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INTRODUCTION/BACK GROUND

USEC performed severd finite dement anadyses (FEAS) of the Paducah Tiger Overpack—the
protective overpack used to ship ten-ton, ANSI N14.1 type 48X cylinders containing enriched uranium
hexafluoride (UFs)—to supplement the origina test data for arenewa application for the package' s
cetificate. The FEA aso was used as a basis to increase the authorized UF, capacity. During the
process, USEC determined that the package would be enhanced by the addition of an duminum gtiffening
plate placed insde the overpack in front of the cylinder valve. By adding the plate for extravave
protection, USEC successfully updated a nearly 30-year-old package design. This plate aso promoted
even digtribution of hegt across the cylinder head during the 800° C therma event in spite of the heavy
damage within this localized area experienced in the drop test.

The Paducah Tiger overpack has been used for nearly 30 yearsto ship ten-ton UF; cylindersfrom
the Paducah Gaseous Diffusion Plant to the Portsmouth Gaseous Diffuson Plant. During thistime, the
Paducah plant operated as the front end of the uranium enrichment process, enriching uranium from the
natural assay of 0.711 weight % *°U to approximately 2 weight % “**U, then sending it to Portsmouth to
be further enriched to customer specifications. AsUSEC ceased enrichment operations at the Portsmouth
plant in June of 2001, the Paducah Tiger is now used to ship UF enriched to 4.5 weight % *°U to the
Portsmouth plant for purification and |aboratory analys's before the materid is ddivered to the customer.
The Paducah Tiger is certified under the Nuclear Regulatory Commission (NRC) regulation, 10 CFR 71,
asaType A-Fissle package. USEC' s Paducah Tiger overpacks can be shipped by both rail and truck.

DESIGN OF THE PADUCAH TIGER OVERPACK

The overpack consgs of asted outer skin and inner liner, with polyurethane foam filling the void
space. High-dengty foam is used along each edge and at each corner of the lid and body for rigidity, while
low-dengty foam is used for the remainder of the overpack. A square tubing space frame reinforces the
mating surfaces for the lid and body of the overpack and serves as the mounting point for the closure
devices. Rubber shock isolators bolted to the inner liner support and aign the UF¢ cylinder within the
overpack. Stainless stedl breskaway plates are attached to the inner surface of the outer skin on the top,
bottom, and sides for puncture protection. On the valve end of the overpack, a sainless sted vave-
protector plate is atached to the overpack skin to provide increased puncture resistance. Closure
mechanisms, attachment points for atamper-indicating device, lifting points, and tie-down features dso are
included. Figure 1 shows a diagram of the Paducah Tiger. The overpack provides impact and therma
protection for the UF4 cylinder, which serves as the containment boundary for the radioactive materid.
The 48X cylinder shipped in the Paducah Tiger may contain up to 21,030 pounds of UFs enriched up to
4.5 wt % *°U.



Figure 1 -- Paducah Tiger Overpack
The aluminum stiffening plate and 48” cylinder have been eliminated from thisfigure for
clarity.
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ORIGINAL TESTING OF THE PADUCAH TIGER

The Paducah Tiger was designed and tested in 1971 using the Internationd Atomic Energy Agency
regulations, Safety Series No. 6 (SS6) asaguide! During theinitia design process, a prototype for the
Paducah Tiger was built for physica testing, the results of which were used to optimize the design. The
physicd testing was performed based upon the SS6 sequence of a 30" drop followed by a40” puncture
test, and concluding with afire test. The prototype was drop and puncture tested twice prior to the fire test
to examine the damage resstance of design variations in differernt parts of the prototype. Thefirst
sequence of drop and puncture testing was performed by dropping the overpack on the upper edge
nearest the cylinder valve and puncture testing on the top center of the overpack. The second series of
tests dropped the overpack on the bottom edge opposite the cylinder valve and puncture tested the bottom
center. Although both series of tests were performed sequentidly as required by SS6, the locations chosen
did not necessarily consider the effects of cumulative damage, i.e., the location chosen for the puncture test
may not have been the worst-case location, given the damage experienced during the drop test.

The Energy Research and Development Administration—predecessor agency of the Department of
Energy (DOE)—certified the Paducah Tiger for usein 1974. The NRC certified the overpack in 1978.
The DOE aso issued a CoC for the Paducah Tiger for its operating contractors. From 1978 until 1996,
both the DOE and the NRC issued concurrent certificate renewals for the overpack, with the NRC
certificate revised to incorporate changes requested by the DOE.



When USEC began operationsin 1993 pursuant to the Energy Policy Act of 1992, preparations
were made to transfer certification of the Paducah Tiger solely to NRC. In 1996, the DOE certificate was
alowed to expire and the NRC assumed sole jurisdiction over the Paducah Tiger. The NRC indicated that
the existing safety documentation, athough adequate for trangition of regulatory jurisdiction, would need to
be updated prior to certificate renewa in November 1998.

SAR HISTORY

The purpose, scope and format of the origina SAR written in 1975 for the Paducah Tiger were
consgstent with the standard DOE practice a thetime. The SAR was written as an informationa
document, and verbatim compliance with its statements was not expected. Rather, compliance with thein-
plant operating procedures was expected, and these were included as appendices to the SAR. The
purchase specifications aso were included as an appendix, with dl the attendant detail (such as overpack
color) thet is not significant from a safety perspective.

During the process of obtaining initid certification of the Paducah Tiger, a question was raised
regarding the ability of the valve end of the overpack to protect the cylinder valve from a puncture. To
address this question, a supplement to the SAR was prepared in 1977, incorporating an andysis of the
effects of a puncture test on the valve end of an undamaged overpack. Asaresult of thisanayss, the
stainless sed vave-protector plate described above was added to the outer skin of the overpack’s valve
end to prevent the puncture pin from tearing through the outer skin. Based on the results of that andyss,
the NRC certificate number USA/6553/AF was issued.

As USEC trangtioned to a new regulatory environment in the early 1990s, verbatim compliance
with safety documents became paramount. Having the plant operating proceduresin the SAR became
cumbersome because changes in the procedures required NRC approva and arevised certificate.
Therefore, a supplement to the SAR was incorporated in 1997 that specified more genera operating
procedure steps, concentrating on the safety-gnificant portions of the operation.

Over the nearly 30 years of operation of the Paducah Tiger, multiple issues arose that required the
cregtion of additional conditions of certification and accompanying CoC revisons. For example, the
overpacks were built with 1SO connectors on each of the corners, but they were later determined to be
unsuiteble for use aslifting or tie-down points. The connectors, therefore, were modified and the CoC was
revised accordingly. Other changes to the CoC were associated with the fact that the overpacks were
procured in multiple lots, in different years and with different sets of design drawings for each lot. Still other
changes were made for ease of operations or repairs, such as moving the gasket from its origina location
on the overpack lid to the body of the overpack.

Multiple repairs had been performed on the overpack, each of which required CoC revisons,
resulting in a certificate with numerous conditions and references. Problems dso were identified regarding
the CoC’ sreference to ANSI N14.1' s specifications. Because historical practices dlowed compliance
with the intent of ANSI N41.1, rather than a verbatim compliance, the proscriptive nature of the ANSI
standards created problems once verbatim compliance became arequirement. (For example, the ANSI
specification for the solder used to tin the threads on the cylinder vave and plug referred to a non-existent
dloy.) Theend result of these changes was an outdated SAR that required many supplementary
documents and analyses to describe its technica basis.

Many of the Paducah Tiger overpacks had experienced corrosion and pitting on the bottom of the
overpacks, aswel. This condition may be due to prolonged contact with wet surfaces as rainwater
became entrapped between the overpack and the transporting railcar or trailer surface. USEC devel oped



arepair method to weld an additiona stainless stedl sheet over the bottom of the overpack to restore the
skin toitsorigind minimum thickness. Because the sainless sted sheet would add weight to the package,
thus affecting the package's behavior during the hypothetical accident conditions, USEC evaluated those
effects. During that evauation, and the incumbent research into the historica documentation, USEC
discovered inconsstencies in the historical analyses.

The physicd testing performed on the prototype Paducah Tiger had used a cylinder filled with a
smulated payload of 20,011 pounds—about 1,000 pounds lighter than the 21,030 pound maximum fill
limit of the UF cylinders. Further, the 1977 andytica testing used a package weight ~7,000 pounds
lighter than the alowable maximum gross weight.2 USEC discovered thisin 1998 and stopped shipments
of the overpacks, pending resolution of theseissues. USEC used an FEA to replicate the 1977 puncture
andysis of the valve end of an undamaged overpack with a gross weight of 38,000 pounds.®> NRC
approved the new analysis and resumption of shipments but then required an andysis of the HAC, to
congder the effects of cumulative damage of the tedts.

PREPARATION OF A REVISED SAR

USEC had begun to rewrite the SAR for the Paducah Tiger in 1997 to support an application for
oertification renewa.* USEC was preparing a SAR that would meet current standards and expectations,
i.e., follow the guidance of NUREG-1609, Standard Review Plan for Transportation Packages for
Radioactive Materials. The revised SAR would contain the proper level of detail, diminating the
unnecessary, non-safety sgnificant detail contained in the old SAR. The revised SAR would aso put into
one document dl the informetion necessary to support the CoC, e.g., the appendices, supplements, and
other anayses that had been added over the years.

Midway through development of the revised SAR, USEC discovered the inaccuraciesin the
higtorica testing and analyses. USEC had not planned to perform new anayses but had rather planned to
samply revise the SAR to meet the NUREG-1609 format. Once the weight issues arose, USEC decided
to reandyze the drop/puncture testing through the FEA. New therma anayses were not performed
because the overpack damage resulting from the FEA was bounded by the damage done to the prototype
overpack. Additiona therma analyses were performed later to support operationa changes associated
with the cessation of enrichment operations at the Portsmouth plant.

FINITE ELEMENT ANALYSIS

The FEA performed in 1998 took into account the cumulative effects of the HAC discussed in 10
CFR 71.73.° Theresultsof this investigation prompted the addition of a two-inchthick 6061-T651
removable duminum diffening plate (Figure 2) to be ingtalled between the vave end of the 48X cylinder
and the end of the overpack. This plate incorporates a hole that is necessary to prevent damage to the
cylinder valve as the cylinder may move during the drop and puncture tests. Subsequent plans to cease
enrichment operations at the Portsmouth plant required additiona anayses performed in 1999 to
investigate the behavior of a partidly filled cylinder during the thermd event.

FEA MODEL DEVELOPMENT FOR DROP TEST MODELING

To accurately predict the behavior of the Paducah Tiger during the drop and puncture tests, the
FEA mode needed to include many of the overpack’s fabrication details and predict cylinder movement
during thetests. Stress-dtrain diagrams for the low and high dengity foam were developed, as was



modeling of the body and lid mating components and shock isolators. Due to symmetry, it was only
necessary to mode one half of the overpack.

Figure 2 -- Aluminum Stiffening Plate
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Devedopment of bounding stress-strain diagrams was one of the greatest challenges, because four
different types of polyurethane foam had been ingtalled in the overpacks over their 10-year procurement.®
Polyurethane foam is an anisotropic materid, i.e., its materid properties are dependent on direction. The
origina procurement documents indicated that crush strengths could differ by as much as 25% between
samples tested perpendicular to the direction of rise and samplestested pardld to the direction of rise.
Additionally, the orientation of the overpack during foam inddlation is not known; therefore, to properly
bound this condition, properties from the weakest direction (perpendicular to the direction of rise) were
incorporated into the FEA.

Another challenge in determining the foam properties came from the fact that only limited test data
exigt for some of the foam types used in the overpacks. Through extensive discussions with the vendor,
USEC developed bounding stress-strain curves for the FEA. These stress-drain diagrams are
conservative because they are based on the dtatic crush properties of the foam, while dynamic crush
srengths are approximately 30% greater than static crush strengths.

The overpack incorporates a redundant closure system of four ratchet turnbuckles and eight ball
lock pins. These festures were dl modeled, along with the mating components that aid proper orientation of
the overpack lid. Finaly, the radid shock isolators, conssting of 5-inch-thick curved blocks of EPDM



rubber placed around the cylinder, were included in the FEA mode. Results of the FEA illugtrated that the
shock isolators provide little protection during the HAC and were probably designed to minimize
accd eration loads encountered only under norma conditions of transport.

INITIAL DROP TEST ANALYSES

A full evauation of the HAC was performed, with an extensve study investigating three bounding
drop cases. a0° end drop, a 15° degree top edge (which is closest to the cylinder valve) drop, and a
center of gravity over the top edge drop (26.7° edge drop). These were performed to determine the
worst-case scenario.

After the 30" drop analyses were completed, a40” puncture analysis was performed for each case.
These anayses showed that the pin would not penetrate the (1" dainless stedl valve protector plate, thus
protecting the polyurethane foam from being directly exposed to any flames during the firetest. This reult
was used as the basis for accepting the historical therma investigation. The FEA dso indicated that the
interior end plate (adjacent to the cylinder valve) would deflect, thus reducing the amount of clearance
between the cylinder vave and the end plate, with a possible contact of the cylinder vave. To resolve this,
aremovable 6061-T651 auminum giffening plate was added between the end of the cylinder and the inner
end of the overpack.

ADDITION OF ALUMINUM STIFFENING PLATE

The duminum giffening plate is goproximeatdly five feet in diameter and two inches thick, with ahole
to provide clearance for the vave during the HAC. Aluminum was chosen for the Stiffening plate due to
weight concerns. As previoudy discussed, afull 48X cylinder weighs 25,530 pounds (nominaly) and an
empty overpack can weigh as much as 14,470 pounds. While historica practice was to ship five loaded
overpacks on onerailcar, the increased weight of the overpack with the stiffening plate meant that only four
overpacks per car could be shipped. To minimize cods, it was imperative thet at least four overpacks
could be shipped per railcar. The 6061-T651 duminum is as strong as ASTM A36 sted, has superior
corrosion resstance, and yet weighs 60% less than stedl.  Furthermore, aluminum plates are much eesier to
handle and fabricate than sted plates of this Sze.

The addition of this plate did not reduce the inner length of the overpack because the plate was
designed to fit into the area previoudy occupied by the end shock isolators (i.e., the 4" x 4" x 2' EPDM
rubber designed to minimize damage to the cylinder during loading). Because the diffening plateis
removable, the cylinder can either be loaded around it or the plate can be ingtalled after the cylinder has
been loaded. The duminum giffening plate incorporatesa 10" X 11" holein front of the cylinder vave.
With the addition of the stiffening plate, the FEA indicated that aminimum clearance of (1" between the
cylinder valve and any other component was maintained during the HAC. Andysiswith the stiffening plate
ingalled concluded that the acce eration loads would not challenge the integrity of the cylinder and that the
package would meet the HAC of 10 CFR 71.

THERMAL EVENT INVESTIGATION

Prior to ceasing enrichment activities at the Portsmouth plant, 48X cylinders were shipped to
Portsmouth for further enrichment and processing to meet customer specifications. These operations
alowed the cylindersto be “heded”, i.e., emptied to a net weight of 50 pounds or less. Although
enrichment activities have ceased a the Portsmouth plant, it is il necessary to ship product from the
Paducah plant for further processing and andyss. Elimination of enrichment activities a the Portsmouth
plant included dimination of the equipment used to hed a cylinder before returning it to the Paducah plant.



After transfer operations are completeit is possible for the cylinder to contain as much as 1450 pounds of
UFe. Thiscondraint created a chdlenge for USEC asthe SAR had aminimum fill limit of 12,000 pounds
and maximum heel weight of 350 pounds to ensure the cylinder does not hydraulicaly rupture during the
therma event. The thermad properties of UF, are such that it acts as a heat Sink during the thermal event
and prevents the cylinder contents from exceeding its design pressure. Likewise, nearly heded cylinders
are protected by the fact that gpproximately 350 pounds of UF (or less) will not exceed the design
pressure even if the cylinder contents reach the thermal event temperature, 800° C. Although not
thoroughly investigated, cylinders containing between 350 pounds and 12,000 pounds of UF were thought
to pose an unacceptable risk of rupturing during the therma event and were therefore excluded from off-
Stetrangportation. Therefore, USEC investigated the therma behavior of a cylinder containing a leest
1450 pounds of UFg to assure that it could be safely shipped.

USEC used computationd fluid dynamics (CFD) to analyze the reaction of a partidly filled cylinder
to the thermal event and to provide atechnical basis for increasing this maximum hed weight. CFD was
selected for its ability to accurately modd the behavior of systems during thermd transents. This method
a0 diminated the need for costly and hazardous physicd testing. The CFD conssted of two phases—a
three-dimensond hegt transfer analysis followed by atwo-dimensond fluid flow andyss

HEAT TRANSFER ANALYSIS

The heet trandfer andlysis was used to determine the cylinder skin temperature as afunction of time
during the thermd event. While symmetry arguments could have been used to support use of atwo-
dimensiona modd for this phase, USEC used a three-dimensiond modd to provide a defendable
mathematica evauation. For example, athree dimensond modd alowed incorporation of solar insolation
datafrom each sde of the package, an important feature, given that the UFs could melt at temperatures as
low as 146° F and exceed atmospheric pressure at temperatures aslow as 125° F. Furthermore, this
approach alowed USEC to analyze the behavior of the package in afully engulfing fire, atask thet is
difficult to accomplish during physical testing.

The heat transfer analyssinvestigated the behavior of cylinders containing 1000 pounds and 1,500
pounds of UFe. Given the configuration of the package after the drop and impact tests, the valve end of
the cylinder was exposed to sgnificantly more heat than the rest of the cylinder. The duminum stiffening
plate unexpectedly increased the performance of the package during the thermal HAC. Becauseit acted
as aradiator, heat was disspated evenly across the valve-end cylinder head. Without the plate, alarge
amount of heat would have been concentrated in asmal area of the cylinder, i.e,, the cylinder vave. The
reconfigured package resulted in cylinder skin temperatures of 298° F and 296° F for the 1000-pound and

1500- pound cases, respectively.

FLUID FLOW ANALYSIS
Once the heat transfer andysis was completed and the cylinder skin temperature as a function of

time and cylinder location was known, the resulting UF, temperature and pressure cal cul ations were done.

USEC used afluid flow andysis to mode both the temperature change (examining the convection currents
and UF temperatures) and movement during the thermal event. USEC then used these resultsin
conjunction with empirical data to determine the resulting cylinder pressure. By assuming that the UFs was
liquid at the onset of the thermal event, a considerable amount of conservatism was added because that
neglects the heat of fuson. For additiona conservatism, the UF liquid was assumed to exist in equilibrium
with UFs gas as dictated by the phase diagram throughout the therma event, thus effectively neglecting the
heat of vaporization. Findly, even more conservatism was introduced through the assumption that the UFs



temperature adjacent to the cylinder wal was equivaent to the cylinder skin temperature.

The results of this analyss indicated that a cylinder containing either 1500 pounds or 1000 pounds
of UFs would not exceed the cylinder design pressure. Furthermore, the andlysis indicated thet a cylinder
containing 1500 pounds of UFg would exhibit a pressure of 177 psig and adightly lower internd
temperature than one containing 1000 pounds of UF, thus indicating that hydraulic rupture of acylinder in
the overpack may not be credible. These results form the technica basis for shipping the overpack with a
cylinder containing 1475 pounds of UF¢ (which dlows a 25-pound margin of safety).

CONCLUSION

USEC successfully performed andyticd testing of the Paducah Tiger overpack. The work was
part of two separate programs: (1) to revise the SAR for the overpack used to ship enriched UFs from
USEC's Paducah plant to its Portsmouth plant and (2) to address changes associated with cessation of
enrichment operations at the Portsmouth plant. The Paducah Tiger had been designed, tested and certified
inthe 1970s and is used today under an NRC certificate.

A finite dement andys's was used to address inconsstencies in the origind testing and
documentation. The package was evauated to determine the cumulative impact of the drop/puncture tests,
which had not been quantified during the certification testing performed in the 1970s. To address those
impacts, USEC designed a removable duminum giffening plate that is ingtaled between the valve end of
the cylinder and the end of the overpack. The analys's showed that by adding the stiffening plate, an
adequate clearance between the cylinder valve and the inside of the overpack would be maintained, and
the HAC of 10 CFR 71 would be met.

In addition to the drop/puncture test modeling, USEC performed finite eement andyses to evauate
the behavior of partidly filled cylinders during the therma HAC. These andyses were done to support
operationa restructuring within USEC' s uranium enrichment complex. The resultsindicated that the
cylinder pressure would not exceed 88.5% of its desgn pressure during the therma event and could be
safdy shipped with an increase in the maximum alowed hed weight.

ENDNOTES

Y| AEA Safety Series 6 predated the NRC regulation, 10 CFR 71.

*Because many of the historical records were missing, no concrete answers were found asto why the gross weights were
assumed to be so low in the 1977 analyses.

*The CoC maximum gross weight at that time was 37,500 pounds. The currently authorized gross weight is 40,000
pounds. An overpack weighing 38,000 pounds was investigated in order to ensure operations at that time were
adequately bounded.

“The existing certificate was to expire in November 1998.

®*Nuclear Assurance Corporation of Atlanta, Georgia performed all finite element and computational fluid dynamics
analyses discussed in this paper.

®The foamsinstalled are General Plastics Last-A-Foam series FR-3600, FR-3700, FR-6700 and FR-9600.
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