculated as:

q (7T)(40.905)(2) = 260,000 : q = iQ11.6 lb/in.

The moment and torque on the equivalent ring are given by

~F, sinG 0 ( r

M = 2 -qr 1- -sin

T0, cosO 7 i 7t)

T -qr 0+ -cos0--
2 2

where theta. 0. is measured from the trunnion (O = 0) in plane perpendicular to the centerline of

the cask (O < 0 < 180).

To = (F)(a) = (130.000)(4.725) 611.997 in-lb.

Substituting for T,. q. and r.

M = 3.06x 105 sin0- 1.693x IO' I--sinO1

T = '.06 x I0- cos0 + 1.693 x I ' 0 + -cos -- 3 J .

The normal stress is treated as bending resulting from the moment acting over a cross section.

M(h 2)
whr- 18044 0511 i

wvhere Ii = 18.44 in
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I = Wh = 3.45x 18.44 14 = 1802.7 in4

12 12

The shear stress is (Roark's, 6'h Edition, Table 20, Case 4)

3T Fb Jb ` ib- 3
T = 8a I +- 0.6095- + 0.8865-) - 1.802@-) + 0. 9 1(-l j = 0.0176T

8ab~ 2 a a . a a

where
h 18.44

a = - = = 8.22 in, length of longer side,
I_ 3

b - 1.725 in. length of shorter side.

The maximum stress intensity, where the moment and torque are functions of s, is calculated as

SI = T = 2i6.528x104)M +(3.10x I0-4 )T'
4

Resultant values of the stress intensity are evaluated in Table 2.6.7.8- 1. The minimum margin of

safety is

MS 30.000 - 1 + 0.06
28.309

where Sm, = 20,000 psi

Sallow = 1.5 Sm = 30.000 psi.
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Table 2.6.7.8-1 Resultant Stress Intensity Values in the Equivalent Ring

Angle

(degrees)

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

80.(

85.0

90.0

Moment

(in-lb)

- 1.693(10)6

-1.435(10)"

-1.178(10)6

.2.55(10)

t 7 -6' ' X

2.1b3iaoj5

4.038(10)5

5.86( i0j5

723,61 (1O)
8.751(10)'

9.945(10)'
I 094(10) 6

1.171(10)6

I 22 7( 10))6

1.261 10)6

1.272(10)6

Torque

(in-lb)

3.060(10)'

4.425(10)5

5.564(10)'

6.482(10)5

7.18 1(10)5

7.669(10)5

7.952(10)5

8.039( 10)5

7.942( 10)5

7.671( 10)5

7.242( 10)5

6.667( 10)5

5.962( 10)5

5.145(10)5

4.232(10)5

3.243( 10)5

2.194(10)5

1.107( 10)5

0.0000

SI

(psi )

13,819

17,219

20,498

23.310

25,525

27,098

28,021

28,309

27,987

27,093

25,671

23.775

21.466

18,817

15,917

12 ,892

9,952

7.531

6,502

lII The Angle is measured from the centerline of the trunnion.
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2.6.8 Corner Drop

The Universal Transport Cask is composed of materials other than fiberboard or wood, and the

weight of the package exceeds 220 lb (100 kg). Therefore. according to 10 CFR 71.71(c)(8), this

test is not applicable to the Universal Transport Cask.

2.6.9 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 lb (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 1 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

is 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."

BecausC 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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2.6. 11 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 bendinE stresses, which

are 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 6500F, and the lead temperature before pouring is between 6980 F and 790CF. The cask is

initially heated. at a rate not to exceed 90'F/hour. by using heaters inside the inner shell and

heatine 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 is also used to measure temperature at any location. To minimize the time that the

cask is at elevated temperatures, cask heating begins only after all preparations have been

completed.

The lead is 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 rinds are continuously energized.

The cooling process consists of sequentially turning the exterior heating rings and interior heaters

off. startin_ from the lowest point. and of spraying the cask with water from the outside. A layer

of molten lead is 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

rcqLlirements and procedures for the Universal Transport Cask lead pour operations are described

in Section 8.3.3.
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2.6.11.1 Lead Pour

2.6.11.1.1 Cask Shell Geometrv

At 70'F, the Type 304 stainless steel shell geometry is:

Inner Shell

Inside Diameter (d] 0) = 67.61 in.

Outside Diameter (do 70) = 71.61 in.

Shell Thickness (ti) = 2 in.

Outer Shell

Inside Diameter (D- 70) = 77.11 in.

Outside Diameter (Do 70) = 82.61 in.

Shell Thickness (To 7(1 ) = 2.75 in.

2.6.11.1.2 Stresses Resulting from Lead Pour

The hydrostatic pressure produced by the column of lead is:

q =ph = 73.8 psi

where p = 0.41 lb/in 3 (lead density)

h =180 in (maximum height of lead column)

For this analysis, it is assumed that the lead at a maximum temperature of 790'F, and the shell

initially at 650'F, reach an equilibrium temperature of 750 0F. At 750'F, key shell geometric

dimensions are:

do ?5() d0 o70(1 (+ a AT) = 72.09 in.

D,75()= Di J0 (I + a AT) = 77.62 in.

t, ,50 = t j_70(1 + a AT) = 2.01 in.
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where ct = 9.76 x 10-6 in/in/°F at 750cF (stain]ess 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 hydrostatic pressure wrill

vary from a maximum of 73.8 psi at the bottom of the inner shell to 0 psi at the top of the lead

cylinder.

Using Refercnce [28] Table 29, Case 6, the deformation at the bottom of the inner shell, vy3, is

found to be -1.955xlO-1 in.

The maximum circumferential membrane stress in the inner shell is:

Yv E
Ski, =- R -1323 psi

where E = 24.4x 106 psi at 750cF

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 inner 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.

2.6.1 1.2 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 solidify'ing lead and the inner and outer shells.

Using the coefficients of expansion for stainless steel and lead, the outer diameter of the steel
shell and the inner diameter of the lead cylinder (assuming it is free to shrink) can be determined

at 620cF (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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dhl =dblI(i-+ a AT) = 71.61(1 + 9.56 x 104'(620-70)) = 71.98 in.

where dhe17r0= 71.61 in.

6che, = 9.56 x I0O in./in./ 'F (at 620F)

If the lead were cooled without restraint to 70'F, the inner diameter of the lead cylinder would

shrink to:

diledro=dileld 620 (I - a AT) = 71.98(1 -20.2 x 104(620 - 70)) 71.18 in.

where

dilcld620= d{shel1620 = 71.98 in.

", a= 20.2 X IO-' in./MP/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 (5 = 0.215 in., the maximum circumferential stress, SEimax, in the inner shell is:

a (E)
-TM1I R = 13.8 psi

where R = 71.18/2 = 35.6 in.

E = Eieado = 2.28x 10 3 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. S(, occur at x = 13.65 ft.

The maximum circumferential membrane stress in the inner shell is:
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yE -2 -55.3 psi

where v the radial deformation, -3.299xl0-4 in.

E 28.3x106 psi

R = 71.61/2 = 35.805 in.

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

durn- the cooldown process after completion of lead pouring, the strain in the lead, when cooled

to 700F, is:

-%4ica3 = W(ued- CL hI)AT = 0.0060 in/in.

here cf,2,, =) 2002 6 in/in/0F

= 9.56 x 10-6 in/in/0 F

AT = 620 - 70 = 550'F

Slad = 0E = 0.006 x 2.28xl 10= 13,680 psi

The calculated stress is above the yield point of lead (ranging from 20 psi at 620'F to 640 psi at

7T'F). The axial load placed on the steel inner shell by shrinkage of the lead is therefore limited

hv the yield strenuth of lead. The maximum load is:

PI_, = 640 x (38.562 - 35.8052)T= 411,930 lb.

The corresponding compression stress in the inner shell to maintain equilibrium is:

P -411,930

A n ((35.805)- -(33.805) p )

This value is conservative because the yield strength of lead is very low at elevated temperatures

(505 psi at '200 F 380 psi at 300"F), therefore, the creep rate is high. Also, complete bonding of
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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.

2.6.11.2.3 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 1000 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 170cF and that of the lead to be 70'F. The inner radius of the stress-free lead

shell at 70F is 35.59 in.; the outer radius of the inner shell at 170'F is:

r, = 35.805 [I + (8.54 x 10- )(100)] = 35.836 in.

The interference between the inner 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.

5(E)
For (i = 0.246 in.. S = E = 15.6 psi

R

whcre R = 71.18/2 in. = 35.59 in.

E = 2.28xI 0' 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 -3.293x10-4 in.

The maximum circumferential membrane stress in the inner shell is:

yE -3.293 x 10-4(27.8x106)
__ _~' -- _255.5 psi

Ofnlix R 35.836

The axial stress in the inner shell also increases when the inner shell is 1000 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.

2.6.11.3 Lcad 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 significant creep rate

at both room and 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, C72 (psi) Radial Deflection, y
(ft) (in.)
0 00

0) 15

0.30

0.45

0.60

0.75

0 90

1 05

1.20

1.35

1.5()

1 65

I SO

2.1(

2 25

2 40

25 5

2 7()

2 85

3A15

3.45

3.60

3 00(

' 9()

4 (O5

4.2(0

4 35

4 5()

4.(5

4 80

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247 1

-247 1

-247.1

-247.1

-247.1

-247.1

-247 1

-247 1

-247.1

-247.1

-247.1

-247.1

-247 1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247 1

-247.1

-247.1

-0.00031

-0 00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0 00031

-0.00031

-0.00031

-0.0003 1

-0.00031

-0 00031

-0.00031

-0.00031

-0.00031

-0.0()03 1

-0 00031

-0 (0031

-0.00031

-0.00031

-0.00031

-().000331

-0.00031

-().00031

-000031

-0.00031

-0.00031

-(0.00031

-0()003 1

-0.00031

-0.00031

-
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Table 2.6.11.2-1 Stress Analysis Results for Uniforrn Pressure Loading of Inner Shell Due

to Lead Pouring (Continued)

X Hoop stress, CT2 (psi) Radial Deflection, v

(ft) (in.)
4 95

5.10

5, 25

5 40

5 55

5 ()

5.85

6.0

6.I S6I (J(
0 315

6 45

0 60

6 75

0 00

7(1
- ()

, 55

7 X1l

V05

7.81

OS (

8 _ .

8 40

8 55

X .li

0.31)0 45

') 75

-247.1

-247.1

-247, 1

-247 1

-247 1

-247.1

-247.1

-247.1

-24-7.1

-247. 1

-247.1

-247.1

-247.1

-247.1

-247.1

-247 1

-247 1

-247 1

-247 1

-247 1

-247 1

-247 1

-247.1

-247.1

-247 1

-247 1

-247.1

-247.1

-247 1

-247.1

-247.1
-247.1

-0.001)031

-0.000311
-0 00031

-01)0031
-0 00031

-() 1)(1031

-0.0(0031

-0.00031I

-0.00)031

40000311

-()()(03 I

-0 0)0031

-0.000131

A) 110031

-(1.011)31

(1)31

-() ())01) I

-0 (1)((31

-11.00031

-() (1)()()i1

-11 (1(1)31.

-I 1)11)13 1

-11))1(0 1

-1) 1f)1113
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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, 0Y2 (psi) Radial Deflection, y

(ft) (in.)
9.9(

10.05

10 20

10.35

1 0.50

10.65

1 0.80

10.95

11 10

11 25

11.4)

11.55

1I.7o

sI S5

12 00

12. 15

12.30

12.45

12 60

12 75

12 90

13.05

13.20

1 35

13.5(

1 3.5

181 ()

13 95

14.10

14.25

14.40

14.55

14 7(1

14 85

15 .0

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-247.1

-246.9

-246.9

-246.9

-246.9

-246.9

-246.7

-246.7

-246.7

-246 7

-246.9

-247.1

-247.6

-248.2

-249.1

-250 4

-251 .7

-253.2

-254.5

-255.3

-255.1

-253 1

-248 6

-240.7

-227.9

-209.9

-185.9

-156.5

-123 5

-0.00031

-0.00031

-0.00031

-000031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.00031

-0.0(0031

-0.00031

-0.00032

-0.00032

-0.0003 2

-0.00032

-0.(100032

-0 00032

-0.00032

-o 00032

-0 00031

-0. 0003

-0.00029

-0.000227

-0 00024

-0.0002

-0 00016
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2.6.12 PWR Transportable Storage Canister Analysis - Normal Conditions of Transport

In this section, the Transportable Storage Canister assembly containing PWR fuel is 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 Analysis Description

The Transportable 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 is 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 paramllcters of' the canisters are provided in Table 1.2-3. For this analysis. the canister

is modeled weith the heaviest fuel (Class 2).

The structural design criteria for the canister is from the ASME Code Section III, Subsection NB.

Consistent with this criterion, the structural components of the canister are shown to satisfy the

allowable strCss limits presented in Tables 2.1.2-2' and '.1.2-3 as applicable. The allowable

stresses used in this analysis are based on a temperature of 380°F for all locations in the canister,

unless othcrw\ise 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-Sweld,(ection_13, Figure 2.612.3 1) e p oes sed
to e t wable stress limits.;since the weld filler rod tens fletpropeties..aregreatetlfie

base metal. Also, the allowable stiess is multiplied byt s rR

[49].
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Figure 2.6.12-1
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Figure 2.6.12-2 PWR Transportable Storage Canister Shell and Lids

Canister Shell

Shield Lid

Lid
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The maximum temperature in the canister shell central region is 3990 F as determined in the

thermal analvsis presented in Section 3.4.2. This increase in temperature reduces the allowable

Sm for 1'ype 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 3990 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 (1000 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.

2.6.12.2 Finite Element Model Description - PWR Canister

To evaluate the PWR Transportable Storage Canister for normal conditions of transport, ANSYS

is 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

appropri ate.

The finite element model of the canister is constructed by using ANSYS solid (SOLD45)

elements. The model represents a one-half (1800) 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 is accomplished by using three-dimensional gap elements (CONTAC52)
along the periphery of the support disks. Contact between the canister and the cask inner shell is

also modeled by using CONTAC52 gap elements. Contact between the canister structural lid
and shield lid is 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 lo er

outside radius. In addition, CONTAC52 elements are used to model interaction betw een the
structural lid and canister shell and the shield lid and canister shell just below the respective lid
weld joints. The size of the CONTAC52 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 8) lb/in. Table 2.6.12.2-1 lists the element types assigned to specific

gaps of the model. Table '.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 2.6.129_-I is a plot of the entire canister finite element model including the support disks.
An isolated views of the canister shield and structural lids portion of the model is presented in
Fiuure 2.6.12.2-2, and an enlarged view of the model in the structural lid and shield lid weld
re-ions is shown in Figure 2.6.12.2-3. The canister bottom plate portion of the model is shown
in Ficure 2.6.12.2-4.

The loadinu for the normal operating condition is based on 1-ft drops in conjunction with the
internal pressure loading (to 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 a compressive stress in the canister ends that is present in the finite element
model. The canister shell is designed to be flush with the topsurface of the strcu l
worse case tolerance stack-up2 -This ehnsuressthatthe cntehtyweil it'will
the lids to the transport cask during a top end or top corner dr condition. For the side-drop
condition, the loads from the canister contents xveight are transferred through the support disks
into 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 modeled contents weight includes 37.080 lb for all fuel assemblies (24 Class I PWR fuel
assemblies), the fuel tube weight (3,417 Ib), the aluminum heat transfer disk weight (1,946 lb),
the disk spacer weight (1,879 lb), and the tie rod and nut Lid r weights (783 + 94 lb). The
weight of the support disks and weldments is accounted for by their being physically modeled.

__L,, W<R£,SQX.cofigqrqqAtjnf esq ts E1:te. ,laIrest, Iisoad- p`ep ga d
aniste-r len-th s 1 _.7, inc es.

For the side and -corner-drpp,. f,, ,dij__

djssks(W ht`'dqSku)efs ueitb yp=

are includedin the model bvyi i Ijp y 5njga eTssre opIeninhe. ,
supprt/weldment disks. ,Tis pressure load is,

% Wfei-K t 6 iks + W ;i, t-+*<+& a #act r X T
slt'Sot Wlot x«^-,u;-- N xwxgxN'

where,
is "t~s =",n,^ u, m,rner-of,.sl,iot op~ ings iff<e ac:h -portwedmendsl

Nvsto, = width of each slot opening j'ch ori/weldnme '

d =,b number of support/weldnenft disks ,`aind
g the associat,,ed g-ooadngfor the dropheight ofinterest.

For basket orientations other than 00 the componentsoithivresujltgEX oere' appjed
to two faces of the slot ope nng.,Addlti-ionally jQjiecornerdros, e
from accounting for the, drop angle, Ls _as the pessrelad othgrJ
PWR canisterpdrop analyses,, with__ 1 isi , penid
total of 34 support/weldment disks_ (3.2supportdisk'and2 w

pressure load used is:

37,O80±1,946+3,417i783+94.+1,879_-
24x9.272x34 ,, : g5.974xg

For the,,ddrops, Al uni r nii o t
(52,369 b), iS ,applied t k te
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bot~t om,,e ndrp ohecQ e pkS m o eg S S m lm ,ra

7 elements.Caconm forn the ero anl eS eple as ehe wei 256te

lb The total o
lb. "The revised calculationsjr D e gt ht'a

increase of less' thank 1 andjouldtso not se
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 is 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

O0 orients the ligaments in the basket elements parallel and perpendicular to the symmetry plane,

a value of 450 orients the basket ligaments at +/- 450 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 varving basket orientations are not required since the basket disks are not included in these

runs (their presence is 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 2.6.12.2-2 Canister Structural and Shield Lid Finite Element Mesh
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Figure 2.6.12.2-3 Structural and Shield Lid Weld Regions Finite Element Mesh

Weld regions

9 Gap elements between Ids and canister shell

- Gap elements between shield lid and structural lid
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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 Shel] (CONTAC52)

Radial Gaps from Canister Side to Cask Shell (CONTAC52)

Axial Gaps from Structural Lid Top to Cask Shell (CONTAC52)

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 (CONTAC52)

Axial Gaps Between Shield Lid and Canister Wall to Simulate Backing
Ring (COMBLN40)

Radial Gaps Between Basket and Canister Inner Surface (CONTAC52)

Table 2.6.12.2-2 Material Definition - Canister Model

Component Material

Canister Shell and Structural Lid 304L Stainless Steel; ASME SA240

Top and Bottom Weldments 304 Stainless Steel: ASMiE SA240

Shield Lid 304 Stainless Steel. ASME SA240

Support disk 17-4 PH. ASME SA693 Type 630

Stainless Steel
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2.6.12.3 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 associated 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 1 00F Yes Yes

2 -40cF No Yes

3 -40SF 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

equivalent 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.' 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 employed 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.

UsinrT this method, two separate cases: (Conditions I and 2) are evaluated: a hot case (1000 F

ambient with solar heat load and maximum decay heat) and a cold case (-40cF ambient and

maximum decay heat). Condition 3 is not evaluated because the entire assembly would be at

-400 F for the conditions 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 2.6.1V._3-1. Sections are evaluated every 9 ' around the

circumference 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 bodv resulting from thermal expansion, only expansion of the canister is

considered. The canister is considered to be at 3990 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)6 at 400'F, the canister inner shell gap is reduced by (9.19 (10)-6)(67.06

in.)(3299F) = 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 3990F. 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 is cooler on the ends). The thermal expansion coefficient of ; 304L stainless steel at
400?F is 9.19 ( 10)-6 in/in-SF. The longest canister configuration is PWR Class 3 with a length of

191.95 in. The increase in length of the canister is then

1 = lo a AT

Al = 191.95 (9.19 (10)j" in/in-0 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 is 367.7TF: the upper forging minimum temperature is 237.50 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)-6 in/in-0 F. The cask cavity nominal

length is 192.5 in. The increase in length of the cask cavity is then

Al = 192.5 (8.46 (10)-6 in/in- 0F) (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)
1 6 1 3
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Section Coordinates at Z = 0

A xial N ode I N ode 2
Section

x X x
32 905 0.0 32.905 1 75

2 32.905 1.75 33.53 1. 5
2.9(05 ' 5 33 53 2 25

4 32.905 34.15 33.53 34 15
5 32.905 66.55 33.53 66 55
6 2.905 98.95 33.53 98 95
7 32.905 131.35 33.53 131.35
8 32.905 163.75 33.53 163.75
9 32.9()5 170 25 33.53 170.25

10 32 90)5 17075 33.53 170.75
11 32 905 172.87 33 53 172.87

12 32 905 170.25 32 905 170.75
13 32 9(15 172.87 32 905 173.75
14 0.I 00 0 1 1 75
15 0.1 163.75 01 170 73
16 01 17(175 01 173 75-5

- 4

3

1 4
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Tab]e 2.6.12.3-1 PWR Canister Linearized Q Stresses - Thermal Only (Hot 1)

= Q Stresses (ksi) =
Angle of

Section Peak Stress Si

Location Location Sx S Sz Sxy Syz Sxz (ksi)

1 18( (.2 0.1 2.1 -0.1 0 -0.1 2.2

9 -0.3 -1.2 0.7 -0.1 0 0.2 1.9

3 9 -. -1.1 0.9 -0.1 (0.2 1.9

4 0 0 -0.2 0.1 0 0 0 0.3 I
5 () 0 -0.8 0.7 0 -0.2 0 1.5

6 0 0 -0.6 0.3 0 0.1 0 0.9 I

7 0 0 -0.6 0.1 0 0 0 0.6 5
8 9( 1 1.6 0 0 0 1.6

9 162 0.1 -1.6 -0.5 -0.1 0 0.2 1.7

9(0 0.3 1.7 -(0.2 -0.2 0 (0 1.9 L
I 81 -0.5 -1.4 (.2 -0.1 -0. -0.1 1.6 L
1 162 -0.3 0.6 -0..1 -0.1 0.1 -0.2 1.1 t

13 81 -0.4 0.1 -0.7 0 -0.1 I 0.8

14 0 -8.1 -1.4 -7.9 0.8 0.8 0.5 7.3 L
15 180 0.4 0 -0.1 -0.8 0 1.7 3.8 L

180 -0.2 0 0.1 6 K.7 0 -1 2 2.7
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Table 2.6.12.3-2 Linearized Stresses - Therma] Only (Cold 2)

L Q Stresses (ksi)
Angle of E

Section peak stress SI
Location location Sx Sv Sz Sxy Syz Sxz (ksi)

180 0.2 0.1 2.4 -0.1 0 -0.2 2.4
2 9 -0.3 -1.2 0.9 -0.1 0) 0.2 2.1 E

3 9 -0.1 - - 0. I 0 0.2 2.1 h
4 0 0 -0.3 0.1 0 0 0 0.4 E
5 0 0 -0.9 0.8 0 -0.2 0 1.7 i

6 0 0 -0.7 0.4 0 0.1 0 1.1 L
7 0 0 -0.7 0.1 0 0 0 0.8

8 90 1.1 1.8 0 0 0 0 1.8

9 162 0.1 -1.6 -0.5 -0.1 0 0.2 1.7 | |

10) 90 0.4 2 -0.2 -0.2 0 0 2.2

11 81 -0.6 -1.5 0.2 -0.1 -0.1 -0.1 1.8 L I
12 162 -0.3 0.6 -0.1 -0. 0.2 -0.2 1.1

13 81 -0.5 0.1 -0.8 0 -0.1 0 0.9

14 0 -9.1 -1.7 -8.8 0.7 0.9 0.5 8

15 180 0.4 0 -0.1 -0.7 0 1.5 3.4 1
16 180 -0.2 0 0.1 -0.6 0 -1 2.4
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2.6.12.4 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 its 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 Pm and

P,,, + Ph 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:

NMS = (allowable stress/SI) -1.
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Table 2.6.12.4-1 PWR Canister Critical Sections for the Pressure Only and 1-Foot End-

Drop Load Condition

Critical Minimum Margin

Condition Stress Section Table of Safety

Pressure (only) Pm 2 2.6.12.4-2 + 3.32

Pressure (only) Pm + Pb 3 2.6.12.4-3 + 0.71

Top-End Drop Pm 2 2.6.12.4-4 + 4.04

Inertia

Top-End Drop Pm + Pb 3 2.6. 12.4-5 + 1.1

Inertia

Bottom-End Pm 4 2.6.12.4-6 + 4.33

Drop + Pressure

Bottom-End Pm + Pb 2 2.6.12.4-7 + 5.71

Drop + Pressure
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Table 2.6.12.4-2 PWR Canister Pm Stresses - Internal Pressure

Pn, Stresses (ksi)
Angle of

Section Peak Stress Si Allowable Margin
Location Location Sx Sv Sz SxV Svz Sxz (ksi) Stress (ksi) of SafetN

1 ( 0.2 2.4 1 -0.3 0 0.1 2.4 16 5.75
2 0 1.6 -1.6 -2 -0.3 0 -0.2 3.7 16 3.32
3 0 0.3 0 -2.7 0.3 0 -0.2 3.3 16 3.83
4 0 0 0.6 1.3 0 0 0.1 1.3 16 10.98
5 0 0.6 1.3 00 0.1 1.3 16 11.(02
6 0 ( 0.6 1.3 ) 0 0.1 1.3 16 11.02
7 0 0 0.6 1.3 0 ( 0.1 1.3 16 11.(02
8 0 () 0.6 0.7 0 0 0.1 0.7 16 22.64
9 180 0 0.5 0.3 -0(.1 0 0 0.5 16 33.63
10 180 -0.3 0.3 O.' 0.1 0 0 0.6 16 25.71
1I 0 0.3 -0. 1 0.2 0 0 0 (1.4 16 37.08
12 (, -0.1 -0.4 t) -0.1 0) 0 0.5 16 33.99
1 3 9 0 (1.3 0.2 0 () 0 0.3 J.2.8* 46L§
14 9( (.2 -0 2 0.2 -I). 1 (.2 () 0.6 16 23.81
15 9( 0 0 () () () 0 () 16 1025.99
16 O 0 0 ( ) () () 0 0 16 365.18

* Allowable stress includes a stress redduction ,factorjor weld: 0.8 x allowabss
Note: All of the allowable stress values presented in this table are based on SA240, ;_ 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 slight]v 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 Pm + Pb Stresses - Internal Pressure

Pm + Pb 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 1.9 5.9 0.2 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 1.3 0 0 0.1 1.4 24 16.74
5 0 0 0.7 1.3 0 0 0.1 1.4 24 16.73
6 0 0 0.7 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 0.1 0.9 0.5 -0.1 0 0 0.9 24 26.24
10 180 -0. 1.4 0.6 0 0 -0.1 1.5 24 14.58
11 0 0.2 -1 -0.1 0.1 0 0 1.2 24 19.74
1 0 -0.4 -0.8 -0.1 -0.2 0 0 0.7 24 34.13

13 180 -0.4 0 0 -0.1 0 0 0.4 19.2* §4.OQ
1 4 90 7.6 -0 .2 7.6 -0.1 0.2 0 7.8 24 2.06
15 9( -0.6 0 -0.6 0 0 0 0.6 24 40.86
16 81 0.3 0 0.3 0 0) 0.3 24 74.05

* Ailowable stress includes a stress reduction factor for weld. 0.8 x allowable,>sts-.
Note: All of the allowable stress values presented in this table are based on SA240. 'yp 304L
stainless steel at a temperature of 380°F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 3993F-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 Pm Stresses - 1-Foot Top End-Drop

Pm Stresses (ksi)

Angle of

Section Peak Stress Si Allowable Margin of

Location Location Sx Sv Sz Sxy Syz Sxz (ksi) Stress (ksi) Safety

1 0 -0. I -0.7 0.3 0 0 1.9 16 7.31

2 0 -1.3 1.2 1.8 0.3 0 0.2 3.2 16 4.04

3 0 -0.3 0 2.5 -0.2 0 0.2 3 16 4.38

4 144 0 -0.7 0 0 0 0 0.7 16 20.58

5 153 0 -(.9 0 0 0 0 0.9 16 16.18

6 162 0 -1.1 0 0 0 0 1.1 16 13.28

7 180 0 -1.3 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 -0.9 -0.2 0 0 0 1 16 15.82

10 144 -(.1 -(.9 -0.1 0 0 0.1 (.9 16 17.09

11 135 -0. 1 -(.9 -(.1 0) 0 0.1 (.9 16 17.3

12 144 0 -0.7 -0.1 0) 0 0 0.7 16 2 1.43

13 180 0 -0.7 -0.1 ) 0 0 0.7 12JV 11U

14 9( -0.2 0 -0. 2 0.1 -0. I O 0.4 16 44.06

15 144 0 -0.3 0 0 0 0 0.4 16 44.54

16 0 0 -0.4 0 0 0 0 0.4 16 40.07

*Allowabie stress includes a stress reduction factor forweld:_0.8 x'a-lwowa'b1
Note: All of the allowable stress values presented in this table are based on SA240, T 304L

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in

the central portion of the canister shell reach 3993F-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 2.6.12.4-5 PWR Canister Pm + Pb Stresses - I-Foot Top End-Drop

Pm + Pb 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 -1.4 -4.7 0.1 0 0 0.1 4.8 24 3.99

2 0 -0.6 9 4.3 0.7 0 0.4 9.8 24 1.45

3 0 -0.5 10.8 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. I 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 0.1 -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 00 0 1 24 22.45

11 135 -0.1 -1 -0.1 0 0 0.1 1 24 23.42

12 180 0 -0.7 -(.1 -0.1 0 0 0.7 24 31.5
13 180 0 -(.8 -0.1 0 0 0 0.7 Oa!- 264
14 90 -6.8 -0.1 -6.8 0.1 -0.1 0 6.7 24 2.57

15 81 0.1 -0.3 0.1 0 0 0 0.4 24 55.49

16 0 0 -0.4 0 0 0 0 (0.4 24 59.08

* Allowable sress includes a stress reduction actororwel: 0.1s.
Note: All of the allowable stress values presented in this table are based on SA240. y 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.
Howe\x er, this difference is negligible as discussed in Section 2.6.12.1.
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Table 2.6.12.4-6 PWR Canister Pm Stresses - 1-Foot Bottom End-Drop. Internal Pressure

Pm Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin

Location Location Sx Sv Sz Sxv SVz Sxz (ksi) Stress (ksi) of Safety
1 180 -0.6 0 0.1 0 0 0.6 16 24.4
2 180 0.3 -1.9 -0.3 0.1 0 0 2.2 16 6.24

3 18( 0.1 -1.9 -0.3 -0. 0 0 2 16 7.08
4 180 0 -1.7 1.3 0 0 -0.1 3 16 4.33

5 18(0 -1.5 1.3 0 0 -0.1 2.8 16 4.69
6 18(0 -1.3 1.3 0 0 -0.1 2.6 16 5.11
7 18( 0 -1.1 1.3 0 0 -0.1 2.4 16 5.58
8 18( 0 -0.7 0.7 0 -0. 1 1.4 16 10.31

9 18 -0. 1 -0.5 -0.4 -0.1 0 -0.1 0.4 16 36.52

10 180 0.4 -0.3 -0.2 -0.1 0 0 0.7 16 21.21

11 0 -0.5 (0.1 -0.2 0 0 0 0.6 16 2 7.29

1 99 -0.1 0.5 0.1 0 1 0 0.6 16 217.09

13 0 0 -0.5 -0.3 0 0 0.4

14 ().1 -0.4 0.1 0) 0 0 0.4 16 34.57

15 1(08 0 0 0 0 0 0 I 16 302.05

16 00 0 0 0 0 0.1 16 286.36

* Allowable stress includes a stress reduction factrfrd. 0.8 £jallowa
Note: All of the allowable stress values presented in this table are based on SA240. 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 slightlv 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 Pm + Pb Stresses - 1 Foot Bottom End-Drop, Internal

Pressure

Pm + Pb Stresses (ksi)

Angle of

Section Peak Stress Si Allowable Margin

Location Location Sx Sv Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety

1 180 0. -0.4 0.1 0.1 0 0 0.7 24 34.19

2 180 0.2 -3.4 -0.7 0.1 0 0.1 3.6 24 5.71

3 180 0.1 -3.3 -0.6 -0.1 0 0 3.3 24 6.16

4 0 0 -1.7 1.3 0 0 0.1 3 24 6.95

5 0 0 -1.5 1.3 0 0 0.1 2.8 24 7.5

6 0 0 -1.3 1.3 0 0 0.1 2.6 24 8.11

7 0 0 -1.1 1.3 0 0 0.1 2.4 24 8.82

8 27 0.2 -0.9 0.5 0 0 (.2 1.5 24 14.94

9 1(8 -0.5 -1.1 -0. I 0 0.1 0.1 1.1 24 21.15

10 99 -0.7 -1.6 0.1 0 0 0.1 1.8 24 12.44

11 0 -0.2 1.3 0.2 -0.1 0 0 1.5 24 14.78

12 99 (.2 ( 0.9 0.5 0 -0.2 0.1 0.8 24 29.14

I1 O ( ).5 0 0 -0.1 0 0 0.5 A d 240

14 0 0.1 -0.4 0.1 0 0 0 0.5 24 49.26

15 i 9( 0. 8 0 0. 8 0 0 0 0.8 24 28.0(7

16 0 -0.4 0 -0.4 0 0 O) 0.4 24 56.39

* Allowable stress includes a stress reduction factor for weld: 0.8 x a1lowabie'tress.
Note: All of the allowable stress values presented in this table are based on SA240, hype 304L

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in

the central portion of the canister shell reach 3993 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 I-Foot End-Drop
Load Condition

The thermal stress loads described in Section 2.6.12.3 are applied in conjunction with the
pnmary 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.
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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 2.6.12.5-4 + 7.47

+ Thermal (cold)

Bottom-End Drop P + Q 14 2.6.12.5-5 + 8.44

+ Thermal (hot)
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Table 2.6. 12.5-2 PWR Canister Pm + Pb + Q Stresses - 1-Foot Top End-Drop, Thermal Cold

Pnm + Pb + Q Stresses (ksi)

Section Angle of
Location Peak Stress Si Allowable Margin

Location Sx Sy Sz Sxy Syz Sxz (ksi) Stress (ksi) of Safety
1 90 1.3 -5.8 -1.8 0 0 0 7.2 47.9 5.67
2 45 3.4 10.6 3.4 0.4 -0.6 3.5 10.8 47.9 3.46

3 9 -0. 1 -10.9 0.8 -0.6 0 0.2 11.8 47.9 3.08
4 0 0 -1. 0 0 0 0 1.2 47.9 37.94
5 0 0 -2.1 0.6 0 -0.2 0 2.8 47.9 16.12
6 0 0 -2.3 0.2 0 0 0 2.5 47.9 18.39

7 0 0 -2.6 0 0 0 0 2.6 47.9 17.46
8 9 -0.2 -3.4 -0.3 0 . I 0 3.3 47.9 13.67
9 162 0.1 -3.1 -0.7 -(0.2 -0.1 0.3 3.3 47.9 13.63
It) 0 -01 -0.5 0.1 0 0 1.8 47.9 25.(05
11 171 0 -3.3 -0.8 0 0 0.1 3.3 47.9 13.51
12 0 0.4 -0.9 0.2 0 1.3 47.9 35.99

1 ( .2 -1 -0. 0 0 0 1.2 383! 35_93
14 0 -15.7 -1.8 -15.4 0.1 -1I 0.1 14 47.9 2.44
15 81 0.1 -0.3 0.1 0 0 0 0.4 47.9 116.3
16 0 0. i -0.5 0.1 0 0 0 0.6 47.9 85.61

* Allowable stress includes a stress reduction factor for weld: .exSallowa 8sltoreass
Note: All of the allowable stress values presented in this table are based on SA240. TYe~ 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 Pm + Pb + Q Stresses-I-Foot Top End-Drop, Thermal Heat

Pm, + Ph + 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 90 1.2 -5.9 -1.8 0 0 0 7.1 47.9 5.77

2 45 3.3 10.5 3.3 0.4 -0.6 3.5 10.8 47.9 3.44

3 9 -0. 1 -11 0.7 -0.6 0.1 0.1 11.8 47.9 3.08

4 0 0 -1.1 0 0 0 0 1.2 479 40.01

5 0) 0 -2 0.5 0 -0.2 0 2.5 47.9 17.84

6 0 -2. 1 0.2 0 0 0 2.3 47.9 20.04

7 0 0 2.4 0 0 0 0 2.4 47.9 19.03

8 9 -0.2 -3.2 -0.3 0 0.1 0 3 47.9 14.85

9 162 (0 1 -3 -0.7 -0. 1 -0. 1 0.3 3.2 47.9 14.01

10( 162 -0.3 -2 -0.5 -0 2 -0.1 .( 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 -0.9 -0. 1 0.2 0 0 1.2 47.9 37.66

13 0.2 -0(.9 -0. I 0 0 1.1 _8.32* 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 -0.3 0.1 0 0 0.4 47.9 116.41

16 0 0.1 -0.5 0.1 0 0 0 0.5 47.9 8774

* 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 3990F-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 2.6.12.5-4 PWR Canister Pm + Pb + Q Stresses -1-Foot Bottom End-Drop, Thermal

Cold

Pm + Pb + Q Stresses (ksi)

Angle of
Section Peak Stress SI Allowable Margin of

Location Location Sx Sy Sz Sxv SVz Sxz (ksi) Stress (ksi) SafetN

1 9 0.1 -2.1 1.2 -0.3 0.1 0.2 3.4 47.9 13.23
2 9 -0.3 4.5 0.3 -0. I (. I 0.1 4.8 47.9 9.04

3 9 -0.1 -4 0.6 0 ).1 0.1 4.6 47.9 9.38

4 0 0 -3.2 0 0 0 0 3.2 47.9 14.02

5 0) 0 -3.5 0.6 -0.2 0 4.1 47.9 10.6
6 ( 0 -3 0.2 0 0.1 0 3.2 47.9 13.91

7 0 0 -2.6 0 0 0 ( 2.7 47.9 17.02

8 9 -0.2 -2.7 -0(2 0 0.2 0 2.6 47.9 17.55

9 162 -0.2 -3.3 -1.4 0.1 0).1 0.4 3.3 47.9 13.69

10 0 ().4 -3.9 -1.5 0 0.1 -0.1 4.3 47.9 10.22

11 1) -0.5 2.7 0.7 -0.1 0(.1 0(. 1 3.2 47.9 13.86

12 18 1.1 1.7 0.3 0.4 0.1 -0.1 1.6 47.9 28.65

13 0 -1.4 -2 -1 0.3 () 0 1.2 8*3R* &.=9
14 ( -11.2 -5.5 -10.9 ) (.1 0.1 5.7 47.9 7.47

15 8 1 1.7 () 1.4 ( () 1.7 47.9 27.66

16 7 -7 ( -0.6 0 ( 0 (.7 47.9 68.32

* Allowable stress includes a stre'ssreduction factor for weld: xa a

Note: All of the allowable stress values presented in this table are based on SA240. >fyI 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 Pm + Pb + Q Stresses - 1-Foot Bottom End-Drop. Thermal

Heat

Pm + Pb + 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 -0.3 0.1 0.2 3.1 47.9 14.36

1 9 -0.3 -4.5 0.1 -0.1 0.1 0.1 4.6 47.9 9.45

3 9 -(.1 -4 0.4 0 0.1 0.1 4.4 47.9 9.79

4 0 0 -3.1 0 0 0 0 3.1 47.9 14.64

5 0 0 -3.3 0.6 0 -0.2 0 3.9 47.9 11.41

6 0 0 -2. 8 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 -(0.2 -2.6 -0.2 0 0.2 0 2.4 47.9 18.74

9 161 -0.2 -3.2 -1.3 0.1 0.1 0.4 3.1 47.9 14.46

1 ( 162 0 -3.8 -1.4 -0.1 0.1 0.5 4 47.9 10.93

11 9 -0.5 2.5 0.5 -0.1 0.1 0) 1 3.1 47.9 14.68

12 162 0.6 1.9 0.2 -0.4 0 0.1 1.8 47.9 25.24

1 0( 1 -0.2 (.2 -0.1 0 -0.1 1.2 8.32& =93

14 0 -1( -4.9 -9.7 0 0.1 0 5.1 47.9 8.44

15 72 1.7 0 1.4 0 0 0 1.6 47.9 28.14

16 72 -(.7 -0.1 -0.6 0 0 0 0.7 47.9 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, 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 3990F-resultinc 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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2.6.12.6 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 is 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 25-psic pressure is applied to the inner

surface of the canister.

Analyses of the canister are performed for basket orientations of 0° and 450, The angles describe

the orientation of the basket elements with respect to the symmetry plane of the model. A value

of OG orients the ligaments in the basket elements parallel and perpendicular to the symmetry

plane, a value of 45' 0orients the basket ligaments at +/- 45^ from the symmetry plane. To assess

the impact 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 III, Paragraph NB-32 1 3. 10, a stressed region may be considered local if the distance over
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which the membrane stress intensity exceeds 1.1 Sm 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 Sm. 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
Pm and Pm + Ph stresses.

Results are calculated for 1-ft side-drop with internal pressure both the 0° and 450 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 + Pm + Pb 12 2.6.12.6-3 + 0.02

Pressure
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Table 2.6.12.6-2 PWR Canister: Pm Stresses - 1 Foot Side-Drop

Pm Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin of

Location Location Sx Sy Sz Sxv SNz Sxz (ksi) Stress (ksi) SafetN
1 0 -14.7 -0.2 -5.2 -0.4 -0.1 - 14.9 16 0.07

2 0 -13 -0.8 -6.4 -0.8 -0.4 -1.2 12.5 16 0.28

3 0 -3.8 -0.6 -3.3 -0.3 -0.6 -1.3 4.5 16 2.55

4 81 0 -0.2 0 0.8 0.1 ) 1. 5 16 9.39

5 9 -0.7 0.9 0.2 0 0 0.2 1.6 16 9.23

6 9 -0.7 1 0.2 0 0 0.2 1.7 16 8.19

7 9 -0.8 1.1 0.3 0 -0.1 0.2 2 16 7.18

8 0 -0.7 2.5 -1. 1 -0.1 0.5 -0. 1 3.7 16 3.34

9 9 -0.4 2.6 -2.1 0.05 1.3 -1.0 5.8 16 1.76

10 9 1.5 1.7 -2.1 -0.3 1.0 -0.6 4.6 16 2.48

11 9 3.7 1.8 -1.2 0.7 1.2 -1.6 6.4 16 1.5

1 -_24.4 -5.4 -6.7 -4.5 1.2 - 1 21.7 LL
12 9 -0.5 -0.1 -3.5 0.1 0.6 -1.9 4.9 16 2.27

13* 0-7.5 -11.66 -3.42 4.02 0.05 l.1 -2.33 9.99 828**A

1(4 -0.9 -0. 0.3 0) 0 0 1. 16 11.92

15 0 -0.3 0 0.1 0 0 0 0.4 16 35.79

16 0 -0.5 0.1 0.2 0 0 0 0.7 16 22.61

* Stress evaluated over weld compression region

**Allowable stress includes a stress reduction factor for weld: 08 x al
*** Stresses treated as a localImembrane tress. Allowable forris S155 5SB
ksi for PL and PL =.PB

Note: All of the allowable stress values presented in this table are based on SA240, ye 304L

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in

the central portion of the canister shell reach 3990 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 Pm + Ph Stresses - 1-Foot Side-Drop, Internal Pressure

Pm + Ph Stresses (ksi)
Angle of

Section Peak Stress SI Allowable Margin of
Location Location Sx Sy Sz Sxv Syz Sxz (ksi) Stress (ksi) Safety

1 0 -23 -0.9 -7.6 0.6 0 -2 22.5 24 0.07
2 18 0.5 -127 -3.1 -0.2 0.2 -1.5 13.7 24 0.74
3 27 -0.6 -1 2.5 4.6 0.1 -0.6 -2 3 13 24 0.85
4 9 -0.8 1.9 3.9 0 (0 1 0.7 4.8 24 3.95
5 9 -0.6 2.3 3.7 0) 0 0.7 4.5 24 4.3
6 9 -0.6 2.4 3.7 0 -0.1 0.7 4.5 24 4.33
7 9 -0.7 2.4 3.7 0 -0.1 0.7 4.7 24 4.12
8 0 -0.4 2.7 -2.4 -(.2 0.4 -0.2 5.1 24 3.66
9 9 1.2 6.3 -0.4 -0. 1.5 0.1 7.4 24 2.24
1 0 O-18,9 ~-2 45 E S Y 'A 24 -2I
11 9 4.0 0.9 -1.4 0.8 1.3 2.7 8.2 24 1.93
12* ( -2S.6 -66 -8.' -4.3 1.5 -0.7 24.5 25 0(0(2

13* 0-7.9 -16.65 -6.26 76.48 -0.11 1.66 4.98 12.49 2( _______

14 90 -(.8 0 0.4 0 0 0 1.2 24 18 27
15 9( -(06 0 -02 0 0 0 0.6 24 39.77
16 0 1-04 0 03 0 0 0 0.7 24 33.98
The peak temperature as calcula_ S;ect,

There the allowable stress for T ',3,,0n4L) s taIr ess steel is k$(,)_7^: 2, )
8* The peak temperature as calculated in Section 3.4 is 2650 F in the region of Sections 12 and 13.

There the allowtable stress for 304L stainless steel is 1.5 (16.7) = 25.05 ksi. 5
Weld compressing region.

Allowable stress includes ajstressreductioin factor for weld: -a8_x -iowaieths

Note: All of the allowable stress values presented in this table are based on SA240, ; 304L
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 3990 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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2.6.12.7 Stress Evaluation of PWR Canister for Combined Therma] 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 m,
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 Sm is 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 + Pm + Pb + Q 9 2.6.12.7-2 + 0.41

Thermal (cold)

SideDrop+ Pm+Ph+Q 9 2.6.12.7-3 +0.59

Thermal (hot)
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Table 2.6.12.7-2 PWR Canister Pm + Pb + Q Stresses - 1-Foot Side Drop, Thermal Cold

Pm + Ph + Q Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin of

Location Location Sx Sy Sz SxV Syz Sxz (ksi) Stress (ksi) Safety
1 0 -15.3 -0.4 -4 -0. 0.1 -1.7 15.1 47.9 2.17

-1.7 -0.2 -2.2 -1.2 -0.4 -1.7 12.1 47.9 2.97
3 27 0.7 5.2 1.3 1.2 1.6 1.2 6.4 47.9 6.46
4 0 -0.4 1.1 2.9 0 -0.1 0.6 3.5 47.9 12.73
5 45 -1.2 1.5 -1.2 -0.4 -0.4 -1.3 4.2 47.9 10.41
6 45 -1 1.2 -1.1 0.3 0.3 -1.2 3.5 47.9 12.51
7 0 -0.4 1.1 2.6 0 0 0.5 3.1 47.9 14.33
8 0 0 2.7 -1.5 -0.1 0.6 -0.1 4.3 47.9 10.04

9 0 - 6. 6 6.9 -9.1 -2. 1 1.7 .2 34 47.9 0.41
10( 0 -18.8 -2.6 -5 4.5 0.9 -1.1 18.9 47.9 1.54
11 0 -26.3 3.3 -8.7 -0.3 1.8 -0.1 29.9 47.9 0.6
12 0 -26.4 -4.8 -7.9 -3.7 1.7 -0.6 23.5 47.9 1.04
13 0 3. 5 -9.8 -10.6 -1.2 2 -1.4 24.5 38.32R* pA.5
14 18( -9.3 -2.5 -7.6 0.1 1.2 -0.1 7 47.9 5.8
15 0 -0.7 0 -0.1 0 0 () 0.7 47.9 69.76
I6 0 -0.6 0.1 0.1 0 0 ( 0.7 47.9 63.87

* Allowable stress includes a stress onfator for we:0 aowable
Note: All of the allowable stress values presented in this table are based on SA240, Typ 304L
stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 3990F-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 Pm + Pb + Q Stresses - 1-Foot Side-Drop, Therma] Heat

Pm + Pb + Q Stresses (ksi)

Angle of

Section Peak Stress SI Allowable Margin of
Location Location Sx Sy Sz Sxv Syz Sxz (ksi) Stress (ksi) Safetv

0 -13.4 -0.3 -3.8 -0. 1 0.1 -1.4 13.2 47.9 2. 62
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 47.9 7.65

4 0 -0.4 0.8 2.4 0 -0.1 0.5 3 47.9 15.13
5 45 -1 1. -1.1 -0.4 -0.4 -1.2 3.6 47.9 12.17

6 45 -0.9 1.1 -0.9 0.3 0.3 -1 3.1 47.9 14.39

7 0 -0.4 1 2.1 0 0.4 2.7 47.9 16.98
8 0 0 2.6 -1- -0.1 0.5 -(.1 4 47.9 11.(0
9 2 -23.3 6.4 -8. -1.8 1.4 0.3 30.1 47.9 0.59

10 0 -16_5 -2 1 4.8 -3.9 (.8 -0.8 16.6 47.9 1.88

1 1 0 2 -28 3.2 -7.8 -0.2 1.5 0 26. 1 47.9 0.83

12 -23.3 -4.1 -7.4 -3. 2 1.5 -0.4 20.8 47.9 1.31

13 0 -2S.2 -8.5 -9.6 -1 1.6 -1.1 1 1 8.32*
14 18( -8.8 -1.6 -7.1 0.1 (.8 -(0 1 7.4 47.9 5.51

15 -0.6 0 0.1 0 0 0 0.7 47.9 69.62

16 0 -0.7 0 -0.1 0 0 0 0.8 47.9 61.85

* Allowable stress includes a stress reduction factor for wel O. Qa11owabl.smss.
Note: All of the allowable stress values presented in this table are based on SA240. j 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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2.6.12.8 Stress Evaluation of PWR Canister for 1-Foot Corner-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 ASMIE 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 Pm and Pm + Ph 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 9.6. l .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 PM 9 2.6.12.8-2 + 0.08

+ Pressure

Top Comer Drop Pm + Pb 2.6.12.8-3 + 0.02

Inertia

Bottom Corner Pm 9 2.6.12.8-4

Drop + Pressure

Bottom Corner Pm + Pb 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 Pm Stresses 1-Foot Top Corner-Drop, Internal Pressure

Pm Stresses (ksi)

Angle of

Section Peak Stress Si Allowable Margin

Location Location Sx Sv Sz SxV S'z Sxz (ksi) Stress (ksi) of Safety

1 0 -5.9 0.3 -1.7 0.2 -0.1 -0.8 6.4 16 1.5

2 0 -1.6 0.3 -1.5 -0.1 -0.3 -0.4 2.4 16 5.75

3 0 -0.5 0.5 -(.9 0.2 -0.3 -0.3 1.7 16 8.18

4 0 -1.2 -0.1 1.5 0 0 0 2.7 16 4.89

5 0 -1.2 -0.)2 1.4 0 0 0 2.6 16 5.14

6 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 4.91

S 45 0.4 -0.8 0.3 -0.4 -0.4 0.4 1.9 16 7.39

9 0 -16.1 -2 -4.4 -1.8 0.5 -0.4 14.7 16 0.08

I) (0 -11.1 4.3 -3.3 -1.9 0.2 -0.8 8.6 16 0.86

11 0 -15.1 -6.6 -5.4 -0.7 0.4 -0.4 9.9 16 0.61

1 0 -14.1 -6.2 -3.3 -2.9 0.2' -1 12 16 0.33

13 0 - 13.2 -8 -4 -0.8 0.2 -1 9.5 12.8* 0.35

14 f 0 -0.2 (0.2 0 0 ( ) 0.4 16 37.89

15 171 -(.1 -0.3 0 0 0.4 16 40.38

16 l -0.2 -0.4 0. 0 0 0 0.5 16 34.04

* 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 3800F unless otherwise stated. Localized peak temperatures in

the central portion of the canister shell reach 3990F-resulting in slightly lower allowable stress

alues and subsequently slightly loweor 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 Pm + Pb Stresses - I -Foot Top Corner-Drop

Pm + Pb Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin

Location Location Sx Sv Sz Sxy Syzafety

1 0 -15.3 -6.5 4.5 -3.9 -0.2 -1 12.4 24 0.93
2 0 -19.4 3.9 -4.4 -0.7 1.2 -0.1 23. 5 24 0.02
3 180 -0.5 9.9 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
5 ( -1.4 -0.1 2.4 0 0 0.1 3.8 24 5.37
6 -1.4 -0.4 2.4 0 0 0. 1 3.8 24 5.35
7 0 -1.4 -0.7 2.5 0 -. 1 0. 1 3.9 24 5.09
8 36 0.1 -1.4 0.1 -0.4 -0.7 0.1 2.2 24 9.92
9 0 -16.9 0.2 -5.4 -1.3 0.5 -0.2 17.3 24 0.38
10 () -11.9 -5.7 -2.9 -3.4 0.1 -1.1 10.9 24 1.21
1 0 -17 -8.9 -5.6 -1.2 0.5 -0.7 11.8 24 1.03
12 -15.4 -6.1 -3.7 -2.4 0.4 -0.9 12.6 24 0.91
13 () -15.7 -1 0.2 -5.4 -1.4 0.4 -1 10.8 W.2
14 9( -6.4 -0. 1 -5.9 0) 1 -0.1 0 6.3 24 2. 78
15 81 0 -0.3 . I 0 O 0 0.4 24 54.38
16 0 -0.2 -0.3 0 0 0 0.4 24 53.04

* Allowable stress includes a stress reduction factor for wed, 0.,8.x alo
Note: All of the allowable stress values presented in this table are based on SA240, T" 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 ( 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 Pm Stresses - 1-Foot Bottom Corner-Drop

Pm Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin

Location Location Sx Sv Sz SxV Syz Sxz (ksi) Stress (ksi) of Safety

I 0 :7 ;.9 z2_4 I 3 0 16 L6
2 18 0.6 -3,3 0.,6 P1 -01 i.05 16

3 1 8 0 a.3.1 a_.9 O.1 ZQ 2 304 . 1 6
4 0 -1.2 I 2.3 p.2 0 0 Q.1 2. 16

5 180 0 :2.2 rd 0 0 0 .3- 16
6 180 0 .2.2 O.Bl 0 0 Z S 16

7 :180 P :4,9 401 0 0 0 L:2 16
8 45 0.1 1J 0 -0.3 rO.3 0 1.5 16
9 0 -15 0.2 4.5 -1.4 0.9 -03 156 16
1( 0 7.5 -0°4 ;.5 -1.4 0.7 -0.7 2 16

;1_i_*_* PO ,17.6 4.l :5.1 _: 0, 13 1I.W _

11 9 2.9 J.3 . p.3 p.6 4.0 41 16 A
1 0 -11.7 -2 .7 :2..8 z2 0.6 -0. 8 10.5 16
13 0 11.8 :3.4 :3.1 0.1 0.8 -1.2 . P s*__
14 0 -0.4 :0.3 0 2 0 0 0 0.5 16
15 0 -0.1 0 0.1 0 0 0 0.2 16
16 0 -0.3 0 0 0 0 0 0.3 16 50.45

* Allowable stress includes astress factorrforeweld: O.n x al-orwed
** Stresses treated as local membrane stress. A1Iowable fonrm drsis15 '3s

for PL and. PL + PB-

Note: All of the allowable stress values presented in this table are based on SA240, y 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.

2.6-181



SAR - UMSOR Universal Transport Cask

Docket No. 71-9270

May 2000

Revision UMST-OOA

Table 2.6.12.8-5 PWR Canister Pm + Ph Stresses - 1-Foot Bottom Corner-Drop

Pm, + Pb Stresses (ksi)

Angle of
Section Peak Stress SI Allowable Margin of

Location Location Sx Sv Sz SxV SVz Sxz (ksi) Stress (ksi) Safetv
1 0 -7.5 -0.8 -2.5 0.3 0.1 -1 7 24 2. 44
2 18 -02) -6.9 -1.4 -0. 1 0 -0.5 6.9 24 2.46
3 18 -0.3 -6.1 -1.3 0.)2 0 -0.5 6 24 3. 02
4 0 -1.4 -1.9 2.5 0 0 01 4.4 24 4.39
5 0 -1.3 -1.4 2.4 0 0 1 3.9 24 5.21
6 0 -1.3 -1.1 2.4 0 0 0.1 3.7 24 5.4
7 0 -1.4 -0.8 2.4 0 0 (.1 3.8 24 5.27
8 18 0.3 -1. 1 -0.9 0.3 0.4 -0.4 2 24 11.1
9 0 -15.2 2. 9 -5 -1.2 0.9 -0. 1 18.3 24 0.31
10 -7.9 -0.8 -1.5 -2.3 0.5 -0.9 8.9 24 1.7
11 -15.9 2.9 -4.4 -0.1 1 0 18.9 24 0.26
1'2 -14.6 -3.7 -3.9 -1.8 0.8 -0.7 1 2.2 24 0.96
13 ( -18 -6.8 -5.9 -0.21 1.1 -(.9 13 i9,.2! 0.48
14 0 -0.4 -0.3 (.2 0 0 0 .5 24 43.89
15 72 1.3 0 1.4 0 0 0 1.4 24 15.9
16 18 -(.9 0 -0.6 0 0 0 0.9 24 25.01

* Allowable stress includes a stres reduction factrp.yI. Qe.8
Note: All of the allowable stress values presented in this table are based on SA240, TSjL 304L
stainless steel at a temperature of 380cF unless otherwise stated. Localized peak temperatures in
the central portion of the canister shell reach 3992 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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2.6.1'.9 Stress Evaluation of PWR Canister for Combined Thermal and 1-Foot Comer-

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 comer impact

loading. The stress evaluation is 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 Sm 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 comer-drop with

thermal results for the conditions that result in the minimum margins of safety. The stress

intensity criterion of 3.0 Sm is satisfied. The margins of safety are calculated as:

MS = (allowable stress/SI)-1.
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Table 2.6.12.9-1 PWR Canister Critical Sections for the Combined 1 -Foot Corner Drop and

Thermal Load Condition

Critical Minimum Margin
Condition Stress Section Table of Safetv

Top Comer Drop + Pm + Pb + Q 2 2.6.12.9-2 + 1.14

Thermal (cold)

Top Comer Drop + Pn + Ph + Q 2 2.6.12.9-3 + 1.24

Thermal (hot)

Bottom Comer Drop

+ Pressure + Thermal Pm + Ph + Q 9 2.6.12.9-4

(cold)

Bottom Comer Drop

+ Pressure Pm + Pb + Q 9 2.6.12.9-5 +1.37

+ Thermal (hot)
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Table 2.6.12.9-2 PWR Canister Pm + Pb + Q Stresses - 1-Foot Top Corner-Drop, Thermal

Cold

Pm + Pb + Q Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin of

Location Location Sx Sv Sz SxV Svz Sxz (ksi) Stress (ksi) Safetv
0 -19.5 -7.1 -4.4 -3.7 -0.2 -1 16.3 47.9 1.95

2 0 -19.9 2.3 -3.3 -0.6 1.2 -0.3 22.4 47.9 1.14
3 126 0.4 -10.3 0.3 0.7 0.1 -0.5 11.2 47.9 3.3

4 0 -1.4 -0.6 2.4 0 -0.1 0 3.7 47.9 11.79

5 0 -0.8 -2.9 1.7 0 -0.4 -0.2 4.8 47.9 9.08
6 0 -1.1 -1.9 2.1 0 0.2 -0.2 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 -0.4 0 0.2 0 3.5 47.9 12.78

9 0 -12.6 0.1 -3.8 -1.1 0.5 -0.2 12.9 47.9 2.71

10 0 -10 -4.8 -2.4 -2.5 0.1 -1 9 47.9 4.35
11 0 -11.8 -6.9 -3. 9 -0.9 0.4 -0.6 8.2 47.9 4.85

12 0 -11.8 -4.2 -2.8 -1.9 0.4 -0.7 9.8 47.9 3.87

13 () -11.8 -6.9 -3.9 -0.9 0.4 -0.6 8.2 M-m DO
14 0 -15.3 -1.8 -14.4 0 -1 0 13.6 47.9 2.52
15 81 -. 1 -0).3 0.1 0 0 0 0.4 47.9 116.04
16 0 -. 1 -0.4 0.1 0 0 0 0.6 47.9 82.56

* Allowable stress includes a stress reduction fact'or-,forweld 0.8_ id'
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 3990 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 Pm + Ph + Q Stresses - 1-Foot Top Corner-Drop, Thermal

Heat

Pm + Pb + 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 -18.3 -6.7 -4.4 -3.4 -0.2 -0.9 14.9 47.9 '

2 0 -18.7 2.5 -3.1 -0.7 1 -0.3 21.4 47.9 1.24

3 126 0.4 -10.2 0.2 0.7 0.1 -0.4 11 47.9 3.35
4 0 -1.1 -0.5 2 0 -0. I 0.1 3.1 47.9 14.7
5 -0.5 -2'4 1.7 0 -0.3 (.1 4.2 47.9 10.38

6 0 -0.6 -1.5 2.1 I 0 0.2 0.3 3.7 47.9 12.08

7 180 0 -2.9 0 0 0 0 2.9 47.9 15.69

8 171 -0.1 -3 6 -0.4 0 0.2 0 3.5 47.9 12.78
9 0 -12.8 0.4 -3.8 -1.1 0.5 -(0.2 13.5 47.9 2.56

10 0 -0.2 -4.8 -2. 4 -2.6 (. I -1 9.1 47.9 4.27

1 I -1 -6.9 -4 -1 0.4 -0.6 8.4 47.9 4.73

12 0 -11.9 -4.1 -2.8 -2.1 0.4 -0.7 10 47.9 3.81

13 0) -12 6.9 -4 -1 0.4 -0.6 8.4 5&52*
14 0 -14.5 -1.6 -13.6 0.1 -0.9 0 13 47.9 2.69

15 9() -(. 1 -0.3 0.1 0 () 0 0.4 47.9 1 6.24

16 0 -0).1 -0.4 0.1 0 0 0 0.6 47.9 84.45

* Allowable stress includes a stress c fctroi eld: 0.8, 'al1owable
Note: All of the allowable stress values presented in this table are based on SA240, yE 304L

stainless steel at a temperature of 380'F unless otherwise stated. Localized peak temperatures in

the central portion of the canister shell reach 3990 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 2.6.12.9-4 PWR Canister Pm + Pb + Q Stresses - 1-Foot Bottom Corner-Drop, Internal

Pressure, Thermal Cold

l

-Pm + Pb + Q Stresses (ksi)
l

I

Section

Location

Angle of
Peak Stress

Location S

Si

(ksi)

Allowable

Stress (ksi)

Margin

of SafetySx Sy SZ Sxv SVZ SxZ
I ¶ 4.

I 0 0.1 �6.3 
47.9 Q

l 0o -6.3 beA9 0.1 Q 47.9

2 27 -0.2 5 2 .1 O.8 >.2 47.9

27 -0.2 -5.1 -. 3 0 .3 A .2 47.9
4 . . . . . 2.8 0 0 L0.2 4 47.9

5 0 ' :1.1 2.8 0 0 Q.2 47.9

6 0 -0.9 -0.8 2.8 0 0 .72 47.9
7 0 0.9 0.6 .8 0.2 0 0.2 47.9

8 0 -0.6 0.2 2 1.1 0.4 X 47.9

9 0 -14.3 2.2 ; 5 L P. .. 2 16.7 47.9

1 0 0 9 4!!5a 7 2.2 Q0. I 2 47.9

11 0 14.2 1.1 ,. -0.2 1.9 -0 1 15.4 47.9

1 0 -13.6 .2.93 85 ,1, 2 -0.7 110 47.9
13 0 -17.3 ,5.6 , ,0.5 1. -0.8 12.9 38.32
14 0 -0.3 0.4 0.2 0 0 Q.6 47.9
15 81 0.7 0 0.9 0 0 0 0.9 47.9

16 45 -0.6 -0.1 -0.4 0 0 0 0.6 47.9

* Allowable stress includes a stres~sre for we d: 0.8 x all abx Ts
Note: All of the allowable stress values presented in this table are based on SA240, TX 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 0F-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 Pmr+ Pb + Q Stresses - 1 -Foot Bottom Comer-Drop, Internal

Pressure, Thermal Heat

Pm + PI, + Q Stresses (ksi)

Angle of
Section Peak Stress Si Allowable Margin

Location Location Sx Sy Sz SxV SVz Sxz (ksi) Stress (ksi) of Safetv

1 0 -2.1 0 1.3 0 0.1 -0.1 3.5 47.9 12.79

2 162 0.1 -5.1 0.3 0.1 0 -0.1 5.4 47.9 7.87

3 162 0.1 -4.9 0.4 0 -0.1 -0.1 5.3 47.9 8.12
4 18( 0 -3.7 1.2 0 0 -0.1 4.9 47.9 8.76

5 18( 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(.9 -0.6 3.2 0 -0. 0.3 4.1 47.9 10.82
8 0 -0.6 0.8 2 -0.1 0.6 0.3 2.9 47.9 15.7

9 0 -17 2.9 -5.3 -1.3 1.2 -0.3 20.2 47.9 1.37
10 ( -11.5 -1.9 -2.4 -2.7 0.6 -1.2 11.6 47.9 3.13
11 0 -16.7 1.4 -5.5 -0.2 1.1 -0.2 18.4 47.9 1.61
12 0 -16 -3.2 4 -2.2 1 -0.9 14.3 47.9 2.36

13 0 2 -0. 5 -6.3 -6.5 -0.7 1.3 -1 15.6 HZ LO
14 ) -1( -4.9 -9.7 0 (.1 0 5.1 47.9 8.33

15 9( (.8 0 1 0 0 1 47.9 47.69

16 '7 -0.6 -0.1 -0.3 0 0 0.6 47.9 79.93

* Allowable stress includes as' s r c 0.8x eIdQW'bx
Note: All of the allowable stress values presented in this table are based on SA240, Typ 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 safetx for sections 5 and (6 than those

presented in the tablc. However, this difference is negligible as discussed in Section 2.6.12.1.
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2.6.12.10 Shear Stresses for I -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 Sm
per the ASME Code. Section HII Subsection NB-32-27.2 for pure shear loading. The maximum
canister shell temperature is 3990 F and the margin of safety for pure shear is

MS = 0.6 x 15.8 / 0.9-1 = 9.53

2.6.12.11 Canister Bearing Stresses for I -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
conservativelv bounding value of the average bearing stress. The maximum canister plus
contents mass is for the BWR Class 5 with a weight of L75,8~9 lb. For contact of the canister wall
with the inner shell over an 180 arc (conservatv), the projected bearing width is 10.54 in. The
length of the shortest canister is P175.25 in. (PWR Class 1). The average bearing stress is

Beann7 Stress lb x 2Og/JT5.Z5 in. x 10.54 in.) 822 psi

Based on a yield strength of 17.5 ksi at 400'F, the margin of safety is

MS = (17.5 / 0.822) -I = + 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 00 to 90, (2) area between the structural lid weld and shield lid weld from

OQ to 90, and (3) area below shield lid weld between 00 and 9°.
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In order to calculate the beanrng 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 1: -45,373 lb PWR Side Drop with no Internal Pressure

Region 2: -43.935 lb PWR Side Drop With Internal Pressure

Region 3: -78.640 lb BWR Side Drop with Internal Pressure

Gaps at both 0c and 9C are closed. Gaps at angular locations greater than 90 remain open in the

regions of interest. The projected width conservatively based on 9° contact is 5.27 for the three

reions. Region I has a length equal to the weld thickness (0.88 in.), Region 2 has a length of (3

- 0.88) 2.12 in.. and Re2ion 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 . 12) = 3.932 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 2660 F for the PWR canister

(see Section 3.4). The vield strength is 19,950 psi based on this temperature for 304L stainless

steel. The margins of safety for each region are presented below.

Region 1: 19.950/9.784- 1 = 1.04
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Region 2: 19.950 / 3.9 18 - 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: 1.5 x 19.950 / 29.844 - 1 = 0.0026

2.6.12.12 Canister Bucklina 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 canister analysis ; 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

2.6.12.12-1.

The maximum stress components used in the evaluation and the buckling

the top- and bottom-end drop cases are provided in Table 2.6.12.12-2.

buckling analysis show that all interaction equation ratios are less than

buckling crtena of Code Case N-284-1 are satisfied. thus demonstrating

PWR canister does not occur.

presented in Table

interaction ratios for

The results of the

1.0. Therefore. the

that buckling of the
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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

(Rt) 0.5  4.56

Overall Length (in) 191.95

Bottom Thickness (in) 1.75

Structural Lid Thickness (in) 3.0

Lo= Length used in evaluation (in)* 187.2

in = 27iR = circumference (in) 208.7

v = Poisson's Ratio 0.275

L= Overall canister length - Bottom thickness - Structural lid thickness.
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Tablc 2.'6.12. 12-2 Buckling EvaILuIati on ReSults tfO the PWR Canis ter for I-Foot End Drop

Longitudinal Circumferential In-plane Elastic Buckling Plastic Buckling

(Axial) Stress* (Hoop) Stress* Shear Stress Interaction Equations Interaction Elquations

Load Condition S, (psi) S, (psi) Scs (psi) Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8

I-Ft Top End Dtrop 2400 30(0 400 .009 .077 .066 .009 .077 .065 .077 .066

I-Ft Bottom End l)rop 36000 600 1 300 .063 .115 .131 .064 .115 .131 .115 .131

Component stresses include thermal stresses.

* Compressive stresses
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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

oblique drops. 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.

kThe PWR fuel _ is evlaejf~_noml _rnpr lodmg~sscio~dd~~~
drop, oblique.dpon a oj 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

-Fuel Tube
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Figure 2.6.13-2 Support Disk Cross Section Configuration

Note:

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 Analysis 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 ASMIE Code,
Section HII. Division 1. 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 Sm and 1.5Sm. respectively. The value of Sm 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. For th)e'nd~kio, the fuel basket
components are loaded by their own inertial weight and do not experience load from the guided
but freestanding fuel assemblies. Various'ask~d rop angles 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.

2.6.13.2 Finite Element Model Description - PWR Basket

Two finite element models are ,generated to .analyze ,,heqPWR, fuel baskejorjherinal
operating conditions: one for the, e'nd-drop hich thelo4adsare perped t,2
the disk, and one for the side-drop, in which the loads act in-theplaneof the disk.paBoth model
accommodate thermal expansion effects ing the temperature distrib ton from the therma

analysis and the coefficient of thermal .expansion.Q*Off-angie (4))drpp results zarecalcul0ated
based on the component stresses froI the end and side dropvevaluation.
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