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) General Information

This report precents the structural and thermal analyses of the
NAC-1 spent fuel shipping cask. The analyses show the cask
design meets the requirements set forth in Part 71 of Title 10,
Chapter 1 of the Code of Federal Regulations.

The NAC-1 cask is designed to transpcrt a large variety of fuel
assemblies or non fuel bearing components. Jalient features of
the cask include a lead shield to attenuate gamma rays and an
integral water filled shield to attenuate neutron emissions. The
inner and outer surfaces are stainless steel so that it can be
readily decontaminated following lcading. The cask is normally
partially filled with water during shipment or it can be drained
for dry shipments.

A review of the characteristics of tais cask design with respect
to conformance to current licensing requirements has dictated a
revised impact limiter design. This will assure that the cask can

e shown by conservative analysis to survive the hypothetical
accident.

The modifications to the NAC-1l cask consist of reviseA removable
impact limiters, revised protaction for the valves and alteced
configuration of the bottom end of the cask. The details of the
cask design and all of the pertinent dimensions of the modified
cask are presented in the accompanying drawings entitled
"SHIPPING CASK =~ SPENT FUEL, NFS-4 &§ NAC-1" and numbered
301-211-F1 revision 0 sheets 1 thru 5 (Reference l1.l).

This report dccuments the structural and thermal analyses of the
modified NAC-1 cask. The criticality analysis and shielding
analysis are not effected by the revision to the impact limiters
and remain as documented in the Safsty Analysis Report for the
NFS-4 and NAC-]l spent fuel shipping cask (Reference 1.2).
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The structural analyses presented in Section 2., conclusively
demonstrate the ability of the NAC-] cask to endure the rigors of
norimal transport and the hypothetical accidert without buckling
or exceeding any of the stress limitations that are identified in
L0CFR71 or Regulatory Guide 7.6.

Included in the analyses was a determination that deviations of
the inner shell from a perfect right circular cylinder of up to
10% ovality over most of the length and up to 2% ovality at the
ends are tolerable without impacting the casks capability to
meet the requirements of 10CRF71 and regulatory
guide 7.6. Additionally, the analyses demonstrated that
there is no identifiable constraint on the bow or nonlinearity of
the inner shell of the casks that would impact their cap-
ability to meet all of the requirements for licensed transport.
Consequently, the drawings of the cask that are a part of the
Safety Analysis Report have been modified to show a surface
straightness tolerance of 0.75 inches.

A summary of the cavity measurements for all five casks is
presented in Table 1-1 along with the limitations on ovality and
bow that result from the analyses that are presented in this
report.
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Table 1-1. Measured Ovality and Bow of NAC-1 Cask Cavities

Cask Maximum Location Limit Maximum Limit Maximum Limit

Ovality Inches (%) Ovality (%) Bow (inches)
(%) From In First (inches)
Bottom 3 Inckes
(%)
A 1.578 126.5 10. 0.45 3. 0.450 0.75
B 0.993 144.5 10. 0.63 3. 0.110 0.75
C 1.852 120.5 10. 1.51 3. 0.160 0.75
D 0.992 120.5 10. 0.92 3. 0.124 0.75
E 1.000 36.5 10. 0.36 3. 0.115 0.75

The lower extremity of the cask cavity is the reference for the
locations presented in this table. Consequently, the ovality
limitations apply from 4.8 to 164.8 inches and the ovality limit
of 3% applies to locations between 4.8 and 7.8 inches and 161.8
and 164.8 inches.

Refer to Figure 2.5 for definitions of ovality and bow.
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1l s Introduction

The NAC-1 spent fuel shipping cask is a universal cask capable of
accommodating a broad range of fuel assemblies from either
pressurized or beiling water reactors. It is designed to meet or
exceed all of the requirements delineated in Part 71 of Title 10,
Chapter 1 of the Code of Federal Regulations for Fissile C(Class
ITI snipments of large quantities of radiocactive material
(Reference 1.3). The primary means of transport is by legal
weight truck under sole use assignment; however, shipments by
rail could be accomplished.

The analyses show that stress levels in the cask remain within
acceptable limits during normal service as well as during the
hypothetical accident. Additionally, the analyses demonstrate
that both bow and ovality of the inner shell can be tolerated
without detracting from the ability of the cask to maintain the
integrity of the containment boundary during normal operation or
accident conditions. Further, it is shown that no portion of the
normal operation or fabrication of the casks results in stresses
that are capable of causing buckling of the inner shell of the
cask.
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1.2, Package Description

The NAC-l1 spent fuel shipping cask provides shielding to permi:
transport of radioactive material. The primary shield material
is lead, encased within stainless steel shells where the inner
shell serves as the primary containment and the outer shell
provides redundant containment and also is the principal
structural member of the cask. The ends of the cask are stainless
steel castings that complete the shielding. The inner shell and
associated valves and bolted closure are a pressure vessel that
must retain its integrity during all normal transport and
accident conditions. Consegiently, it is designed to meet or
exceed all of the requireme.:ts of the Boiler and Pressure Vessel
Code that has been adopted by the American Society of Mechanical
Engineers, Section III, Nuclear Vessels (Reference 1.4).

Although the cask is capable of carrying fuel or non fuel bearing
components, fuel will be referred to as the cargo with the
understanding that it can be either. The principal features of
the cask are the containment boundary, the shielding and heat
dissipation systems and the 1lifting and tiedown systems, The
configuration of the cask as a whole is shown in Figures 1-1 and
1-2 with eand without the impact limiters respectively. Each of
the important systems is described in the following sections.

1.2.1. Containment Bcundary

The containment boundary is the surface and seals that serve to
prevent the escape of the radicactivity being transported in the
cask. The primary containment boundary is the inner shell of the
cask, the plug with O-rings, the drain and vent valves ané the
rupture disk. The primary containment is further contained by
the outer shell of the cask and the end castings.

1-5
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The inner shell of the cask is a right circular cylinder with
internal dimensions of 13.5 inches diameter and 166.5 inches
length. The shell is entirely stainless steel and is 0.3125
inches thick. The end castings are large stainless steel
structures that provide structural support for the two shells and
shielding for the ends of the cask. The end casting at the upper
end is annular with a tapered central hole that mates with the
closure plug to seal the inner containment. The lower end
casting is 3 inches thick with a central section that is a
frustrum of a cone which is 5 inches thick to provide additional
shielding.

There are five penetrations through the containment boundary.
The main penetration 1is the opening that permits access to the
cavity for loading and unloading the fuel assemblies. This
opening is closed by a stainless steel plug that is bolted to the
upper end casting and sealed by double O-rings. The main section
of the plug is a frustrum of a cone to avoid any openings in the
shielding that could lead to radiation streaming. Three
penetrations permit draining and venting of the cavity during
loading and unloading operations. Each of these penetrations is
sealed by a fire rated ball valve which 1is protected by a
standoff ring, bolted cover and the impact limiters. Mechanical
linkages are attached to the valve handles to assure that the
valves are in t.e closed position prior to the installation of
the covers for shipping. The remaining penetration is to provide
relief in the unlikely event of overpressurization >f the cavity.
This penetration is sealed by a rupture disk and a -elief valve.
A cover is provided to keep dirt and moisture away from the
relief wvalve., This cover is designed to rupture in the event of
actuation of the relief valve.

A fourth fire rated ball valve is used to seal a penetration in
the wall which is used to pressurize the region between the
O=rings to assure the adequacy of the seal prior to shipment.
This penetration does not directly communicate with the cask
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cavity because the inner O-ring always provides a seal between
the cavity and this penetration. However, this penetration will
be considered as part of the containment boundary to assure that
there is no possible loss of containment during shipment.

A sketch of the containment boundary is presented in Figure 1-3
where each of the penetrations 1s identified for clarity.

All of the valves are totally covered by the impact limiters
during transport. Additionally, the valves are each protected by
rings welded to the end castings that restrict penetration of any
projectile that 1is more than four inches in diameter. These rings
also protect the valve during the portion of the hypothetical
accident that involves a fall onto a six inch diameter pin.
Details of the valve protection rings and the covers are shown in
Figure 1-4,

1.2.2, Shielding

The shielding consists of the cask wall and the neutron shield
tank. The cask wall includes lead that is cast in place to
attenuate gamma radiation that is emitted from the spent fuel.
The 6.625 inches of lead is supplemented by two stainless steel
shells which are 0.3125 and 1.25 inches thick. The ends of the
cask are entirely stainless steel, 7.25 and 7.5 inches thick at
the bottom and top respectively.

The thickness of the lead is reduced by 1.25 inches in the upper
25 inches of the <cask wall to reduce the weight of the cask.
This region is adjacent to the upper end fitting and fuel rod
plenum portions of the fuel assembly and the reduced shielding
remains adequate to attenuate the radiation emitted by the fuel
assenbly.
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A stainless steel encased void region is provided at the lower
eni of the lead region to provide a volume that is available to
accomodate any swelling of the lead due to thermal expansion or
slumping nf the lead during an impact. There is also a small void
between the ends of the lead and the end castings which is a
result of the shrinkage of the lead as it solidified after
pouring.

Neutron radiation from the spent nuclear fuel is attenuated by
borated water in the neutron shield tank. Water serves to reduce
the energy of the neutrons so that the boron is more effective
for absorbing the neutrons. The water is mixed with
ethylene-glycol to form a solution that has an extremely low
freezing point to avoid the volumetric expansion that accompanies
the phase change. The water in the cavity during wet shipments
also aids in the attenuation of neutron radiation; however, this
is optional and is not required for safe shipment.

The shield tank and expansion tank are divided into four separate
pairs of compartments which are independent to minimize the risk
of a single failure causing complete loss of neutron shielding.
Each section of the shield tank is separated from the others by
radial gussets that are seal welded in place and supported by
adjacent stiffeners. The stiffeners have lightening holes to
reduce their weight and avoid stagnating any shield tank fluid.
Each section of the shield tank is connected to a section of the
expansion tank to provide volume to accomodate thermal expansion
of the fluid. The openings between the shield tank and expansion
tank are covered by baffels to assure that water covers the
opening at all times and in all orientations. Similiarly, the
expansion tank has baffels in the lower portion of each section
to minimize splashing of the fluid which could either entrain air
or permit the opening to the shield tank to be uncovered. fach
compartment of the shield tank is protected by a rupture (isk
that is designed to relieve pressure that exceeds 100 psig.

1-8
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A drawing of the configuration of the shield tank and the
expansion tank is presented in Figure 1-5. 1In this figure the
cask body has been removed and only the remaining portion of the
shield and expansion tanks have been shown.

1.2.3. Heat Dissipation System

Heat dissipation within the NAC-l <cask is accomplished by
entirely passive means. All heat released by the fuel assembly is
transferred from the fuel to the cask wall by natural circulation
of the water in the cavity or by a combination of conduction,
convection and radiation when the shipment is dry. The heat is
then conducted through the wall of the cask where copper fins at
the interfaces between the lead and stainless steel walls provide
a path to transfer heat across any gap that develops between the
lead and the stainless steel shells due to :their different rates

cf thermal expansion. The configuration of the copper fins and

their attachment to the stainless steel walls is shown in Figure

-

»
-0

Natural circulation in the shield tank will transfer the heat
from the cask wall to the outer surface of the shield tank where
ooth natural circulation of the ambient air and radiation will
transfer the heat to the environment.

The 1impact limiters are a part of the outer surface of the cask
and trarnsfer heat to the environment; however, the contact
between the impact limiters and the cask body is sufficiently
loose that very little heat follows this path.
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1.2.4. Impact Limiters

The impact limiters are removable sacrificial members that are
attached to * ends of the cask to absord energy by crushing
during impact., Balsa wood and redwood are used as the crushable
materials with their grains oriented parallel to the principal
side, end and corner impact directions.

The internal configuration of the impact limiters is shown in
Figure 1-7. The main structure of the impact limiter is the cup
that interfaces the impact limiter to the cask body. The cup also
captures the redwood which is intended to protect the cask during
a side 1impact to prevent its dislodgement during an obligque
impact. The balsa wood that absorbs energy during an end impact
is fabricated in three sections. The main section has its grain
oriented parallel to the longitudinal axis of the cask. This
section has a stepped upper surface to mate with the other
sections. The second section has its grain oriented at 50° to the
cask axis so that it is effective for absorbing the initial
impact during an oblique impact. This section surrounds the first
section in the radial direction. The final section of balsa wood
has 1ts grain oriented perpendicular to the axis of the cask and
1s 1inserted on the cask side of the first and second sections of
wood. This rinal section is intended to provide a soft response
during the 1initial portions of an impact to prevent excessive
initial decelerations. All of the sections of balsa wood are
glued together and surrounded by a stainless steel shell that
includes four tubes which penetrate the end impact 1limiter to
permit access to bolts which attach the impact limiter to the
cask body. The outer shell provides no strength to the impact
limiter other than providing assurance that the balsa wood and
redwocd remain in their respc’.ve locations to absorb the energy
by crushing and not by bending.

During any accident with a side impact, the impact limiter is

1-10
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designed to stop the cask before the expansion tank is impacted.
This both prevents excessive deceleration forces during the
impact and enhances the possibility that the neutron shield will
remain effective following such an accident.

Both impact 1limitecs are identical in their response to an
impact. The impact limiter on the upper end of the cask has two
additional recesses on its inside surface to accomodate the rings
that protect the vent valves. Additionally, the upper impact
limicer has a thicker plate over the end of the cask due to the
smaller bolt circle for attachment to the cask.

1.2.5. Lifting and Tiedown Systems

The cask is lifted by means of trunnions that are attached to the
cask body. There are four hollow trunnions welded to the upper
end casting to permit the use of a redundant yoke or a standard
twe arm yoke for 1lifting the cask. The mating vyoke has
projections that engage the interior of the trunnion during
lifting or rotation. Access to the 'ifting trunnions is possible
only after the impact limiters have Dbeen removed. The
configuration of the lifting trunions is shown in Figure 1-8.

Two trunnions are welded to extensions of the lower end casting
which are designated as rotation trunnions. These suppert the
cask during rotation and provide a means ‘or attaching the cask
to the transport vehicle. These trunnions are offset three inches
from the cask centerline to assure that the cask will rotate in
only one direction as it is lowered onto the transport vehicle.

The rotation trunnions are welded to cylindrical extensions of
the lower end casting which are held in place by a pretensioned
band of wire rc_2 as shown in Pigure 1=-9, The trunnions penetrate
the cowl that surrounds the lower extremity of the cask and are

1=11
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not covered by the impact limiter during transport.

The cask 1is attached to the transport vehicle by fastening the
rotation trunnions to cradles that are a part of the trailer. The
cowl at the upper end of the cask is supported by a separate
cradle.

The rotation trunnions are fastened to their cradles by caps that
are bolted over the trunnions prior to transport. The attachment
of the upper end of the cask to the transport vehicle employs
straps that capture the cowl and hold it in its cradle. The
angle of contact between the cowl and this cradle is 90 degrees.
The cradle includes a rubberized pad to distribute the contact
and to minimize vibration during transport.

1.2.6. Operational Features

The NAC-1 cask is designed to be easily loaded and handled at any
nuclear faciltiy. The outer surfaces of the cask have beea bead
blasted, and the configuration of the surfaces selected to aid in
decontamination. Likewise, the locations of the drain and vent
valves were selected to permit rapid access for easy operation of
these valves after removal of the impact limiters.

The cask does not permit the release of any of its coolant during
either normal operation or hypothetical accident conditions. This
reduces environmental impact of spent fuel transport and provides
economic benefit, Defective fuel assemblies do not need to be
encapsulated prior to shipment, eliminating time, expense and
total radiation exposure.

The loaded cask, tractor and trailer weighs less than 73,280
pounds permitting unrestricted travel at night and on weekends.
This improves overall shipment effecieacy and cask utilization.
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Since the cask is mounted on its own dedicated trailer, it is
independent of the need for a rail connection to the site.

The use of wet shipments witr the cavity partially filled with
water eliminates the time lost while waiting for the cask cavity
to dry or for helium to be flushed through the cavity.

1.2.7. Contents of Packaging

The NAC-1 cask is designed to transport any of three different
combinations of fuel assemblies. A single pressurized water
reactor fuel assembly or two boiling water reactor fuel
assemblies can be accommodated in the corresponding basket.
Additionally, four fuel assemblies from a boiling water reactor
similar to the design employed for Dresden Unit 1 and the
appropriate basket can be transported in the NAC-l cask. The
characteristics of the various fuel assembly types are presented
in Table 1-2 (Reference 1.5).

The cargo in the NAC-1 cask can also be non fuel bearing
components such as fuel assembly channels or control rods or many
other possibilities. The consequences of such shipments will not
be considered because fusl assemblies represent a more severe
cargo by releasing more heat and radiation.

Both the basket and the water within the cavity are considered to
be a part of the contents of the cask because there is the
possibility that either can acgquire a part of the radiocactivity
of the fuel assembly that is being transported. When non fuel
bearing components are being transported the water and baskat
retain their designation as cask contents because they may
contain radiocactivity from previous shipments.

1-13
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Table 1-2. Fuel Assembly Characteristics

Second Generation Fuel Assemblies

PWR BWR
Number of Assemblies 1 2
Envelope (inches) 8.6 5.44
Fuel Length (inches) 150. 144,
Enrichment (%) 3.6 3.0
Fuel Weight (kg) 480 197
Cool Time (days) 120 120

First Generation Fuel Assemblies

Dresden 1 San Onofre LaCrosse

Number of Assemblies B 1 2

Envelope (inches) 4.2 7.8 S.63
Fuel Length (inches) 110. 121. 83.8
Enrichment (%) 2.5 4.1 4.0
Fuel Weight (kg) 197 - 122
Cool Time (days) 120 120 120

For individual fuel rods the maximum mass of U=-235 and
plutonium shall not exceed 4.0 kg. Additional fuel rods
may be inserted into guide tubes provided none of the above
limitations is exceeded.

continued
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Irradiated Uranium Oxide as Fuel Rods

Enrichment, e (%) Fissile Mass Limit
e < 3 2.0
3 <e <4 1.6
4 <e <5 1.5

Non Fuel Bearing Components

Solid non-fissile irradiated hardwood and neutron
source components (coolant optional)

1-15
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View from Open End of Cask

Figure 1-1. NAC-l Cask External Configuration

1-16



Package Descriptioun 16 May 80

Figure 1-2. NAC-l Cask with Impact Limiters Removed
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Figure 1-3. NAC-1 Cask Containment Boundary
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Figure 1-5. Neutron Shield Tank and Expansion Tank
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e LERD COPPER

/
/ “g_/
STRINLESS STEEL

Typical Cross Section of Fin

-_—

Section Through Cask Body

Figure 1-6, Copper Fins Connecting Lead and Stainless Steel
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Figure 1-9. Tiedown System
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1.3,

Appendices to General Information

The following section contains the references that are necessary

to supplement the information presented in Section 1.

Ledads References

1.1

1.3

Drawing 301-211-Fl(Rev. 0), "SHIPPING CASK - SPENT FUEL,

"Safety Analysis Report for Nculear Fuel Services, Inc.
Spent Fuel Shipping Cask Model No. NFS=-4, Nuclear Fuel

Services, Inc, U.S.N.R.C. Docket 6698, September 1972.

Part 71 of Title 10, Chapter 1 of the Code of Federal
Regulations, March 2,1979.

"ASME Boiler and Pressure Vessel Code, Section III, Nuclear
Vessels, "The American Society of Mechanical Enginers, lNew

York, N.Y., 1971.

Fuel Trac, Nuclear Assurance Corporation, 1980.
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. Structural Evaluation

As required by Part 71 of Title 10, Chapter 1 of the Code of
Federal Regulations (Reference 2.2), the structural analysis of
the NAC-1l spent fuel shipping cask demonstrates that the package

satisfies the requirements identified in Subpart C of this

regulation. It 1is also shown that containment is not violated
under any of the normal operation conditions or hypott etical
accident conditions.

Analysis techniques that utilize the current state of the art for
the calculation of stresses in large structures subject to both
steady state and transient loadings have been used throughout
this analysis. The evaluation of the structural characteristics
of the containment boundary has been based upon conservative
interpretation of the requirements set forth in the Boiler and
Pressure Vessel Code that has been developed by the American
Society of Mechanical Engineers. Every effort has been made to
develop a cask design that is capable of meeting the rigors of
transport while carrying nuclear fuel and this section of this
report documents the results of the analyses that have been
performed to provide assurancz that the cask also satisfies the
statutory requirements for licensing.
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2.1, Structural Design

The design of the NAC-1 spent fuel shipping cask has embodied the
concept of zero reléase of the cask coatents. This is evidenced
by the configuration of the seals and the protection afforded to
all penetrations of the containment boundary.

a»lsds Discussion

Satisfaction of the requirements of Part 71 of Titi. 10, Chapter
1 of the Code of Federal Regulations is summarized in Table 2-1
which lists all of the required analyses, the calculated primary
stresses and the appropriate stress limitation or allowable
stress for each analysis.

The ovality and bow of the inner shell have been considered in
each of the individual analyses to conclu:ively prove that the
inner shell does not buckle during any of the hypothetical
accident conditions, normal transport conditions or during
tabrication. Uncontrolled ovality of the inner shell introduces
the possibility of buckling of the inner shell during the impact
events that must be included in the analyses. The limitation
that must be placed on the ovality of the inner shell is
presented in Figure 2-1. 1In this figure the axial locations are
measured from the end of the inner shell or the weld where the
inner shell and flange on "the end casting are joined. The £lange
on the end casting is sufficiently thicker than the inner shell
that it will not experience buckli:c prior to the inner shell and
“* such is not included in Figure “-l1. The ovality of the inner
shell must be less than this limit for the cask to satisfy all of
the requirements set forth in 10CFR7l. This restriction will be
implemented >y requiring the inner shell to be less than 2% oval
for the first three inches at each end of the shell. The

2-2
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remainder of the inner shell will be restricted to a maximum of
10% ovality. These restrictions result from the effect of ovality
on the stresses during the thirty foot free falls and the one
foot free falls.

Figure D2-1 does not present the ovality limitation over the full
length of the inner shell because most of the limitation is off
scale and does not represent a realistic 'imit on the
configuration of the shell. Also, the limitation on the ovality
is symmetric about the center of the cask so that Figure 2-l1
applies to either end of the inner shell. The end impacts create
the need for an ovality limit and the impact can occur on either
end so the ovality limit must also be applied to either end.

The analyses do not indicate any limitation on bow of the inner
shell because the thick outer shell serves to support the inner
shell by the coupling at the end castings. Both shells must
deform similiarly so the 1inner shell cannot buckle or fail in
tension or compression without the outer shell also failing,

U.S. Nuclear Regulatory Commission Regulatory Guide 76
(Reference 2.5) imposes a second limitation on the results of
these calculations, namely, the maximum range in the stress
intensity is to be less than three times the design stress
intensity for normal transport ~onditions and the maximum range
in the stress intensity is to be less than the cyclic failure
limit when the hypothetical accident conditions are included in
the stress range. The maximum range in the stress intensity for
normal transport conditions has been evaluated by preparing
Figure 2-2 which identifies the axial dependence of each of the
three possible combinations of stresses that form the stress
intensity. Presented on this figure are all of the stresses for
normal transport. The maximum stress intensity is the largest
difference between the maximum and minimum stress at any point on
the inner shell.

2=3
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The maximum stress intensity in the inner shell during normal
transport is 58,250 psi which occurrs 7.3 inches from the bottom
of the cask cavity. The allowab'e value is three times the design
stress intensity (20,000 psi) or 60,000 psi. A large fraction of
the maximum range in stress intensity is due to the stresses that
result from the pouring of lead into the cask wall so this range
of stresses will not exist over most of the life of the cask.

The maximum range in the stress intensity for hypothetical
accident conditions has been evaluated by preparing Figure 2-3
which identifies the axial dependence of each of the three
possible combinations of stresses that form the stress intensity.
Presented on this figure are all I the stresses for the
fabrication of the cask , normal transport and hypothetical
accident. The maximum stress intensity is the largest difference
between the maximum and minimum stress at any axial point on the
inner shell.

The maximum stress intensity in the inner shell during the
hypothetical accident and including fabrication and normal
transport conditions is 108,230 psi which occurrs 7.3 inches from
the bottom of the cask cavity. The limiting value is the design
fatigue stress for ten cycles which is 677,000 psi. A large
Lraction of the maximum range in stress intensity is due to the
stresses that result from the pouring of lead into the cask wall
and the thirty foot free fall onto the side of the cask.
Consequently, this range of stress will not exist over most of
the life of the cask.

The assumptions that are incorporated in each analysis and the
results of the calculations are discussed in the following
sections,
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2.1.2. Design Criteria

The inner stainless steel shell, the bolted closure and the
valves have been defined as the primary containment boundary
which cannot be breached during any of the normal transport or
hypothetical accident conditions. Since the cavity contents are
pressurized by thermal expansion of the water, the inner shell
must Dbe considered as a pressure vessel and meet the design
criteria established by the American Society of Mechanical
Engineers in their Pressure Vessel Code (specifically Section III
for nuclear pressure vessels). Two additional constr.ints were
applied to the analysis of the cask. The first is the prohibition
of buckling to preclude the large strains and deformations that
result, The second is the restriction of the total variation of
the stresses to less than the stress required for cycli failure
in ten cycles.

sl ednls Stress Limitations

The sections of the ASME pressure vessel code that apply ¢to
entirely elastic analysis were utilized here to conform to the
analsis methods which embody the assumption that the stainless
steel components behave elastically. Such an assumption is not
truly representative of the behavior of stainless steel; however,
the consistent application of the analysis and stress limitations
willi result in valid conclusions. The use of an elastic
representation of the material will result in conservatism in the
results when the analysis is dominated by deformations since the
elastic representation of the materials will over predict the
stresses.
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2.1.2.1.1., Limitations for Normal Transport

The limitations on the stresses that result from normal operation
of the NAC-1 spent fuel shipping cask ire based upon Section III
of the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (Reference 2.4). The sections that apply to
the design of nuclear power plant components, specifically those
portions dealing with a "design-by-analysis" approach for Class 1
components, have been used to define the stress limitations. The
criteria for normal operation (Level A) have been adopted and are
identified for reference in Table 2-2.

The limit on the total range of the stresses is defined by the
fatigue stress that has been adopted by the ASME and is published
in Appendix I of the Boiler and Pressure Vessel Code (Reference
2.4) for failure after one million cycles. The curve of the
allowable stress for type 321 stainless steel is presented in
Figure 2-4. This curve has been adjusted to reflect a modulus of
elasticity of 27.1 x 10% that corresponds to a temperature of
300°F.

The interpretation of the normal operation conditions of the ASME
pressure vessel code that were used were provided by the U.S.
Nuclear Regulatory Commission Regulatory Guide 7.6 (Reference
2+5). This guide delineates the limitations on the stress
intensity that can be employed for the analysis of spent fuel
shipping casks. The specific limitations are identified in Table
2=-2. The numerical valves of the allowable stresses are based
upen the material properties presented in Section 2.3.
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2sledulds Limitations for Accident Conditions

The limitations on the stresses in the containment boundary are
based upon the faulted conditions (Level D) of the ASME pressure
vessel code (Reference 2.4). Faulted conditions permit gross
general deformations with some consequent loss of dimensional
stability and damage. Additionally, the pressure vessel will be
removed from service for inspection and repair. The limits
associated with faulted conditions are permitted for combinations
of conditions associated with extremely low probability
postulated events whose consequences are such that the integrity
and operability of the system may be impaired to the extent that
conditions of public health and safety are involved.

The interpretation of the faulted conditions of the ASME pressure
vessel code that were used were provided by the U.S. Nuclear
Regulatory Commission Regulatory Guide 7.6 (Reference 2.5) which
delineates the limitations on the stress intensity that can be
employed for the analysis of spent fuel shipping casks. The
specific limitations are identified in Tablie 2-3. The numerical
values of these constraints are defined in Section 2.3

The limit on the total range of stresses is defined by the
fatigue stress for failure after ten cycles. The curve of the
allowable stress for type 321 stainless steel is presented in

Figure 2-4. This curve has been adjusted to reflect a modulus of
elasticity 27.1 x 10% that corresponds to a temperature of 300°F,

2¢1:2:2. Buckling Limitations

There are three modes of buckling failure that are possible
during normal transport or a hypothetical accident involving the
NHAC-1 cask. These are:
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Bending
Collapse due to External Pressure
Axial Compression

Each of these modes of buckling failure must be evaluated as a
function of both the initial ovality and initial bow of the
cylinder. Ovality 1is defined as the difference between the
largest and smallest diameter, expressed as a percentage of the
mean diameter. Bow is defined as the difference between the
centerline of the cylinder and a straight line that connects the
centers of the ends of the cylinder. These definitions are
illustrated in Figure 2-5.

The Xnowledge Availability Systems Center of the University of
Pittsburgh and Nuclear Assurance Corporation independently
searched the available literature for information relative to the
buckliny of metal cylinders. The sources located by these two
searches were thoroughly reviewed for information specifically
relating to the three modes of buckling that are important to
this analysis. References 2.6, 2.7, 2.8 and 2.9 provide a summary
of the experimental, analytical and theoretical data in the
literature.

2.1¢2.2.1. Buckling During Bending

Bending a thin wall cylinder can induce a buckling type failure
when the <cross section is no longer capable of remaining
circular. The conditions that are reJguired to achieve buckling
are dependent upon the material properties and the cross section
at the point of buckling., The results of empirical and analytical
predictions of the onset of buckling have been reduced to the
correlation that is presented in Table 2-3. This correlation is
the most conservative of t