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U. S. Nuclear Regulatory Commission
Attn: Mr. Stewart Brown
Package Certification Section
Office of Nuclear Material Safety and Safeguards
Washington, DC 20555

Westinghouse Electric Company
Nuclear Fuel
Columbia Fuel Site
P.O. Drawer R
Columbia, South Carolina 29250
USA

(803) 647 3552
(803) 695 4164
Kentna(a)iwestinghouse.com

NMS-NRC-05-002

Direct tel:
Direct fax:

e-mail:

Our ref:
Your Ref

Mr. Brown:

Subject:

February 16, 2005

CERTIFICATE OF COMPLIANCE NO. 9297 FOR THE MODEL NO. TRAVELLER
PACKAGE, RESPONSE TO SECOND NRC REQUEST FOR ADDITIONAL
INFORMATION (RAI)

Attached please find Westinghouse Electric Company's response to follow-on questions and comments
NRC had with regard to the Traveller License Application. Westinghouse appreciates the thorough review
given to the Safety Analysis Report, and is confident that all issues are resolved with this submittal.

The majority of changes involved correcting typographical, formatting, and cross-reference errors.
Technical changes included such things as removing all reference to borated aluminum as a neutron
poison, reporting on the sensitivity study for moving the clamshell around inside the outerpack, and
updating the rod container analysis using the current HAC model.

Enclosed are the change pages that make up revision 2 to the Traveller SAR. A summary description of
the major revision items is presented for each section.

Instructions for inserting the change pages is included. Also included is a list of effective pages for the
SAR. Please place these after the table of contents. Please direct any questions to the undersigned at (803)
647-3552.

Sincerely,

WESTINGHOUSE ELECTRIC COMPANY, LLC

Nomian A. Kent
Manager Transport Licensing and Regulatory Compliance
Nuclear Material Supply

Enclosure: Rev 2 Change pages

"Aformation in this record was deleted
in accordance with the Freedom of Informatiory
Act, exemptions
FolA- 6 -. 3
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License Drawings

10004E58 (8 sheets)

10006E58 (1 sheet)

10006E59 (2 sheets)

Rev 3 Revision 3 removes all reference to borated aluminum

Rev 1 Inadvertently omitted when Rev 1 to SAR was distributed.

Rev 1 Inadvertently omitted when Rev 1 to SAR was distributed.

Section 1

* Removed reference to borated aluminum.

Section 2

" Removed reference to borated aluminum.
• Corrected grammatical and typographical errors.
" Corrected cross-reference errors.
• Revised Section 2.12.3 to place appropriate emphasis on FEA results.
• Replaced Figures 2-89 and 2-119 with correct annotations for axial and vertical response

quantities
* Reconciled the peak acceleration values listed in Table 2-30 with those displayed in Figure 2-91.
. Provided reference or justification for the use of bolt interaction equations
* Provided justification for assertion that temperature and variation in form density due to

manufacturing tolerances have only minor effect on the drop performance of the Traveller
package.

Section 3

* Revised Table 3-1 to include information on shock mounts.

Section 5

* Revised section on shielding evaluation.

Section 6

S

0

0

0

Removed reference to borated aluminum.
Corrected grammatical and typographical errors.
Corrected cross-reference errors.
Removed references to specific regulatory requirements.
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* Corrected inconsistency with regard to moderation configuration for array and individual
package.

* Performed sensitivity study to evaluate effect on system kfr if shock mounts were to fail and the
clamshell were to relocate inside the outerpack.

" Revised fuel assembly parameter tables to include requested information such as nominal GT OD
and thickness.

* Revised rod container section as follows:
o Re-ran models using actual HAC model rather than earlier version.
o The actual HAC model included replacement of borated aluminum with BORAL
o Changing areal density from 0.0188 g/cm 2 to 0.0180 g/cm2 .
o Included precise modeling of moderator blocks.
o Included input decks which were inadvertently omitted in Rev 1.
o Performed sensitivity analysis for varying water density for interspersed moderation for

infinite array cases.
• Corrected mass quantities for actual package versus model.

Section 8

" Removed reference to borated aluminum.
* Revised section on neutronics testing requirements.
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TRAVELLER SAFETY ANALYSIS REPORT
INSTRUCTIONS FOR INSERTING REVISION 2 CHANGE PAGES

Section 1

After Tab I "General Information," remove the following pages within this tab and insert the Revision 2
pages as follows:

Remove Pages , Insert Pages

1-3 (Rev. 0)11-4 (Rev. 0) 1-3 (Rev. 0)/1-4 (Rev. 2)

Section 2

After Tab 2 "Structural Evaluation," remove the following pages within this tab and insert the Revision 2
pages as follows:

Remove Pages . Insert Pages

i (Rev. 1)/ii (Rev. 1) i (Rev. 1)/i (Rev. 2)

vii (Rev. l)/viii (Rev. I) and vii (Rev. 2)/viii (Rev. i) and
ix (Rev. 1)Ix (Rev. 1) ix (Rev. ])/x (Rev. 2)

2-5 (Rev. 0)/2-6 (Re6. 0) -2-5 (Rev. 2)/2-6 (Rev. 2)

2-17 (Rev. 0)/2-18 (Rev. 0) 2-17.(Rev. 2)/2-18 (Rev. 2)

2-21 (Rev. 0)/2-22 (Rev. 0) .2-21 (Rev. 0)/2-22 (Rev. 1)

2-23 (Rev. 0)/2-24 (Rev. 0) and 2-23 (Rev. 2)/2-24 (Rev. 0) and
2-25 (Rev. 0)/2-26 (Rev. 0) 2-25 (Rev. 2)/2-26 (Rev. 0)

2-37 (Rev. 0)/2-38 (Rev.1) • 2-37 (Rev. 0)/2-38 (Rev. 2)

2-67 (Rev. ])/2-67A (Rev. 1) and -" 2-67 (Rev. 2)12-67A (Rev. 2) and
2-67B (Rev. 1)/2-68 (Rev. 0) . 2-67B (Rev. 2)/2-68 (Rev. 2)

2-105 (Rev. 0)/2-106 (Rev. 1) - • : 2-105 (Rev. 2)/2-106 (Rev. I)

2-25(Rev.0)/2-26.(Rev..0) - 2-125 (Rev. 0)/2-126 (Rev. 2)

2-133 (Rev. 0)/2-134 (Rev. 1) . -133 (Rev. 0)/2-134 (Rev. 2)

2-155B (Rev. ])/2-156 (Rev. 0)and I. '.-_ 2-155B (Rev. 1)/2-156 (Rev..2) and
2-157 (Rev. 0)/2-158 (Rev. 1)' -157 (Rev. 2)/2-158 (Rev. 1) -

2-171 (Rev. 0)/2-172 (Rev. 0) 2-171 (Rev. 0)/2-172 (Rev. 2)

2-183 (Rev. 0)/2-184 (Rev. 0) 2-183 (Rev. 2)/2-184 (Rev. 0)

2-191 (Rev. 0)/2-192 (Rev. 0) 2-191 (Rev. 0)/2-192 (Rev. 2)
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TRAVELLER SAFETY ANALYSIS REPORT
INSTRUCTIONS FOR INSERTING REVISION 2 CHANGE PAGES (cont.)

Section 3

After Tab 3 "Thermal Evaluation," remove the following pages within this tab and insert the Revision 2
pages as follows:

Remove Pages Insert Pages

3-1 (Rev. 0)/3-2 (Rev. 1) 3-1 (Rev. 0)/3-2 (Rev. 2)

Section 5

After Tab 5 "Shielding Evaluation," remove the following pages within this tab and insert the Revision 2
pages as follows:

I Remove Pages Insert Pages

5-1 (Rev. 0)IBlank 5-1 (Rev. 2)/Blank

Section 6

After Tab 6 "Criticality," remove the following pages within this tab and insert the Revision 2 pages as
follows:

Remove Pages Insert Pages

i (Rev. 1)/ii (Rev. I) through i (Rev. I)/ii (Rev. 2) through
vii (Rev. l)/Blank :vii (Rev. 2)/Blank

6-1 (Rev. 0)/6-2 (Rev. 0) and 6-1 (Rev. 2)/6-2 (Rev. 0) and
6-3 (Rev. 0)/6-4 (Rev. 0) 6-3 (Rev. 2)/6-4 (Rev. 2)

6-9 (Rev. 1)/6-10 (Rev. I) 6-9 (Rev. 1)16-10 (Rev. 2)

6-15 (Rev. 0)/6-16 (Rev. 1) 6-15 (Rev. 2)/6-16 (Rev. I)

6-19 (Rev. ])/6-20 (Rev. I) through 6-19 (Rev. 2)/6-20 (Rev. 2) through
6-23 (Rev. 1)/6-24 (Rev. 1) 6-23 (Rev. 2)/6-24 (Rev. 1)

6-27 (Rev. I)/6-27A (Rev. 1) 6-27 (Rev. I)/6-27A (Rev. 2)

6-31 (Rev. 1)/6-32 (Rev. I) 6-31 (Rev. 1)/6-32 (Rev. 2)
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INSTRUCTIONS FOR INSERTING REVISION 2 CHANGE PAGES (cont.)

Remove Pages Insert Pages

6-39 (Rev. 1)16-40 (Rev. 1) 6-39 (Rev. 1)16-40 (Rev. 2)

6-47 (Rev. I)/6-47A (Rev. 1) and 6-47 (Rev. I)16-47A (Rev. 2) and
6-47B (Rev. 1)/6-48 (Rev. 1) 6-47B (Rev. 1)/6-48 (Rev. 2)

Then, after page 6-48A (Rev. ])/6-48B (Rev. 1) add pages 6-48C (Rev. 2)/6-48D (Rev. 2).

Remove Pages Insert Pages

6-49 (Rev. 0)16-50 (Rev. 0) 6-49 (Rev. 0)/6-50 (Rev. 2)

6-53 (Rev. 0)16-54 (Rev. 1) 6-53 (Rev. 2)16-54 (Rev. 1)

6-55 (Rev. 0)16-56 (Rev. 0) 6-55 (Rev. 2)16-56 (Rev. 2)

6-65 (Rev. 1)/6-66 (Rev. 1) 6-65 (Rev. 2)/6-66 (Rev. 1)

6-99 - 6-103 (Rev. ])/6-104 (Rev. 1) through 6-99 - 6-103 (Rev. 1)/6-104 (Rev. 2) through
6-107L (Rev. 1)/6-108 (Rev. I) 6-107HH (Rev. 2)/6-108 (Rev. 1)

Then, after page 6-159 (Rev, 1)/6-160 (Rev. 1) add pages 6-160A (Rev. 2)/6-160B (Rev. 2) through
6-1601 (Rev. 2)/6-160J (Rev. 2).

Section 8

After Tab 8 "Accept'ance Tests & Maintenance Programs," remove the following pages within this tab
and insert the Revision 2 pages as follows:

Remove Pages Insert Pages

8-5 (Rev. 1)/8-5A (Rev. 1) through 8-5 (Rev. 2)/8-5A (Rev. 2) throu
1 8-7 (Rev. 1)/8-8 (Rev. 1) 8-7 (Rev. 2)/8-8 (Rev. 1)
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Figure 1-1 Outerpack Closed: Position (eft) and Opened Position (right)
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1.2.1.3 Clamshell

The Clamshell is a structural component consisting of a lower aluminum "v" extrusion, two aluminum
door extrusions, and a small top access door. Piano type hinges (continuous hinges) connect each door to
the "v" extrusion. The doors are then held closed with a latch mechanism and eleven quarter-turn bolts
(9 for the Traveller STD). At the bottom nozzle end, a base plate is bolted to the "v" extrusion. At the top
nozzle end, the top plate and small v-shaped door are bolted together. These form the top door which is
hinged at one side to allow it to swing open, leaving access to the top nozzle from above. The top door is
secured with a short hinge pin which is inserted along the length of the top door. The Clamshell assembly
is shown closed, and opened in Figure 1-3. A more detailed schematic showing key Clamshell
components of the top end is depicted in Figure 1-4.

The quarter-turn Clamshell fasterners are shown in Figure 1-5. By rotating the nut plus or minus
90 degrees opens or closes the latch. Spring- loaded plungers on both sides of the nuts positively restrain
each nut during shipping and handling, and precludes inadvertent opening of the latch.

The Fuel Assembly or Rod Tube is secured inside the Clamshell at three locations down the length. At the
top end, two jackscrews with neoprene pads clamp the fuel assembly axially against the bottom plate.
Adjustable spring-loaded pads are positioned at any axial location between end locations to secure the
fuel assembly along its length. These pads will be located at mid-grid locations.

The "v" extrusion is lined with a cork rubber pad to cushion the contents and prevent damage during
normal handling and transport conditions. The bottom plate is similarly lined with cork rubber.

Neutron absorber plates are installed in each leg of the "v" extrusion and in each of the doors. The
absorber plate is inserted in pocket in each extrusion and attached with screws. The plates are solely for
neutron absorption and do not provide any structural support. More details are described in Section 6,
Criticality Evaluation and Section 8, Acceptance Tests and Maintenance Program.

The purpose of the Clamshell is to protect the contents during routine handling and in the event of an
accident. During routine handling, the Clamshell doors are closed immediately after the contents are
loaded. This provides a physical barrier to debris or accidental damage. During accident conditions, the
Clamshell provides a physical barrier to rod bowing, lattice expansion, and loss of rods. It also provides
neutron absorption.

1-4
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2.2 MATERIALS

2.2.1 Material Properties and Specifications

Mechanical properties for the materials used for the structural components of the Traveller packages
are provided in this section. Temperature-dependent material properties for structural components
are primarily obtained from Section II, Part D, of the ASME Boiler and Pressure Vessel (B&PV) Code.
The analytic evaluation of the Traveller packages is ,via computer simulation (ANSYSILS-DYNAO), only
the material properties specific to the analysis portion and computer simulation portion of the evaluation
are given. Table 2-2 lists the materials used in-tSih TraVellqr packages and summarized key properties and
specifications. More detailed material properties can be found in Appendix 2.12.2, Mechanical Design
Calculations for the Traveller XL Shipping Package Traveller XL, and Appendix 2.12.3, Drop Analysis
for the Traveller XL Shipping Package.

All materials used in the fabrication of the Certification Test Unit (CTU) meet 10 CFR 71 and TS-R-1
requirements. However, simulated neutron absorber plates were affixed to the inner faces of the
Clamshell. These were fabricated from 1100-TO aluminum ("dead soft" aluminum). These component
plates did not contain boron, and were used to simulate.the mechanical and thermal properties of the
neutron absorber plates., The 1100-TO aluminum ývas used due to its low mechanical properties. In
production units, the actial neutron absorber plates will have insignificant.differences in the material
properties compared to the material used in the prototypes and CTU package..

2.2.2 Chemical, Galvanic, or Other Reactions

The Traveller series of packages are fabricated from ASTM A240 Type 304 stainless steel, 6000-series
aluminum, borated I 100-series aluminum, plyurethane foam, and polyethylene sheeting. The stainless
steel Outerpack does not have significant chemical or galvanic reactions with the interfacing components,
air, or water.

The aluminum Clamshell is physically.. isolated, and environmentally protected, by the Outerpack and
therefore will have negligible chemical or.galvanic reactions with the interfacing components, air, or
water. In addition, the Type 304 stainless'stel'fasteners which attach various Clamshell components
represent a .very small area ratio (cathode-to-anode ratio), which will -render the reaction insignificant.
Therefore, the requirements of 10 CFR §71.43(d), TS-R-1 (613) are met.

The Outerpack hinge bolts are zinc plated for the purpose of improving galling resistance which can be a
significant problem when stainless steel fasteners are inserted in stainless steel threaded holes. The plating
is not required forchemical or galvanic protection.

2.2.3 'Effects of Radiation on Materials

There are no materials used in the Traveller packages which will be adversely affected by radiation under
normal handling and transport conditions.

2-5 ".
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Table 2-2 Safety-Related Materials Used in the Traveller Packages

Reference
Material Critical Properties Specifications/Codes Comments

304 Stainless Steel UTS: 75 ksi (517 MPa) ASTM A240 Fully annealed material
and not subject to brittle

YLD: 30 ksi (206 MPa) ASTM A276 fracture.

;ik,w: 18 ksi (124 MPa)

E: 29.4 E6 psi (203 GPa)

6005-T6 Aluminum UTS: 38 ksi (262 MPa) ASTM B221 Reference standard
UNS A96005

YLD: 35 ksi (241 MPa) ASTM B209

".l,,: 21 ksi (145 MPa)

E: 10 E6 psi (69 GPa)

606 1-T6 Aluminum UTS: 45 ksi (310 MPa) ASTM B221 Reference standard

YLD: 40 ksi (276 MPa) ASTM B209 UNS A96061

-r,1. 24 ksi (165 MPa)

E: 10 E6 psi (69 GPa)

Polyurethane Closed Cell Densities: 6 ± I pcf Westinghouse Burn Characteristics
Foam (0..096 ±0.016 gm/cm3 ), Specification PDSHIP02 verified by ASTM

10± I pcf(0.16±0.016 ASTM D1621-94 F-501, with exceptions
gm/cm'), 20 ± 2 pef noted in PDSHIP02.
(0.32 ± 0.016 gm/cm3 ) ASTM D1622-93

Crush Strengths: See ASTM D2842
Appendix 2.12.2

UHMW Polyethylene Specific Gravity: > 0.93 ASTM D4020 NIA

Molecular Wt: >3 million

Borated Aluminum Minimum areal densities: Westinghouse The minimum areal
Laminate Composite Specification PDSHIP04 densities are defined for

the finished plate or
Borated Al Composite: ASTM E748 laminate final thickness
0.024 g/ctn of 0.125" ± 0.006"

(3.175 min ± 0.153 tim).

No structural credit is
taken for the neutron
poison plates.

Ceramic Insulation (Paper Max. use teup: >1800'F N/A The paper thickness is
and Felt) (9820C) 0.0625" (1.59 mm), and

Conductivilt: < 1.2 the blanket thickness is

Btu-in/hr-ft @ 500 0F, 0.25" (6.35 mm)
(0.173 W/m-K @ 260'C)

2-6
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Table 2.5 Summary of the Development of the Traveller

Traveller XL Test Sequence(s) Structural Performance Fire/Thermal Performance

Prototype-I Objective: FEA validation - Outerpack - Satisfied Outerpack faileil to prevent
requirements. Minor, ignition of polyethylene sheets in

Drop testing: '9 m low angle slap local damage only. one location.
Jan 27-28,2003 down (14.5 degrees) '. ...

B- .:Clamshell - Satisfied Clamshell temperature away from
Burn Testing: 9 m high angle requirements for 9 m interior combustion satisfied fire
Feb 28, 2003 (71 degrees) • low angle test. Failed requirements.

I m pin puncture requirements for 9 m

(through CG, low angle) high angle test.
Satisfied I m pin

35 minute pool fire puncture test.
bum test. .

Comments:

The Traveller XL Prototype-I demonstrated robust structural performance, except for the Clamshell head(s)
attachment which was not adequate. The most probaible root cause of ignition of polyethylene sheeting was
polyurethanie foam combustion products entering the inside of the Outerpack as a result of holes drilled into inner
Outerpack shell for thermocouples. No seals were used in the Outerpack for conservatism.

Fire testing failed to prevent ignition of the combustible materials in the Outcrpack..However, the 'components
not adjacent to the internal fire remained well withiti thermal limitations, thus, demonstrating that the Outerpack
had sufficient thermal resistance to external heat flow into package.

Design Changes as a Result of Testing:

Additional bolts were added to secure the top Clamshell head for Prototype-2 testing (see below).

The package was subjected to the applicable tests for Normal and Hypothetical Accident conditions as described
below. Following this series, the package was modified again to assess the robustness of the design. The center
Outerpack hinge bolts were removed (I of 3 bolts) from eich hinge section. The number of locking pins on the
Clamshell latches was also reduced, from 18 to 12.

I I 1

Prototype-2

Drop Testing:
Jan 30,2003

Bum Testing:.
N/A

- 1.2 m low angle
slapdown (20 degrees)

- I m pin puncture
(through CG, low angle)

- 9 m high angle
(72 degrees)

Bolts and locking pins
removed (described
above)

- 9 m end drop (bottom
end down)

. 9 m horizontal (feet
down)

- 9 m horizontal (side
down)

- Outerpack - Satisfied
Sre*..uirements forall

9 m drops and pin
puncture tests. Minor,

L local damage only.

- Clams-hell Satisfied
: ,.requirements for first

9 m drop. Bottom head
separated in second 9 m

"'dro (bottoni end drop)
because the fuel

"" issehnbly'was not
properly seated against
bottom Clamshell head
as a result of prior drop.
No other significant
damage.

Prototype 2 was not subjected
to HAC fire testing.

I

2-17.
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Table 2-5 Summary of the Development of the Traveller

(cont.)

Traveller XL Test Sequence(s) Structural Performance I Fire/Thermal Performance

Comments:

The performance of the Prototypes (I & 2) associated with the first testing campaign clearly demonstrated the
robustness of the Overpack and Clamshell (except for the Clamshell head attachments). In all, six (6) drops were
performed on 2 full-scale prototypes from 9 m. The Outerpack retained its overall integrity and runctionality.
Most importantly, all design features important to criticality safety performed as intended. Moderator blocks and
simulated neutron absorber plates remained intact and attached to their respective structural components.

Design Changes as a Result of Testing:

Based on the robust stiuctural performance of the Prototype units, several design changes were made to the
Traveller XL for subsequent testing in the second test campaign. The Traveller units fabricated for the second
campaign were called the Qualification Test Units, or QTUs. A total of two units were fabricated and tested. The
significant changes to the QTUs were as follows:

I. The Outerpack stainless steel shells were reduced from I I gauge (0. 1196 in., 3.04 mm) to 12 gauge
(0.1046 in., 2.66 min). This change was made primarily to lower wcight and reduce excessive structural
margin.

2. The hinge bolts were reduced in both number and size, from ten 7/8" (2.22 cm) diameter bolts to ten ¾"
(1.91 cm) bolts. This change was made to reduce excessive design margin.

3. A total of 2 seal materials were added to the design to act as: I) an environmental seal, and 2) to minimize
hot gases from entering the Outerpack seams.

4. The Outerpack leg structure, circumferential stiffeners, stacking brackets, and forklift pocket structures were
changed. These changes were made for simplified manufacturing purposes and to reduce excessive design
margin.

5. The polyurethane foam density of the center section of the package was reduced from I I pef to 10 pcl. The
axial limiter foam sections of the package were also reduced from 16 per to 14 pcf. This change was made
to lower the impact deceleration, and therefore loads experienced by the Clamtshell.

6. The Clamshell extrusions were made thicker, from a nominal 0.375" (0.95 cm) to 0.438" (1.11 cm). This
change was made primarily to eliminate welding of the heads to the extrusions. Bolted connections were
utilized to attach the heads.

7. The welded simulated poison plates were redesigned for a bolted connection. This change was made to
reduce the distortion of the aluminum Clamshell extrusions due to welding.

8. The Clamshell door locking latches were redesigned for quarter-turn nuts. This change was made for
manufacturing and aesthetic purposes.

9. The Clamshell axial restraint system for restraint of the fuel assembly was redesigned. This change was
made to simplify the fuel handling.

2-18
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Table 2-5 Summary of the Development of the Traveller

(cont.)

Traveller XL Test Sequence(s) Structural Performance Fire/Thermal Performance:

4. The four (4) long Outerpack hinge sections .were lengthened to cover all of the Outerpack seams. There
existed a nominal 3 inch (7.6 cm) uncovered section at the bottom end.

5. The bottom limiter cover which curves arofid ihe botiorn impact limiter was extended an -dditional
1.5 inches axially. Ribs (or lips) were added to'this'cover, and to the bottom limiter, to further rcdu•e the
ingress of hot gases.

6. The foam density in the outer sections of impact limiters was increased from 14 pcf to 20 pef to reduce the
heat flow through these sections. .

7. The polyethylene moderator sheets were redesigned for manufacturing purposes.

8. The silicone rubber Omega seal, was replaced with acrylic impregnated fiberglass braided tubing. This
change was made to eliminate a potential source of combustion inside the Outerpack.

The design changes listed above were retrofitied Oito the QTU-i unit (which had already been burned). The
QTU-I unit was then instrumnented and taken throughI a series of fire tests in an effort to quantify the thermal
design margins associated with these design changes. This testing was considered necessary to quanutify the'
thermal design margins before the final Certification Test Unit (CTU)'i'st article was tested. The modified unit
was jested twice. It was first burned for 40 minutes, then it was re-burined for another 30 minutes the following
day. The results of the tests were excellent. The impact li'Miter pillow temperature never exceeded 120'C, and the
data confirms the primary heating to the inside of the Outerpack is by conduction.

Based on the successful testing of the modified QTU-I article, the design changes were incorporated in the
manufacturing of the Traveller XL CTU package . ;. ..

CTU

Drop Testing:
.Feb 5, 2004

Burn Testing:
Feb 10, 2004

1.2 m low angle . .. Ouierýack - Satiisfied
slapdown (9 degrees) requirements for both

- 9 m end drop (bottom
end down)

- I m pin puncture
(21 degrees through
CG, directly onto
Outerpack hinge)

32 minute pool-fire
bum test.

drops and pin puncture
tests. Minor, local

, damage only.

- Clamshell - Satisfied
requirements for both

.:drop tests and thermal
.. tests. The Clamshell
-.retained its shape and
.:iemained closed and.

latched after drop
testing.

Clamshell - Satisfied
requirements for fuel containment
and criticality safety. The
Clamshell and its contents
remained below a maximum of
1500C.

I I I

The Traveller XL CTU demonstrated robust structural performance. No Outerpack bolts failed and the Oulerpack
retained its circular pre-test shape. The Outerpack did not separate, and the pin puncture did not perforate the
inner or outer shells nor did it affect the Claimshell in ainydetrimental way. Minorwcld failures on the Outerpack,
in the region near the impact, wcre observed in post-test examinations. These failures had negligible effect on the
performance of the CTU. The two (2) quick releasepins on'the cover lips detached during the drop test, therefore,
they could not be used where they were intended,'in the buirn' lest (as such, they were not re-installed for the burn
testing).

2-21 -
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Table 2-5 Summary of the Development of the Traveller
(cont.)

Traveller XL Test Sequence(s) Structural Performance I Fire/Thermal Performance

The impact limiter pillows performed as intended, however, they did not crush as much as intended due to the
inherent axial flexibility of the 17x17 XL fuel assembly. The moderator sheeting remained completely contained
within the sheet metal covering. A small brown spot was observed on the back side of one moderator sheet
attached to the Oulcrpack top half. A very small amount of flow occurred away from the hot spot. This melt spot
was small, affecting only a few cubic centimeters of material.

The Clamshell was found intact and closed, and the simulated poison plates maintained thcir attached position
with very littlc distortion. Minor damage was observed at the location of the impact with the pillow, however, the
damage had negligible effect on the performance of the Clamshell. All closure nuts remained intact with no signs
of distortion or stress.

The most significant observation from the post-lest examinations were 20 cracked fuel rod bottom end plug
welds. These cracks occurred in the regions corresponding to the comers of the bottom nozzle. At these comers,
the buckled bottom nozzle has steep faces (in excess of 45 degrees), which was exacerbated by the
characteristically long legs of the 17XL assembly. The angled faces apply a side force to the local fuel rods as
they are decelerated in the impact. The largest crack occurred in a fuel rod located in the outermost row within the
assembly. The crack in the rod had a maximum width of approximately 0.075" (1.91 mm). This width is not
sufficiently large enough for loss of fuel from the rod. Further, in all cases of cracked rods, the bottom end plugs
did not separate. Therefore, fuel pellets are prevented from exiling any of the cracked rods.

Design Changes as a Result of Testing:

The CTU satisfied the HAC drop-test and bum-test requirements in all aspects. However, as with any
development program, improvements can be envisioned after every series of tests. Based on the results of the
CTU tests, several minor changes shall be incorporated into production units to enhance the performance of the
package. There changes do not change the performance or characteristics of the package, but merely improve the
safety margin of the package by incorporating rather obvious improvements as listed below. The basis for the
change is also listed below:

1. The studs which hold the moderator blocks to the upper Outerpack half failed during the drop testing. The
moderator remained contained within the sheet metal covering. However, the number of 318" (0.95 cm)
diameter studs shall be increased by 50% on the top Outerpack assembly only.

2. The bottom impact limiter pillow is welded at the top plate to the Outerpack inner plate. This weld is design
to break in a high angle impact. It performed well in the drop test, however, it did not completely break.
This joint shall be redesigned with a small groove cut into the inner plate to form a weakened break point.
The break shall therefore not necessarily occur at the weld location.

3. The quick release pins used to secure the bottom end scanm flange cover failed during drop testing but had
negligible effect on the performance (intended for thermal performance only). Therefore, they were not
used in the thermal test and will not be used in production units.

Thelfikure below (Figmre 2- IB) .ihowt. the inpact limiter, or Pillow. assenmbly (.ho'rii witthout inxsitlion). This
a.ssembly*% is shown installed in the Traveller package bottion (th e configuratioms are the saumefir STD and X.L
packages) in Figure 2- IC The i'ehl betiweein the bottom phlte (yellow) and the puncture patte (red) is also .halwn.
Daring te.srtig thjs wchlfaileil as expected, howitcer, it diA not completely "Yllnit the compoinents ra schparute. 7his
des.ign change wmeakcns the bottom plate by redhiricg its thickness to a nwninal 0.025" thickness. as .ihomirn in
Figm're.s 2- ID and 2- /E. A .25 inch wide channcl ,ias added to weaken the part.
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2.7.1 Free Drop

Subpart F of 10 CFR 71, TS-R-1 (727) requires that a 9-meter (30 foot) free drop be considered for the
Traveller series of packages. The free drop is to occur onto a flat, essentially 'unyielding, horizontal
surface, and the package is to strike the surface ,in' an orientation for which the maximum damage is
expected. The free drop is addressed by test, in which the most severe orientation is used. The free drop
precedes both the puncture and fire tests. The ability of the Traveller packages to adequately withstand
this specified drop condition is demonstrated via drop testing of the full-scale Traveller XL Certification
Test Unit (CTU). The Traveller XL variant bounds the shorter and lighter Traveller STD design.

2.7.1.1 Technical Basis for the Free Drop Tests'-

To properly select a worst case package orientation for the 9 m (30 feet) free drop event, the foremost
item that could potentially compromise the criticality control integrity of the Traveller series of packages
must be clearly identified.

The criticality control integrity may be compromised by four methods: 1) excessive movement of the fuel
rods such that they form a critical geometiy ' 2) 1damage/destruction of the 'newtron absorber and,
polyethylene sheeting, 3) degradation of the'neutron absorber/polyethylene sheeting and/dr 4) other
structural damage that could affect the nuclear reactivity of an array of packages.

For the above considerations, testing and FEA predictive methodology must include orientations that
affect the Clamshell geometry and integrity. Throughout the development of the Traveller XL, minor
design changes were made to optimize the structural and thermal performance of the package.

A total of nine (9) 30 foot (9 m) free drops were performed using full-scale prototypes at a variety of
orientations to determine the most severe orientation and to assist in benchmarking the computer
simulation model. Based on these tests, and the piedictions of the analytic analyses, it was determined
that the most severe 9 m free drop orientation Was a bottom-end down drop due to; 1) the relatively high
deceleration, 2) the greatest opportunity for lattice expansion of the fuel, and 3) the greatest opportunity
for fire damage as a result of the subsequent pool-fire thermal testing.

The bottom-down end drop causes the greatest •damage to the axial impact limiters, or "pillows." These*
pillows were incorporated as a re-design from QTU-2 testing whereby the Clamshell punched through the
plate covering the inner section of the axial impact limiter. This exposed foam later burned within the
interior of the Outerpack and ignited the moderator panels. The concept of a puncture plate was
redesigned to incorporate a "puncture resistant" plate. The inner foam limiter wvas therefore protected by
the-puncture resistant plate (1/4" thk, 0.64 cm), and was enclosed by a spun metal "can" welded to the
plate to completely seal the pillow assembly.:CTU test results confirmed that no polyurethane foam was
exposed as a result of the bottom-down end impdct. ,•

The long bottom nozzle "legs" associated with the Westinghouse 17x17 XL fuel assembly are considered
the most severe because they allow considerable strain of the bottom nozzle (particularly the flow plate,

2-23



}tWeslinghouse
Docket 71-9297

Traveller Safety Analysis Report Rev. 0, 3/2004

or adapter plate) during a bottom-down end drop. The bowed adapter plate offers the greatest opportunity
to damage fuiel rods during the impact.

The top-down end drop produces significantly lower deceleration due to buckling of the axial clamp bolts.
As these buckle, considerable energy is absorbed, thus lower the buckling of the top nozzle. By
comparison, the bottom-down end drop is more severe.

2.7.1.2 Test Sequence for the Selected Tests

Based on the above discussions, the Traveller XLCTU was tested for one specific, HAC 9 m (30 foot)
free drop conditions: I) End drop onto the bottom of the container. This single "worst case" 9 in drop is
required. Numerous 9 in drops using full-scale prototypes were tested prior to CTU testing to determine
the most severe orientation. The specific conditions for all full-scale prototype and CTU tests are
summarized in Table 2-2 above.

2.7.1.3 Summary of Results from the Free Drop Tests

Successful HAC free drop testing of the Traveller XL CTU certification unit indicates that the various
structural features are adequately designed to withstand the 9 m (30 foot) free drop event. The most
important result of the testing program was the demonstrated ability of the bounding Traveller XL
package to maintain its criticality safety integrity.

Significant results of the free drop tests, including the thermal test, are as follows:

I. There was no breach or distortion of the Clamshell aluminum container.
2. There was no evidence of melting or material degradation on the polyethylene sheeting.
3. The Outerpack remained closed and structurally intact.
4. A small number of rods (20) were cracked during drop testing (only seen in bottom-end drops).
5. Rod damage has been at the end of the rods only. No damage anywhere else.
6. None of the end plugs have separated from the rods.
7. No pellet material is lost from the cracked rods.

Further details of the free drop test results are provided in Appendix 2.12.4, Traveller Drop Test Results.

2.7.2 Crush

The crush test specified in 10 CFR §71.73(c)(2), TS-R-l (727) is required only when the specimen has
mass not greater than 500 kg (1,100 pounds), an overall density not greater than 1,000 kg/rn 3 (62.4 lb/ft3 ),
and radioactive contents greater than 1,000 A2, not as special forn. The gross weights of the Traveller
packages are greater than 500 kg (1,100 pounds). Therefore, the dynamic crush test of 10CFR
§71.73(c)(2), TS-R-1 (727) is not applicable to the Traveller series of packages.
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2.7.3 Puncture

Subpart F of 10 CFR 71 requires performing'a p uncture test in accordance with the requirements of
10 CFR §71.71(c)(3), TS-R-l (727). The puncture tet involves a I m (40 inch) drop onto the upper end
of a solid, vertical, cylindrical; mild steel bar mounting on an essentially unyielding, horizontal surface.
The bar must be 15 cm (6 inches) in diameter, with the top surface horizontal and its edge rounded to a
radius of not more than 6 mm (1/4 inch). The minimum length of the bar is to be 20 cm (8 inches). The
ability of the bounding Traveller XL packages to adequately withstand this specified drop condition is
demonstrated via testing of numerous full-scale Traveller XL prototypes and the Certification Test Unit
(CTU).

2.7.3.1 Technical Basis for the Puncture Drop Tests

To properly select a worst case package orientation for the puncture drop test, items that could potentially
compromise criticality integrity of the Travellerpackage must be clearly identified. For the Traveller XL
package design, the foremost item to be addressed is the integrity of the Clamshell and the neutron
moderation and absorption materials (i.e., neutron absorber plate and polyethylene sheeting).

The integrity of the Clamshell and the criticality control features may be compromised by two methods:
I) breach of the Clamshell boundary, and 2) degradation of the neutron moderation/control materials due
to fire.

For the above reasons, testing must consider orientations that attack the Outerpack closure assembly,
which may result in an excessive opening into the interior for subsequent fire event, and/or the Clamshell
which contains the fuel assembly. Based on prototype testing and :computer simulations of the pin
puncture event, the pin puncture has insufficient energy to cause significant damage to the Outerpack
hinge closure system nor to the Clamshell (including components within the Clamshell).

The greatest possibility of cumulative damage to the package occurs when the pin puncture is located in
within the area of impact of the 9m drop. These locations further attack the welded joints adjacent to the
crushed area between the Outerpack outer shell and the end cap. Many pin puncture locations were tested
in prototype testing, and all had insignificant impact on the structural and thermal performance of the
package. See Table 2-2 above, and Appendix'2.12.4, Traveller Drop Test Results, for more information
regarding pin puncture testing. .* -

Based on the above discussion, the Traveller XL CTU was specifically evaluated at a "new" location. The
pin puncture was located such that the pin impacted directly on an Outerpack hinge at a low impact angle.
This test had not previously been performed; and it was desired to test the hinge's ability to' take a pin
impact and still perform its important function of thermally protecting the seam between Outerpack
bottom and top assemblies. Section 3 describes how the hinge protects the seam in more detail.
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2.7.3.2 Summary of Results from the Puncture Drop Tests

Successful HAC puncture drop testing of the CTU indicates that the various Traveller XL packaging
features are adequately designed to withstand the HAC puncture drop event. The most important result of
the testing program was the demonstrated ability of the bounding Traveller XL to maintain its structural
integrity. Significant results of the puncturedrop testing are as follows:

I. Minor damage to the Outerpack and Outerpack hinge

2. No affect on the structural or thermal performance of the package.

3. There was no evidence of separation of the Outerpack seam which would allow hot gases to enter
the Outerpack.

4. No evidence of movement occurred that would have significantly affected the geometry or
structural integrity of the Clamshell.

5. There was no evidence of loss of contents from the Clamshell due to the puncture events.

6. There was no evidence of deterioration of the polyethylene sheeting in the subsequent fire event.

7. There was no evidence of deterioration of the borated-aluminum sheeting (simulated) in the
subsequent fire event.

Further details of the puncture drop test results are provided in Appendix 2.12.4, Traveller Drop Test
Results.

2.7.4 Thermal

Subpart F of 10 CFR 71, TS-R-I requires perforning a thenrmal test in accordance with the requirements
of 10 CFR §71.71(c)(4), TS-R-I (728). To demonstrate the performance capabilities of the Traveller
packaging when subjected to the HAC thermal test specified in 10 CFR §71.71(c)(4), TS-R-I (727), a
full-scale CTU was burned in a fully engulfing pool fire. The test unit was subjected toa 9 mi (30 foot)
free drop, and a 1.2 in (4 foot) puncture drop, prior to being burned, as discussed above. Further details of
the thernal perfornnance of the Traveller XL CTU are provided in Section 3, Thermal Evaluation.

Type K thennocouples were installed on tfie exterior surface of the packaging (each side, top, and bottom)
to monitor the package's temperature during the test. In addition, passive, non-reversible temperature
indicating labels were installed on the Clamshell, fuel assembly, and inner surfaces of the Outerpack.

The CTU was exposed to a minimum 800°C (i,475°F), 30-minute pool fire. As discussed in
Appendix 2.12.4, Traveller Drop Test Results, the package was orientated such that the Outerpack was on
its side. This orientation offered the greatest opportunity for formation of a chimney and thus result in
maximum combustion of the Outerpack foam and-degradation of the polyethylene sheeting.
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Figure 2-4 Internal View of the Traveller Shipping Package
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2.12.2.1 Analysis Results and Conclusions

These analyses were performed to demonstrate Traveller XL package compliance to the mechanical
requirements described in 10 CFR 71 and TS-R-I for which no formal testing was conducted. These
calculations bound the lighter, shorter Traveller STD unit. The applicable requirements are summarized in
Table 2-7 below. The results of the design calculations (where applicable), acceptance criteria, and
conditional acceptance are shown in Table 2-8. Based on the results in Table 2-8, the Traveller package is
shown to be compliant-fo mechanical requirements described in 10 CFR 71 and TS-R-1.

Table 2-7 Summary of Regulatory Requirements for Mechanical Analysis

Requirement Applicable
Description US NRC Requirement 1996 IAEA Requirement Condition

Lifting attachments 10 CFR 71.45(a) TS-R- !, Paragraph 607 General Package
Standard

Tic-Down devices 10 CFR 71.45(b)(1) TS-R-I, Paragraph 636 General Package
Standard

Design temperatures 10 CFR 71.71 (c)(1,2) TS-R-1, Paragraphs 637 and General Package
between -40TF (-40rC) 676 Standard
and 158"F (70°C)

Internal/External 10 CFR 71.71 (c)(3,4) TS-R- 1, Paragraph 615 Normal transport
Pressure condition

Vibration 10 CFR 71.71 (c)(5) TS-R- 1, Paragraph 612, Normal transport
condition

Water spray IOCFR71.71(c)(6) TS-R- 1, Paragraph 721 Normal transport
condition

CompressioiilStacking 10 CFR 71.71(c)(9) TS-R-l, Paragraph 723 Normal transport
test condition

Penetration I 0 CFR 71.71 (c)(I 0) TS-R- 1, Paragraph 724 Normal transport
condition

Immersion 10 CFR 71.73(c)(6) TS-R-I, Paragraph 729 Accident transport
condition

The results of the design calculations (where applicable), acceptance criteria, and conditional acceptance
are shown in Table 2-8. Based on the results in Table 2-8, the Traveller package is shown to be compliant
to mechanical requirements described in 10 CFR 71 and TS-R-I. Where the design features of the
Traveller' eliminate design concerns (i.e., package tie-downs, internal pressure, etc.) detailed stress
calculations were not perforned.
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2.12.3 DROPANALYSIS FOR THE TRAVELLER XL SHIPPING PACKAGE

The primary mnethod for evaluating the performance"of the Traveller under hypothetical accident
condition scenarios was actual testing offidl-s'cde protoiype packages. During the development program
eighteen drop tests i'i'ere conducted using a variety of orientations. Most of the drops were from greater
than 9m. The drop tests are summarized in Table 2-5 and reported in detail in Section 2.12.4.

To supplement the actual test data, a finite element analysis (FEA) study was conducted using two
models that were developed for the Traveller XL package, The first FEA model was based on the design
of the twio prototypes that were tested in JanuAry 2003.'The second FEA model was based on the design
of the two Qualification Test Units that were teited in'September 2003. The QTU (actual package and
FEA model) incorporated the modifications that s'eri'made to the design as a result of the prototype test
results.

The objectives of the drop analysis effort were: .

Demonstrate that the first model acceptably p'redicted actual test resutilts. This was accomplished

by comparing the permanent imechanical deformauions that resulted fromn the actual prototype
drops with those predicted by the FEA model.

Assist in the evaluation of test results. Because the FEA prototype mddel acceptably predicted
actual test results, it could be used with confidence as a tool to evaluate possible kihanges to the
packaging design in order to finalize a design that otouhl pass the hypothetical drop tests.

* Assist in planning final tests. The FEA results, combined with the data obtained by prototype
drop testing, were used to establish drop orientations fior the qualification test unit (QTU) and
certification test unit (CTU) tests.

Limitations were observed !it the FEA process. -For example, mesh density limitations mneant that actual
stress and strain predicted values could not be considered highly accurate. The models could identidy
regions of high stress and strain but could not izac'trately predict coniponent failure unless predicted
values were significantly above or below failure poInhtts. Instead. the nrodels were developed to evaluate
relative defonnrations, decelerations artd energy absorption between drop orieuntations. The analyses
provided a qualitative means for comparing predicted stresses and strains for different drop orientations
to allow intelligent selection of drop orientatirn's'f&r testing. The Traveller program utilized extensive
full-scale tests to prove the acceptability of the Traveller design. These tests results are described in
sections 2.12.4 below and the results are compared with the FEA in this section.

2.12.3.1 Conclusion and Sunmnary of Results

2.12.3.1.1 Conclusion

Analvsis indicates that the Traveller XL shipping package complies with 10 CFR 71 and TS-R-1
requirements, respectively for all drop orientations. Test orientations which are most challenging are a
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9 meter vertical drop with the bottom end of the package hitting first as shown in Figure 2-52A and a
9 meter CG-forward-of-corner drop onto the TN end of package with an 18° forward rotation.
Figures 2-44 and Figure 2-45. The forner has the greatest potential to damage tile fuel assembly and the
latter is most damaging to the shipping package itself. Based on this analysis, successful drop tests in
these two orientations are adequate to demonstrate that the Traveller XL design meets/exceeds the HAC
drop test requirements.

2.12.3.1.2 Summary of Results

Analyses w'ere conhdciet Jbr horizontal side drops. center-of-graiivy-over-corner onto the lop nozzle
drops, and vertical drops onto the top nozzle and bottoin nozzle. A significant aumotint of atiahyicul hikti
is presented in Ihiefidlowing s'ctions. Below is an sunnuat" ofthe major points in the orler presenled:

Detennination of'Most Daimaging Orientations

The most dainaging orientation for the outerpack uniq not be most damaging for 1he fitel
assembly. Becatuse of the robust design of the packaging, drop orienltations that were most

damaging to theiwtel asseimbly took precedence.

Analysis of drop orientations most dcthnaging to the outerpack jbcused on three orientations:
horizonital drop onto the side. vertical end dIrl) (top and bottom nozzle end), and near-vertfial
drop (center-of-gr avi'it over corner).

Analysis of drop orientations most ainmagihg to the fiuel assembly fiwused on the verti'al end
i/rop (top an1d bottomt nozzle end).

Most )amanhing Orientations to Outervack

* lHorizontal dhwp onto the side gave highest predicted outerpack loads.

CGforirdant o corner, onto t10) predicted to be most damaging to onterpack because of potential
thunage that might comnproimise package ability to survive the thernal test.

Damage to the Traveller XL shipping package from- the 1IAC drop te.ts is jpredicted to bIe inhor
and primarily involves localized tlefoirmations iii the reghin of inpact. Roth ithe Owterpack and
Clamshell structures remain inhtct and closedL

Most Dtntmjzgihe Orie ntations to Fuel Asxentblv

" Bottom nozzle end d/rop predictedl to be miore ehtimtging thatt top noz.zle end drop.

S PFuel ( assen'bIy tdamage is jpredicted to he conjined to the top1 or bottom region tepending un 'drop
orientation. This ummnuuge prinm(rily invohles localized buckling aud defrmuation of the tnozZhs.
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Temperature and Foam Density Effects

V Temperature and fjam density have a minor effect on drop performance of the Traveller XL
package.

For the orientation predicted most damaging to the Outerpack, a package with notninal foam
density and dropped at "normal temperature" (750F) experiences 8.5 and 13.7% higher loads
than, respectively, one containing low densityfoam and droppedi at 160!r or one containing high
density foam and dropped at -40'F, Figure 2-62.

Fuel assemblies in packages containing the highest allowable density foam and dropped at the
lowest temperature extreme will experience accelerations that are very similar to those in
packages with lowest allowable density foan and dropped at the highest temperature extreme,
Figure 2-63. However, the accelerations at these extremes are only 5% greater than for a
package dropped at 75"F containing nominal density foam.

* Bottom nozzle end drop predicted to be more damaging than top nozzle end drop.

Pin Puncture

0 Analysis indicates that the Traveller XL is capable of withstanding the I in pin puncture test. The
steel outer skin should not be ruptured.

& A mnaximnm indentation of67 min is predicted for the I ti pin puncture test when the package is
impacted from underneath amid dropped horizontally with its CG directly above the pim. during
this test.

Comparison of Prototvye Test Results to A naulsis"Predicted Results."

* There was good overall agreement between predi•ted and actual drop perforniance. This is
evident by comparisons of predicted and actual permanent deformations, fidiled parts. and
rineasured and predicted accelerations at'specifi6 positionts on the Orterpack and Clamshell.

Bolt Factor-of-Safetv Calculations.'

The Traveller XL ihipping package will sirvivethe HAC di6p tests in any orientation with few
or no closure bolt failures. Horizontal side drops onto the hinges or latches, Figures 26A and B,
result in the highest hinge/latch bolt loads. The analyses indicate ten 34-10 stainless steel
boltslside are sufficient to ensure thi Ou&erpack remains closed during such drops. The miminum
predicted factor of safety for the Outer'a'ck latch'and hinge bolts is 1.12

't ' .'" ". . .
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I Rev 2 redistribute'd this infornation in Section 2.12.3. I above.

2.12.3.2 Predicted Performance of the Traveller Qualification Test Unit

2.12.3.2.1 Most Damaging Drop Orientations

A primary objective of this study was to determine the worst case drop orientation(s) for the HAC drop
tests. This requirement is to drop test the shipping package in orientations that most damage: a) the
shipping package, and b) the fuel assembly. It was quickly realized that the most damaging orientation for
the shipping package, would not necessarily be the same for the fuel assembly. Based on the robust
performance of the Traveller XL drop units during testing, orientations that were most severe to the fuel
assembly became more significant.

Determination of the worst case orientation for the shipping package was facilitated by the Traveller XL
computer analysis and results of the prototype tests. Many orientations can be eliminated from
consideration due to inherent design features of the Traveller. For example, the circumferential stiffeners
on the upper Outerpack, and the legs/forklift pocket structure, Figure 2-21, greatly reduce the crushing of
the Outerpack since they crush prior to impact of the main body of the Outerpack. Drop orientations
where one or the other of these structures directly contacts the drop pad, Outerpack damage is reduced in
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In addition, the 9 meter vertical bottom-end down drop was analyzed using material properties for -40'C
(-40'F) with foam density at the upper end of the tolerance band and 71'C (1607F) with foam density at
the lower end of the tolerance band. The predicted results were compared with each other and with those
at 24°C (75°F) and nominal foam density previously reported in Section 2.1.23.2.5. The results support
the conclusions obtained from analysis of the 9 meter CG-forward~of-corner drops: temperature and
variation in foam: density due to manufacturing tolerances have only a minor effecl on the drop
performance of the Traveller package.

Temperature/foam tolerance effects for the 9 meter vertical drop onto the bottom nozzle end of:the
package were evaluated for the three previously noted conditions. Both predicted outerpackldrop pad
force histories and fuel assembly accelerations were compared as shown in Figures 2-63A and 2-63B.
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.Figure 2-63A Predicted, Temperature. and Foam Density, Effect onOuterpacksemrap PAdcInlerfacio
Focs(9m Vertical Drop onto. the Bottom End of the Package)
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Figure 2-63A Predicted Temperature and Foam Density Effect on Futelpassembly Paccelterfatio

Focs(9m Vertical Drop onto. the Bottom End of the Package)
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Figure 2-87 Outerpack Predicted Deformations of Pin.Drop

2.12.3.3.2 Accelerations

Vertical accelerations (Yýdirection) measured during test 1. 1 are compared with the FE-based predictions
• in Figures: 2-88 through :2-92. Agreementmwas 1good. Indeed, discrepancies between the two could:easily
be attributed to. the inherent error associated with obtaining such data.

For the Outerpack, both measuried and predicted traces contained two peaks, Figure 2-88. These
corresponded to~the two impacts associated with this test as illustrated in Figure 2-78. (Note:the larger
acceleration with the secondaryimpact should not be interpreted As meaning larger forces were associated

.with the second impact. Rather, the larger magnitude simply reflects that the accelerometer was much
nearer the secondary impact end.) While there were two visible peaks, the measured response was very
small for the primary impact. For the secondary impact, the predicted acceleration was 1270 g's. This was
in accordance with the measured peak acceleration which indicated accelerations were greater than
950 g's.

For unknown reasons, the accelerometers on both. the Clamshell top and bottom plates gave erroneous
readings late into the drop. This is clearly evident from accelerometer data in, Appendix 2.12.4 that the
accelerometers "saturate" for over 0.025 seconds and provide no meaningful response, afterwards. Thus,.
only the first 0.05. seconds of the Clamshell data was compared in this: report.. For the- accelerometer .on
the Clamshell top plate, measured and. predicted accelerations corresponding to the first impact (at time
0.01 seconds .in Figure 2-90) were 555 g's. This was also in4 accordance with measurements which
.indicated a peak acceleration greater than 525 g's was experienced. As :shown in Figure, 2-91, peak
accelerations, of 205, g's. were measured on .the Clamshell bottom plate. The corresponding predicted
acceleration is also shown. Note the peak predicted acceleration was. 155 g's.
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Figure 2-88 Predicted and Measured Y Accelerations

Figure 2-89 Three Axis Measured Accelerations
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OP Hinge Model

Two Revolute Joints
(5 places)

Bolts

Qualification unit hid two bolts in upper hinge black and the prototype
unit had three. Bothmodels had four bolts in bottom hinge block.

Figure 2-98 Outerpack Hinge Model

2.12.3.5.3 Qualification Unit Models (QTUs)

As with, the Prototype units, the QTUs were constructed from many input files, see Figure 2-99. These

files defined various details of the model and were included with, or without, transformations of
coordinates and renumbering of identities as the model was assembled.

The, main file, Augl9.key, contains the control cards, specifies outputs, contact definitions, and many
attributes common to more than one subassembly. The major subassemblies were the Outerpack,
Clamshell, and fuel assembly. These were defined: in the OPs.key, CS_06_26s16.key, and:
FAjemeshFRslip.key files, respectively. The Outerpack and Clamshell subassemblies are detailed in
Figures 2-101, 2-102 and 2-103 (The fuel assembly model was very similar to the one depicted previously
in Figure 2-97. A total of 361,333 elemrits were used in the model (185985 shells, 157031 solids and
18317 beams).

The orientation for each run was defined in individual load case files. Likewise, the material property date
was defined in three files which represented three different temperatures and foam densities. Obviously,
only one load case file and one material file was invoked per run.

The Clamshell, Figure 2-102 is mounted to the Outerpack, Figure 2-100, with 14 rubber shock mounts.
These shock mounts were modeled as discrete elements (springs)., Outerpack hinge details were described
in the previous section, see Figure 2-98.

Predicted model weight was 2.27 tonnes (4994 lbs). This matched the qualification unit's 4786 lb.
average weight within 4.4%.
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Figure 2-99 FEA Input Files

2.123.5.4 Qualification Unit - Outerpack Model Details

The FE model of the outerpack is shown in Figures 2-100 through 2-l01A. Key features of the outerpack
include the combination circumferential stiffeners/legs, the forklift pockets, the upper and lower
outerpack halves, the hinges/latches on the sides, the stacking brackets, and the circumferential stiffeners
on the upper outerpack. These features were included in the FE model as described below.

The circumferential stiffeners/legs and forklift pockets (Figure 2-100A) were modeled using 4-node
Belytschko-Tsay shell elements (LS-DYNA elform = 2). These elements were integrated at three
locations through the thickness using Gaussian quadrature. 1,008 of these elements were used to model
the forklift pockets and 4,436 were used modeling the legs.

Both the circumferential stiffeners/legs and forklift pockets are welded to the lower outerpack outer
casing. In the model, these parts were attached to one another using a penalty based tied contact algorithm
(LS-DYNA's TIEDENODESTO_,SURFACEOFFSET contact algorithm).
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QTU-1 was not opened until after the fire test. The Clamshell and fuel assembly were examined for
damage at that time. The fuel assembly of QTU-l was essentially undamaged, Figure 2-133. The most
damage occurred at the top nozzle section where an area of approximately 2-3" in length increased from
8.375" nominal to 8.625". Grid 10 was, torn, and all other grids were buckled but intact. The nozzles were
essentially undamaged. The impact resulted in buckling of the core line-up pins attached to the top nozzle.
The fuel rods appeared visibly undamaged.

The fuel assembly in QTU- 1 was measured before the test and after the bum test at locations shown in
Figure 2-134. Table 2-36 provides the pretest dimensions. Tables 2-37 and 2-38 provide the post test•
dimensions.

: Essentially

undamaged fuel.
Sassembly.

"•Fuel rod• ..
':envelope
uni~changed. •'

Figure 2-133 QTU-I Fuel Assemby After Drop and Burn Tests'
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Table 2-43 '.QTU-2 Fuel Rod Pitch Data After Test.i n.g

Fuel Rod Pitch Inspection Tabie "._"_"_".,._'"__,_"

Maiiinum Gap, Inches

Location Left Side, LS Right Side, RS Maximum Pitch, Inches

Between BiN and Grid 1 0.722 0.501 1.097

Between Grids 1 and 2 0.539 j 0.501 0.914

Between Grids 2 and 3 .. 0.250 i.0.316 6.691

Between Grids 3 and 4 0.137 0.125 0.512

Between Grids 4 and 5 0.153 0.132 0.528

Between Grids 5 and6 0.142 0.143 0.518

Between Grids 6 and 7 0.145 0.146 0.521

Between Grids 7 and 8 0.141 0.138 0.516

Between Grids 8 and 9 .0.162 0.122 0.537

Between Grids 9 and 10 . 0.139 - 0.141 0.516

Between Grid 10 and T/N - 0.127 . 0.123 0.502

MAXIMUM VALUE 0.722' 0.501 1.097K;

2.12.4.3 Certification Test Unit Drop Tests '

A Traveller XL package was fabricated by Columbiana High Tech to serve as the certification test unit
(CTU), Figures 2-140 and 2-141 and Table 2-44..This unit was subjected to a- regulatory drop test
performed February 5, 2004 in Columbiana, Ohio. The test included a 50 inch (1.27 m) slap down, a
32.8 feet (10.0 m) free drop test impacting the bottom nozzle, and a 42 inch (1.07 m) pin-puncture test,
Figure 2-142 and Table 2-45. The CTU package was thermally saturated for approximately 15 hours prior
to testing at a temperature of about 17*F (-8.3*C). At the time of testing the temperature was
approximately 240F (-4.4TC). The package's test weight was 4863 pounds.

I

K;

2-183



aWestingtuuse
Docket 71-9297

Rev. 0, 3/2004Traveller Safety Analysis Report 0

Figure 2-140 Traveller CTU Test Article Internal View
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approximately 1/2". Otherwise, the typical pitch pattern consisted of 2 rod rows touching and the
remaining 14 rows at nominal pitch, Figure 2-152.

Figure2-149 CTU Clamshell After Drop and Fire Tests

Figure.2-150 Outerpack Lid Moderator After Testing

2-191
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For a length of 10" above Grid 2, the fuel rod envelope compressed from 8-3/8" nominal to 8-1/4". This
slight compression is due to the single top rod slightly compressed inward. Above this 10" region, the
single rod bent outward about 1/2" for a length of approximately 25".

For the 25" length from between Grids 2 and 3 and up to Grid 4, the single rod resulted in a measured
envelope of 8-7/8", but the remaining envelope of 16 rows was slightly compressed (about 1/16"). The
maximum pitch caused by the single rod was 0.740" compared to 0.496" nominal. Otherwise, the average
pitch was nominal.

For the remainder of the fuel assembly from Grid 4 to the top nozzle, the fuel rod envelope compressed
about 0.15" and the grid envelope compressed about 1/4". The average pitch decreased from 0.496" to
0.459" in this region.

Grid I was severely buckled, and the ovality was measured to be 120" for a length of about 20",
Figure 2-153. Grids 2 and 3 were broken at the top comer, but otherwise intact. Grids 4-10 were relatively
undamaged. The fuel inspection also indicated that 7.5% (20 of 265 rods) were cracked at the end plug
locations (Figure 2-154). The average crack width measured was approximately 0.030" (30 mils) and the
average length was 50% of the rod diameter. The cracked rods were located at the four comers, indicating
the vertical impact created symmetrical impact forces to be transmitted through the bottom nozzle and
fuel rods (Figure 2-155).

The fuel assembly in QTU-I was measured before the test and after the burn test at locations shown in
Figure 2-134 above. Table 2-46 provides the pretest dimensions. Tables 2-47 through 2-50 provide the
post test dimensions.

2.12.4.4 Conclusions

Three series of drop tests were performed during the development and certification of the Traveller
shipping package. This included two prototype units, two qualification test units and one certification test
unit. Design improvements were made at each step based on the results of the drop tests and subsequent
fire tests. The drop test series included a regulatory normal free drop of 1.2 meters, a 9-meter end drop
onto the bottom nozzle, and a 1-meter pin-puncture test on the hinge. Minor structural Outerpack damage
indicated that the Traveller Outerpack design satisfied the hypothetical accident condition defined in
10 CFR 71 and TS-R-1. Furthermore, the Clamshell was found to meet the acceptance criteria of the test
by maintaining closure and its pre-test shape. The post-test geometry of the fuel assembly was determined
to meet the acceptance criteria since only local expansion was noted in the lower 20" of the bottom nozzle
region and the cracked rod gaps were all measured less than a pellet diameter.

In summary, testing demonstrated the Traveller package is suitable for compliance to normal and
hypothetical mechanical drop test conditions described in 10 CFR 71 and TS-R-l.
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3 THERMALEVALUATION

The Traveller series packages are limited to use for transporting unirradiated, low enriched uranium,
nuclear reactor core assemblies. Because there is no heat generation within the package, thermal design
for normal conditions is not necessary. The use of polyethylene as a moderator requires controlled heat-up
during accident conditions, to prevent loss of hydrogen within the moderator.

3.1 DESCRIPTION OF THERMAL DESIGN

3.1.1- Design eatures

The Traveller series packages, as described in iection 2, utilize an aluminum Clamshell to contain a single
unirradiated nuclear fuel assembiy. The Clami*shell is mounted within a'cylindrical Outerpack fabricated
from 304 stainless steel and flame' retardant poliyurethane foani' The stainless steel/foam sandwich
provides thermal insulation during hypothetical fire conditions. Most of the heat capacity is within the
Outerpack, provided by the polyethylene moderator, the aluminum Clamshell and the fuel assembly itself
reducing the peak temperatures within the package. '.

The fuel rods, that contain the radioactive material,:ar" designed to withstand tempeutures of 1204°C
(22000F) without substantial damage. The primary temperature limitation is the polyethylene moderator
located on the inside surface of the Outerpack."Polyethylene was selected because it retains it chemical.
composition and therefore its hydrogen content past melt temperature (between 1200'and 137°C).
Because of its very high viscosity, it will not flow.significantly and will not change chemical composition
unless significant amounts of high temperature oxygen are present (320-360'C).

The design and test strategy employed for the Traveller was to'utilize design approaches that had,
previously passed the thermaltest requirements.& A review of previous designs and associated test results
led to the selection of a stainless. steel/polyurethane'sandwich for the Outerpack. Based on this design
approach, scoping tests and thermal analysis were performed to size the Outerpack structure. These
analyses showed that sufficient polyurethane w. "incor orated io effecti'ely insulate the interior.of the
Outerpack. As described in section 3.3.1 below,'anticipated heat transfer due to conduction and radiation
was so low that peak temperatures within the buterpack would be below .the melt temperature of the
polyethylene and .well below its ignition temperaiure'. The primary concern was hot gas flow into the
interior of the Outerpack. If both inner and 6uter skins'of the Outerpack are ripped'or if the seam between
the Outerpack door and base are opened during the drop tests, hot gas from the fire could flow through the,
Outerpack significantly increasing its temperature.The Outerpack was made sufficiently robust that the
defined drops did not create air infiltration paths'within the Outerpack.

During the development process, three Traveller-test articles were -built. All were subjected -to drop
testing. Afterwards, these units were subjected to multiple burn tests. The information obtained during'
tests was incorporated into the final design of the Traveller Certification Test Unit (CTU). The CTU was
subjected to drop testing as described above (Section 2.12.4). The CTU was then transported to
Columbia, SC where it was burned in accordziice'witih 10.CFR71.73(c)(4) and TS-R-l, paragraph 728(a).
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The package survived the test with maximum internal temperatures less than 180'C. The results of this

test are described in section 3.5 and appendix 3.6.4.

3.1.2 Contents Decay Heat

Decay heat and radioactivity of the contents are not applicable for this package type.

3.1.3 Summary Tables of Temperatures

The maximum temperatures that affect structural integrity, containment, and criticality for both normal
conditions of transport and hypothetical accident conditions are provided in Table 3-1. The table also
includes the maximum measured temperature of the package components. All measured temperatures are
within the limits specified. These results show that hypothetical accident thermal conditions will not
materially affect the fuel assembly, the neutron poison plates, clamshell or the polyethylene moderator

During hypothetical accident conditions, the polyurethane insulation in the Outerpack protects the interior
from excessive heat up. The Clamshell and its contents will not experience temperature increases
significantly greater than 100°C. Therefore, room temperature material properties adequately describe the
Clamshell and fuel assembly. The polyurethane foam will experience significant temperatures during the
hypothetical accident. Because the lack of data at higher temperatures, the thermal analysis assumed foam
properties above 340°C were equivalent to dry air. As shown by tests described in section 3.5 below, this
approximation reasonably bounded actual properties.

Table 3-1 Summary Table of Temperatures for Traveller Materials

Measured Temperature in
Material Temperature Limit and Rational (C) CTU Fire Test (C)P1

Uranium oxide 2750 (melt) 104
1300 (compatibility with zirconium)

Zircalloy 1850 (melt) 104

Aluminum 660 (melt) 104
Stainless steel 1480-1530 (melt) 177(")

UIIMW Polyethylene 349 (boiling/ignition) 17712)

Fiberglass seals (Thermojeckei S) I 000F (long term) Temperature not
ineasured/Seals present after

fire test

Shock Mounts (fidly crovs-linked greatr thw 300 (,'bu.tikn)
nrtlIIIal rt1bber)

Refractory fiber relt insulation 230(0F (mell) 177"2)

Notes:

(I) Temperature measurements made by non.reversible temperature strips. Exact time of peak temperature can be inferred
fromn analysis. See section 3.3-1.

(2) One location was unreadable on inside Outerpack shell. See section 3.6-4.
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5 SHIELDING EVALUATION

The radiation front low enriched uranium in fresh futel assemblies that affects external dose includes
alpha, beta. -and gamma radiation. Because of the relatively short range of alpha particles ii dense
matter, alpha radiation poses little external dose hazard. The most emnrgetic alphas produced by
naturally occurring radionuclides will not penetrate the packaging materials.

Several uranimn radioactive decay products are beta emitters. A primar' radionuclide of concern is
protactnium-234 it: its metastable stare (234 "Pa), a daughter of 23"U which produces a very high energy
beta particle that can travel up to 20feet in air. Significant beta radiation is also enmittedfromn 234Th (also
a daughter of 2. U) and "'Th (a daughter of 2-'. U). Typically. these are shielded with ½ inch of plastic,
and therefore will be shielded by the packaging materials.

Storage of large quantities of uraniumt can create low-level gamma radiation fields (less than 0.05 mnSv/hr
15 mrem/hr]). In addition to gamma emissions front tihe uranium drcay chains (2

."U and 2"U), recycled
fitel materials introduced back into the enrichmnent process will result in higher gamma radiation fields
because of 2 ,

8Th, a gamma-emitting daughter of 2• 2U with a relative4y short half-life (1.9 yr).

The packaging materials of the Traveller effectively limit radiation levels on the external surface of the
package. Under conditions of transport normally incident to transportation, the radiation level does not
exceed 2 rmSv/hour (200 mrem/hour) at any point on the external surface of the package.
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-6 CRTICALITY

The following analyses demonstrate that the Traveller complies fully with the requirements of IOCFR711
and TS-R-12. The nuclear criticality safety requirements for Type A fissile packages are satisfied for a
single package and array configurations under nc'rmal conditions of transport and hypothetical accident
conditions. A comprehensive description of the Traveller packaging is provided in Section 1. This section
provides a description of the package (i.e., packaging and contents) that is sufficient for understanding the
features of the Traveller that maintain criticality safety.

Specifically, this criticality evaluation presents the following information3:

1. Description of the contents and packaging, including maximum and minimum mass of materials,
maximum 233U enrichment, physical parameters, type, form, and composition.

2. Description of the calculational nmdls_,'Including sketches with dimensions and materials,
pointing out the differences between the mciýels and actual package design, with explanation of
how the differences affect the calculations.

3. Justification for the credit assumed for the fixed neutron absorber.content, including reference to
the acceptance tests that are implemented which verify the presence and uniformity of the
absorber.

4. Justification for assuming 90% credit for fixed moderating material.

5. Description of the most reactive content loading and the most reactive configuration, of the
contents, the packaging, and the package atiay iii the criticality evaluation.

6. Description of the codes and cross-section data used, together with references that provide
complete information.

7. Discussion of software capabilities and limitations of importance to the criticality safety
evaluations.

1 Title 10, Code of Federal Regulations, Part 71 (IOCFR7 I), Packaging and Transportation of Radioactive Material,
edition effective Oct 2004.

2 TS-R- 1 1996 (Revised), Regulations for the Safe Transport of Radioactive Material.

3 NUREGICR-5661, Recommendations for Preparing the Criticality Safety Evaluation of Transport Packages.

6-1-
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8. Description of validation procedures to justify the bias and uncertainties associated with the
calculational method, including use of the administrative subcrilical margin of 0.05 delta k to set
an upper safety limit (USL) of 0.94.

9. Demonstration that the effective neutron multiplication factor (k~f) calculated in the safety
analysis is less than the USL after consideration of appropriate bias and uncertainties for the
following.

a. A single package with optimum moderation within the containment (i.e., confinement)

system, close water reflection, and the most reactive packaging and content configuration

consistent with the effects of either nonnal conditions of transport or hypothetical accident

conditions, whichever is more reactive.

b. An array of 5N undamaged packages (packages subject to normal conditions of transport)

with nothing between the packages~and close water reflection of the array.

c. An array of 2N damaged packages (packages subject to hypothetical accident conditions) if

each package were subjected to the tests specified in §71.73, with optimum interspersed
moderation and close water reflection of the array.

10. Calculation of the Criticality Safety Index (CSI) based on the value of N determined in the array
analyses.

11. Description of the Traveller's Confinement System.

6-2
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6.1 DESCRIPTION OF CRITICALITY DESIGN

6.1.1 Design Features

This section describes the design features of the Traveller that are important for criticality. The Traveller
shipping package carries either a single PWR fuel assembly or a single rod container that holds either
PWR or BWR rods. The Traveller is divided into two :major, systems, Outerpack and Clamshell. The
Outerpack consists of a polyurethane foam ;material sandwichedl between concentric stainless steel shells.
The Outerpack is a split-shell design with the two. halves. hinged together. Neutron-moderating
high-density polyethylene blocks are affixed to the upper ad :lower halves of the Outerpack.

The:Clamshell is a rectangular aluminum box that completely encloses the contents. It is rotated 45' and
mounted in the Outerpack with rubber shock mounts. Neutron abs6rber panels are slotted into the inner
face of each Clamshellside. The Clamshell is designed such that it retains its original dimensions when
subjected to the HAC tests. See Figure 6-1 for an exploded view of the Traveller.

F66l
Assemfbly

Clamshell

Figure 6-1 Traveller Exploded View

6.1.1.1 Containment System

The Containment System is described in both TSR-I and !0CFR7I as,.."the.assembly of components of
the packaging intended to retain the -radioactive material during transport." The
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Containment System for. the Traveller consists of the fuel rods, regardless of whether the Traveller is
carrying a fuel assembly or rods. in a rod container.

6.1.1.2 Confinement System

The Confinement System is defined 'in TS-R-1: as "the assembl y of :fissile, material and packaging
components: specified by the designer and; agreed to by the competentauthority, as intended to preserve
criticality safety." Note that TSG411 11 further;describes the confinement system as "that part of a
package necessary to maintain the fissile material in the configuration that was assumed in the criticality
safety assessment for an individUal packae." NUREG 16092 recommends that the analysis include a
discussion of the "structural components that maintain the fissile material or neutron poisons in a fixed
position within the package or in a fixed position relative to each other." These structural components are
intended to maintain criticality' safety o0f'the package. These structural components of the packaging
actually comprise part of the Confinement System.

The Confinement System for the Traveller consists of those assembly and packaging components that
preserve criticality safety, of a single package in isolation.. Hence,, it consists of the fuel. rods, the. fuel
assembly .(or rod container),, ad the ,Claimshell assembly, including , he, neutron absorber panels, The
Confinement System is shown in Figure 6-2.

Figure 6-2 Traveller Confinement System

IAEA TS-G-l.1, Advisory Material for the IAEA Regulations for the Safe Transport of Radioactive Material;

2 NUREG 1609, Standard Review' Plan for Transportation Packages for- Radioactive Material.
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6.1.1.6.5 Region 5 - Polyurethane Foam Region..,

The polyurethane foam region is the floodable space that is formed when the polyurethane foam bums
away. As mentioned above, since it is difficult to predict how much foam will actually bum away, the
entire foamregion is modeled as water for the individual package cases and as a void for the array cases.
These are the most conservative configurations. .

6.1.1.6.6 Region 6 - Outside Outerpack Region.

This is the volume outside the Outerpack. It has been modeled both flooded and dry to determine which
configuration is most conservative for single package and array.

6.1.1.7 Array Spacing Significant Components

The single component that affects the physical separation of the fissile material contents in package arrays
is the Outerpack. The Outerpack outer radius is 12.50 inches ± 1.0 inch (317.50 mm :25.40 mm). It is a
cylindrical annular shell split along the longitudinal a'is* io form two separate halves. The inner and outer'
shells are fabricated from 12-gauge [0.104 in. 0.264 cm)] stainless steel sheet, and the space between the
shells is filled with polyurethane foam. The foam has a nominal 3.0 in. (7.62 cm) radial thickness and
axial thickness of approximately 8.0 in. (20.32 cm). The foam material limits impact forces on the fuel
assembly and insulates the fuel assembly from heat. generated by a fire. Circumferential stiffeners

K,. mounted outside provide significant impact protection to the Outerpack diameter. The Outerpack
diameter is not reduced at all following hypothetical accident tests. A sensitivity study was performedI to
evaluate kff as afiunction of Outerpack diameter..This evaluation is described in Section 6.7. 11.

6.1.2 Summary Tables of Criticality Evaliuati6n

Sensitivity studies were performned using the Traveller XL to determine the most conservative
configurations fi)r the normal and hypothetical accident conditions for, an individual packaxge and
package arrays. These results, rounded to three decimal places, are shown in Table 6-1. Calculations
were also made to show that the Traveller STD .is bounded by the Traveller XL Results fir the Traveller
STD are given in Table 6-2. Finally' Table 6-3 shows results for the two types of rod containers, the Rod
Box and Rod Pipe, in the Travellr XL.

6-9 •
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Table 6-1 Summary Table for Traveller XL with PWR Fuel Assembly

Traveller XL Kdr

Single Package

Normal 1 0.201

HACG 0.885

Package Array

Normal 0.272

HAC 0.939

Table 6-2 Summary Table for Traveller STD with PWR Fuel Assembly

Traveller STD hKe

Single Package

Normal ] n/a

AlAC1 0.865

Package Array

Normal 0.256

IIAC 0.897

Table 6-3 Summary Table for Traveller XL wilh the Rod Box and Rod Pipe

Single Package

Rod Box 0.710

Rod Pipe 0.750

Package Array

Rod Box 0.560

Rod Pipe 0.670

6-10
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6.3 GENERAL CONSIDERATIONS

The models developed for these calculations are not exact representations of the package, but they do
explicitly include all of the physical features that are important to criticality safety. Modeling
approximations will be shown to be either cons'ervative or neutral with respect to the criticality safety
case. This section describes the packaging and thi contents models.

6.3.1 Model Configuration

Geometry input dimensions are taken directly.* from" design drawings and are derived by stacking
dimensions from design drawings or calculated using geometric relationships and dimensions shown on
design drawings. Longitudinal dimensions in the model are oriented along the z-axis, and latitudinal
dimensions are oriented in the x-y plane. The origin of the individual package unit is near the bottom of
the package along the z-axis and at the center of the package in the x-y plane. The positive direction is
from bottom to top of the package along the z-axis, the positive direction is from left to right along the
x-axis when viewed from the top of the package'and the positive direction is from lower to upper along
the y-axis. .

6.3.1.1 Contents Models

The contents models used in support of this analysis include the PWR fuel assembly model, the BWR
fuel rod model, and two rod container models, namely the Rod Pipe and Rod Box.

6.3.1.1.1 PWR Fuel Assembly Model: 17OFA-XL

Section 6.2.1 established that the 17x 17OFA would be the fuel assembly used in all calculations. In order
to incorporate the maximum fuel assembly length, the I7xl7STD-XL, an imaginary fuel assembly, the
17OFA-XL, was modeled in the calculations. The 17OFA-XL model is described in detail in
Appendix 6.103. It basically consists of concentric cuboids to model the top nozzle assembly, skeleton,
and fuel regions. The fuel assembly origin is at the bottom left hand comer of the fuel assembly lower
nozzle. The fuel assembly is placed inside-th6e fu confinement with no translation of the origin.
Table 6-6 shows the parameters of the 1 7OFA-XL and how they compare to the 17x I7OFA and
17xI7STD.

6-15
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Table 6-6 17OFA-XL Parameters

Fuel Assembly TYpe W-STDiXL W-OFA W-OFA/X L

Nominal Pellet Diameter 0.3225 0.3088 0.3088
(8.192) (7.843) (7.843)

Annular Pellet Inner Diameter 0.155 0.155 0.155
(3.937) (3.937) (3.937)

Nominal Clad Thickness 0.0225 0.0225 0.0225
(0.572) (0.572) (0.572)

Clad Material Zirconium alloy Zirconium alloy Zirconium alloy

Nominal Clad Outer Diameter 0.374 0.360 0.360
(9.499) (9.144) (9.144)

Maximum Stack Length 169 145 169
(4292.6) (3683) (4292.6)

Nominal Assembly Envelope 8.418 8.418 8.418
(213.817) (213.817) (213.817)

Kg's 23•U Assembly 28 22 28

Nominal Lattice Pitch 0.496 0.496 0.496
(12.598) (12.598) (12.598)

GT Diameter 0.482 0.474 0.474
(12.243) (12.040) (12.040)

GT Thickness 0.016 0.016 0.016
(0.406) (0.406) (0.406)

GT Material ZIRC ZIRC ZIRC

IT Diameter 0.482 0.474 0.474
(12.243) (12.040) (12.040)

IT Thickness 0.016 0.016 0.016
(0.406) (0.406) (0.406)

IT Material ZIRC ZIRC ZIRC

6.3.1.1.2 Fuel Rod Model

The fuel rods for the rod containers are conservatively modeled in order to bound all PWR and BWR fuel
rods that will be transported. The rods are modeled as pellet stacks with no consideration given to
cladding or other non-fuel characteristics or properties. The rod container analysis consists of evalualing
arrays of pellet stacks inside each container type (Rod Box and Rod Pipe), varying the pellet diameter and
pitch to deternine the optimum configuration. Actunal pellet diameters o.fitil to be transported ranges
frorn 0.20 inches to 0.60 inches [0.508 cmn to 1.524 cm]. The evaluation 1111h,led the pellets over the
r(nJge.f'om 0.05 inches to 1.0 inch /0. 127 cm to 2.54 crm at 0.05 inch increments. Pellet pitch in the
model ranged from close-packed to 4.0 cm in order to find the optimum water-to-fuel ratios for each
pellet diameter.

6-16
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6.3.1.2.2 Clamshell Model .

The Clamshell model is described in greater detail in Appendix 6.10.4. It consists of two concentric
cuboids to model the outer wall and two.intersecting cuboids to model the fixed neutron absorber panels,
which are inset into the walls. The Clamshell origin is at the bottom left hand comer of the inside surface.
The Clamshell is rotated 45 degrees* in the positive direction and the origin is translated in the
positive z direction to position the Clamshell inside the Outerpack. The Clamshell can be seen in
Figure 6-2 and Figure 6-4. ,.

6.3.2 Material Properties

The Standard Composition Library was used to specify material and mixtures. Those not found in the
library are specified using the procedures for a'rbitrary mixtures described in the SCALE manual.
Table 6-8 shows an excerpt from an .input deck showing how the material properties are described. The
technique used for modeling certain materials as a void (e.g. arbmfoam, arbmrubber) was to change the
density by taking it to the 10.20 power). ' .'

Table 6-8 Sample Input Showing Material Properties
TRAVELLER XL,17WOFA,ENV=24.384 - cm,L=100, cm,B0=0,018 gic/2
44groupndf5 latticecell
uo2 1 I 293 92235 5 92238 95 end
h2o 2 1293 end
zirc4 3 1293 end
h2o 4 1293 end
h2o 5 I 293 end
arbmfoam0.1602e-20 4 0 0 0601270 1001 108016 1670144 6 1293
end
al 7 I 293 end
ss304 8 I 293 end
polyethylene 9 DEN=0.828 1.0 293 end
arbmfoam0.1602e-20 4 0 0 0601270 1001 108016 1670144 I1 1 293
end
b-101200.0047781 end
b-Il 12 00.019398 end
c 1200.0060439 end
al 120 0.043223 end
arbmrubbcr 1.59e-20 7 0 0 08016 46.94 13000 19.92 14000 17.54 6012
10.79 1001 4.73 110000.06 260000.02 14 1293 end
h2o 15 1293 end
uo2 16 1 293 92235 5 92238 95 end
h2o 17 1293 end
zirc4 18 1 293 end
h2o 19 1293 end

end comp
squarepitch 1.4669 0.78435 16190.9144 18 0:8001 17 end
more data
res=! cylinder 0.39218 dan(])=0.22632 end

6A19
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I

To more fully document the composition of each compound and/or document the assumptions used in
producing the associated cross-section data, a brief description of each material is given in Table 6-9
below:

Table 6-9 Material Descriptions

ZIRC4: SS304:

Zircaloy - 6.56 g/cc Stainless steel - 304 - 7.94 g/ce

* 98.23 wt % zirconium * 68.375 wt % iron
* 1.45 wt % tin * 19 w1 % chromium
- 0.1 wt % chromium * 9.5 wt % nickel
* 0.210 wi % iron * 2 wt % manganese
• 0.01 w% % haliiium 0 1 wt % silicon

* 0.08 wt % carbon
• 0.045 wt % phosphorus

UO: POLYETHYLENE:

Uranium dioxide: UO. - 10.96 g/cc Polyeihylenc: IC2H2l,. 0.92 g/ce

1120: ARBIMFOAM:

Watcr: cross sections developed using I/E 0 C 50-70 wt %
weighting everywhere. 0.9982 g/cc 0 014-34 wt %

0 N4-12 wt%
a H 4-10 wt`%
* P 0-2 wt %
* Si,<lwt`%
* Ci<1800 ppm
* Other<] wt%

ARNI1RUPIER:
Rubber

0 49.94 wt%
* Al 19.92 wt%
* Si 17.54 wt%

I H4.73 wt%
* Na 0.060 wt%

r Fe 0.020 wt%

ARBMIIORAL:
BORAL
* B'C

I "'B loading - 0.024 g/cm2

* BORAL core thickness - 0.3175cm

6-20
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Multiple sets of iron, nickel, and chromium nuclides are available in the Standard Composition Library
(FESS, NISS, CRSS). These sets correspond to different weighting functions used in generating the
multigroup cross sections. For the 44--and 238-group libraries generated from ENDF/B-V data, there are
two special weighting functions. One special Weighting function corresponds to I/E y, (E), where a, (E) is
the total cross section of stainless steel 304. In the othei special weighting, a, (E) is the cross section for
the referenced nuclide. .1

K.>

Table 6-10 Material Compositions "

Atomic Atomic
Density density; Density density

Compound (g/cm3) EILt. (atomstbm) "'Compound (g/cmn) "Elt. (atoms/b-cm)

Uranium dioxide 10.9600 U-235 1.23767E-03 BORAL 2.5891 B-10 0.0047781

U-238 2.32186E-02 B- I 0.019398

0 4.89 126E-02 C 0.0060439

Water 0.9982 0 3.33846E-02 AL-27 0.043223

H 6.67692E-02 Aluminum 2.7020 AL 6.03066E-02

Zirc 4 6.5600 ZR 4.25413E-02." Stainless steel 7.9400 C 3. 18772E-04
SN-I 12 4.68065E-06 - -, SI 1.70252E-03

SN-1 14 3.13652E-06'- P 6.94680E-05

SN-1 15 1.73715E-06. CRSS 1.74726E-02

SN-1 16 7.01133E-05 MN 1.74071E-03

SN-1 17 3.70592E-05 FESS 5.85446E-02

SN-I18 1.16872E-04. NISS 7.74020E-03

SN-I 19 4.14021E-05 Polyethylene 0.9200 C 3.95300E-02

SN-120 l.57260E- 4'. "_ 7.90600E

SN-122 2.23417E-05 Silicone Rubbcr 1.5900 0 2.81077E-02
SN-1 24 2.79391E-05 H 4.49402E-02

FE I A8557E-04 Fe 3A2922E-06

CR 7.59779E-05 C 8.60970E-03

HF 2.21333E-06 Al 7.06913E-03

Foam II PCF 0.1602 0 9.65313E-04 Si 5.97996E-03

H 9.57279E-03 Na 2.49902E-05

C 5.62769E-03

N 2.75581E-04
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6.3.2.1 Package to Model Comparison

A comparison of the mass of materials in the package model to the actual package provides an overall
assessment of differences in geometry and material composition. The mass of the materials in the"package
model is calculated using the volume option in KENO-VI that calculates volumes of each material using
the random method. The model volume is multiplied by the material density to obtain the model mass for
each material. There are some materials in the actual package that are not included in the package model.
Tables 6-11 through Table 6-13 compares the model mass quantities to the actual.

The actual mass of materials is obtained from design drawings for the package. A small quantity of plastic
in the Outerpack vent plugs and steel in the shock mount bolts are not included. Also, some of the
stainless steel structure in the Outerpack is not included in the model. Over 100 kg (220 lb.) of stainless
steel in the components of the package were not included in the model. The cork rubber used as spacer
material in the Clamshell, and the stainless steel in the Clamshell hinge pins are not included in the
model.

Table 6-11 Actual Mass Versus Modeled Mass - Outerpack

Material No. Material Density Model Mass Approx. Mass

8 ASTNM A240 7.94 glcm' 408.7 kg 488 kg
type 304 SS [494.38 lb/frt1 1901 lb.J [1866 lb.]

6, II Foam 0. 10-0.32 g''" 130.5 kg 153 kg
16.20 Ib/frI [287.7 lb.l [339 lb.]

14 Rubber 1.59 g/cm"' 3.8 kg 4.5 kg
168.7 Ib/nl [8.3 lb.l 114 lb.)

9 Polyelhylene 0.92 g/cin3  161.5 kg 187 kg
[57.43 Ib/ftI [356 tb.l 1340 lb.l
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Table 6-12 Actual Mass Versus Mode)ed Mass"..-I.a.mshell

Material No. Material . Density.. Model mass Actual mass

7 6061 Aluminum "2.64'g/cm3 118 kg 162 kg
'[164.98 lb/f?) " [260 lb.] [357 lb.]

12 BORAL 2.71 g/cm3  25k. g 25 kg
[/169.16 lbQfr] [55 lb.] [55 lb.]

NA Cork/natural rubber [0.56 g/cmn3] .0 4.5 kg
134.73 Ib/fJ [9.9 lb.]

NA Stainless steel -:. 7.94 g/c .. 0 3.72 kg
[495.68 lb/ft)1 [7.6 lb.]

None of the stainless steel in the bottom and top nozzle is included in the fuel assembly. The uranium
dioxide actual mass is less than the model mass because theoretical density is used in the model, but
actual density is'96.5 percent the theoretical dehsity. 'hIe zirconium mass is less in the model because the
spacer grids are not: included. Neither the niiddel "mass 'iior the actual mass for the cbntents includes the
mass of the fuel rod bottom and top end plugs,'plenum spring. Also, the skeleton stainless steel lock tribe
and top nozzle insert mass are not included in the comparison.

Table 6-13 . MaterialSpecifications for Contents .

Material No. Material' Density Model mass Actual mass

I Uranium dioxide 10.96g/cm3  575 kg 560 kg
• 1494.38 Ib/ft3] [1268 lb.] 11234 lb.]

2,4 Water 0.9982 g/cm3  Variable Variable
[62.31 lbIWr] _

3 Zircaloy ".":6.56g/cm3 : 126kg 148kg t
[409.48 lb/ftI ] 278 lb.] [326 lb.]

A'A Stainless steel 7.94 g/cm" 0 kg 17 kg
1795.63 IbWO3] [0 lb.] [37 lb.]'

NA Inconel ' 0 kg 2.60 kg'
[0 lb.] [5.7 lb.]

6.3.3 Computer Codes and Cross-Section Libraries

The 44-group ENDF/B-V library has been developed for use in the analysis of fresh and spent fuel and
radioactive waste systems. The library was initially released in version 4.3 of SCALE. Collapsed from the
finegroup 238-group ENDF/B-V cross-section library, this broad-group library contains all nuclides
(more than 300) from the ENDFIB-V data files; Broad-group boundaries were chosen as a subset of the
parent 238-group ENDF/B-V boundaries, emphasizing the key spectral aspects of a typical LWR fuel

'I
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package. Specifically, the broad-group structure was designed to accommodate the following features:
two windows (where the cross section drops significantly at a particular energy, allowing neutrons at that
energy to pass through the material) in the oxygen cross-section spectrum; a window in the cross section
of iron; the Maxwellian peak in the thermal range, and the 0.3-eV resonance in 239Pu (which, due to its
low energy, cannot be properly modeled via the SCALE Nordheim Integral Treatment module
NITAWL-Il). The resulting boundaries represent 22 fast and 22 thennal energy groups; the full-group
structure is compared with that of the 238-group library. The finegroup 238-group ENDF/B-V cross
sections were collapsed into this broad-group structure using a fuel-cell spectrum calculated based on a
17 x 17 Westinghouse pressurized-water reactor (PWR) assembly. Thus, the 44-group library perforns
well for LWR lattices, but not as well for other types of systems. The 44-group ENDF/B-V library has
been tested against its parent library, using a set of 33 benchmark problems in order to demonstrate that
the collapsed set was an acceptable representation of 238-group ENDF/B-V, except for
intermediate-energy systems.

6.3.4 Demonstration of Maximum Reactivity

This section demonstrates the most reactive configuration of each case presented in sections 6.4, 6.5,
and 6.6. Assumptions and approximations are identified and justified. The optimum combinations of
internal and interspersed moderation for the different cases are also explained.

6.3.4.1 Evaluation Strategy

It is important to understand the significant dtifferences that exist between the routine transport
configuration, the normal condition of transport case, the as-found configuration after hiypolieical
(W'ideint (JiAC) testing. and the license-basis case. The Traveller CTU was tested in accordance with U.S.
and IAEA regulatory requirements. Mechanical design calculations, finite element analysis calculations,
actual drop test data, reasoned engineering analysis, and sound engineering judgment were used to
determine worst-case orientations for the mechanical and thernal tests. This is explained in Section 2.
The as-found condition of the package represents the most damaging configuration following actual
testing. Therefore, it follows that the as-found package configuration combined with the worst-case
flooding configuration, conservative material assumptions, and conservative fuel assembly assumptions
should form the license-basis case for the safety analysis. (The worst-case flooding condition must be
assumed because the Traveller was not actually subjected to an immersion lest). The evaluation strategy
used to arrive at the license-basis case is presented below. A flow chart showing the evaluation strategy is
given in Figure 6-8.

Using the license-basis case (s a frame ofrefelrelice. a series of .('ensitirilY studies 'erie then pe'fornied to
evahitaw certain hypothetic•l conditions and scenarios. They are listed in Section 6.3.4.9 and discuxsed in
Section 6.7.

6.3.4.2 Baseline Case for Packaging (Routine Condition of Transport)

The baseline case is the routine condition of transport. See Table 6-15. Note that the Routine rase was not
ntioelehl. It is presented in ordIer to show" the conseiTai'aive dferences that e.rist between it. the normandl
ConIdilion of irn'spol., tihe as-foiuIa colditio tifret teiting, and the ficense-ba.%is case. nwhich (re modeled.
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Table 6-14'has been deleted.

6.3.4.5 Conservative Material Assumptions

The following conservative mnaterial assumptions arc incorporated:

* The Traveller XL clamshell is conservatively modeled at 9.60-inches (23.384 cnm), neglecting the
presence of the cork liner and the manufacturing tolerance. This is a difference of 0.24 inches
(0.61 cm).

* The Traveller STD clamshell is conservatively modeled at 9.1 inches (23.114 cm).

* Cork liner in chmnshell not considered.

" The polyethylene moderator blocks are modeled 90% actual density, or 0.828g/cc.

The tOB content is modeled at 75% areal density for BORAL (0.0180 g/cn 2).

* The shock- mounts are modeled as a void.

Shock mount placement is important to criticality because the shock mounts penetrate the
moderator through a 6 inch (15.24 cm) cutout. The shock mount configutration for the Traveller
STD is modeled accorling to drawing, relative to either end of the outerlack. The Traveller XL is
modeled conservativelv in order to niatiniize the extent to which the 100-cm section of expanded
lattice of tile fuel assembly is placed over the shock mounts. Hence, the shock mounts are not

* placed at either end as shown in tire license drawing and described in section 6.1.1.5. Thefirst:
pair is locted 15 inches front the end. The second pair is 18 inches (45. 7cm) from the first, and
the third is 36 inches front the second. The gap between the first two pair of shock mounts is
eliminated in order to nuLrinmize the interactimn between the varpanded sections of fuel.

6-27'



()Weslinghouse

Docket 71-9297
Traveller Safety Analysis Report Rev. 2, 2/2005

6.3.4.6 Normal Condition of Transport

The Traveller model under nornal condition of transport isdescribed as follows:

* Outerpack dimensions are modeled as in section 6.3.4.2.

* Clamshell is modeled as in section 6.3.4.5.

* Fuel assembly is modeled as in secton 6.3.4.2.

* The polyurethane foam and shock mounts are modeled at nominal density. Neither is altered
under normal conditions of transport.

* The moderator blocks are modeled as in section 6.3.4.5.

* The neutron absorber is modeled as in section 6.3.4.5.

• All floodable void spaces of the Outerpack are modeled dry.

* The package is close reflected by 20 cm water.

As required by IOCFR71 and TS-R-i, the Traveller shipping package has been designed and constructed
such that under the tests specifiedfiw nonnal conditions of transport, the following pertains:

* The contents are subcrilical.

The geometric forms of the package contents are not altered.

* There is no inleakage of water.
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Table 6-15 Parameters for the Different Traveller Conditions

Routine Conservative Material Normal Condition HAAC
Condition Assumptions of Transport License-basis Case

Parameter (Not Moodeled) (Not Modeled) (Modeled) (Modeied)

•AR Secgioz 6.3.4.2 6.3.4.5 6.3.4.6 6.3.4.8

Outerpack dimension 25.0 inches 25.0 inches 25.0 inches
(63.5 cm) (63.5 cm) (63.5 cm)

Polyurethane foam density Nominal Density. Nominal Density Water/Void

Shock mount density Nominal Density Nominal Density Void

Clamshell dimension: Traveller 9.0+ 0.05 inches
(22.86-+0.127 cm)

Clamshell dimension: Traveller XL 9.5±0.05 inches
(24.13±0.127cm) .cm)

Cork liner in place on bottom faces : , 0.188 inches Not in place . . . .- Not in place - Not In place
:. .. (0.476 cm). ". -. :

Effective Clamshell . 8.86 inches" 9.1 inches • 9.1 inches . .9.1 inches
dimension: Traveller " (22.51 cm) - (23.114 cm) .. (23.114 cm) (23.114 cm)

Effective Clamshell 9.36 inches' 9.6 inches 9.6 inches 9.6 inches
dimension: Traveller XL (23.78 cm) (24.384 cm) (24.384 cm) (24.384 cm)

Neutron absorber density (B-AI/BORAL) Nominal Density 75% 75% 75%

Moderator density Nominal Density 90% 90% 90%

Flooding condition (single/array) ._'_ _

Region I - Pin Gap Dry/Dry 'Dry/Dry Flooded/Flooded

Region 2 - Fuel Assembly Envelope Dry/Dry Dry/Dry Flooded/Flooded

Region 3 - Clamshell Dry/Dry. Dry/Dry Flooded/Dry

Region 4 - Outerpack Dry/Dry Dry/Dry Flooded/Dry

Region 5 - Polyurethane Foam Dry/Dry Foam/Foam H2O/Void
Region 6 - Outside Outerpack Dry/Dry H20 Reflected/Dry H20 Reflected/Dry.

Fuel Assembly Lattice Pitch Expansion None None N6ne 100cm
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6.4 SINGLE PACKAGE EVALUATION

Calculations were performed to detemiine the most reactive configuration for a single package in
,isolation under normal and hypothetical accident conditions of transport. The configurations are described
below. These descriptions hold for the Traveller STD and Traveller XL. Discussion for the rod containers
is included in section 6.10.7.

6.4.1 Configuration for Fuel Assemblies

6.4.1.1 Configuration Under Normal Conditions of Transport

1OCFR71 and TS-R-I require that the contents be subcritical under nornal conditions of transport.
TS-R-I indicates that when it can be demonstrated that the confinement system remains within the
packaging following the prescribed tests, close reflection of the package by at least 20-cm water may be
assumed. Since this is the case for the Traveller, the individual package evaluation includes the
close-reflection around the Outerpack.

The parameters for the normal condition of transport are described in section 6.3.4.6 and shown in
Table 6-15.

6.4.1.2 Configuration Under Ilypothetical Accident Conditions

The hypothetical accident condition requires that the most reactive flooding configuration be considered.
It is generally true that the most reactive configuration for an individual package would be that in which
the neutrons are moderated as close to the fuel as possible and reflected back into the fuel assembly
region. They should not be allowed to escape or to reach the neutron poison where they would be
absorbed.

Calculations have shown that this is the case for the Traveller. Therefore, all floodable void spaces in the
package are modeled as fully flooded, and the package is close reflected by 20-cmn fill density water.

The remaining parameters for the hypothetical accident condition (i.e., the license-basis case) for the
Traveller are described in section 6.3.4.8 and shown in Table 6-15.
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6.6.3 Results for Rod Containers

The discussion on the rod container results is found in appendix 6.10.7.

Table 6-19 Ilypothetical Accident Condition'Results for Rod Container -Package Array"

Calculated
Configuration Run No. k, Uncert. kjf

Rod Box B-ARR-12-5 0.5367 0.0013 0.5393

Rod Pipe P-AkRR:i5-6 0.6518 0.0016 0.6550

K51
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6.7 SENSITIVITY STUDIES

6.7.1 Flooding

During transport the package may be subjected to moderation provided by immersion of the package in
naturally occurring sources of water (lakes, rivers, ocean, snow, rain) or fire extinguishing agents (water,
foams, dry chemicals). Moderator ingress provides varying degrees of moderation inside and outside of
the package. The analysis of variance for moderation that is provided by packaging components is
evaluated assuming the fuel assembly is moderated with full density water. The greatest interaction
between packages, that results in the highest kdy for a package array, occurs when the transport condition
causes inodemtion of the pin-cladding gap and the fuel region, and keeps all other void spaces inside and
between the packages dry.

The criticality evaluation considered the Traveller under various flooding schemes to deternine the most
reactive flooding combination for both the individual package and the army. Note that because the
Traveller was not subjected to the immersion test, it is necessary to consider all plausible flooding
comnbinations.

6.7.1.1 Pin-Cladding Gap Flooding

Test results demonstrated that it is possible that rods will crack. Therefore, the evaluation assumes that the
pin-gap is flooded for accident conditions. Therefore, the criticality evaluation modeled region I as full
density water.

6.7.1.2 Most Reactive For Individual Package- Fully Flooded

It is generally true from a criticality perspective that the most reactive configuration for an individual
package would be that in which the neutrons are moderated and reflected back into the fuel region before
they escape or are absorbed by the neutron poison. Therefore, the most reactive flooding scenario for the
individual package assumes that all floodable regions are fully flooded.

6.7.1.3 Most Reactive For Package Array- Preferential Flooding

Preferential flooding (also called differential or sequential flooding) is defined as that scenario in which one
cavity of the package remains flooded while one or more of the other cavities drain completely. Referring to
section 6.1.1.6 (Floodable Void Spaces) and Figure 6-4, the most reactive configuration for a package array
is one in which the neutrons are fully moderated within the fuel region (regions #1 and #2) but where the
remaining floodable spaces are modeled as a void to allow neutrons that escape one fuel assembly to have
maximum interaction with surrounding packages. Modeling region #3 (Clamshell region) as a void
maximizes the probability that neutrons escaping the fuel assembly region will pass out of the Clamshell
through the neutron poison. Modeling regions #4 - #6 as voids gives the highest probability of neutron
interaction among packages. The armry is fully reflected by 20 cm full density water.
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Calculations were run to determine the effect of removing the foam from the package. The configuration
evaluated is an infinite array of.packages with' the fiuel assembly moderated and the remainder of the
package regions dry. This configuration results in the inarintum interaction between individutal packages
in a package array and emphasizes the effect of eliminaihig the moderating effect of thlefoam. Removal of
the foam to a lesser extent may be considered equivalent evaluation of interspersed moderation discussed
in Section 6.Z 1.5. Results showed that eliminating the foam for the configuration that results in mnaxiinum
interaction results in an increase in klff of 0.025.

6.7.6 Deleted

6.7.7 Polyethylene Density

Moderator blocks are a packaging component that provide moderation control by maintaining a fixed
amount of moderation between the contents in the individual packages. The polyethylene moderator
blocks provide moderation that in combination with a neutron poison effectively reduces the interaction
between packages. The fixed moderator and a neutron poison are arranged to function as a neutron flux
trap.

Polyethylene. 150 packages. 100cm fuel assembly damaige. '08-O.018 wncm'

o.03

t#a.MO 7

0 •$ 0.0 ~ lS .• 0 .8 o i~o o

Porwt.Une d&nft, gem'

Figure 6-17 Effect of Varying Polyethylene Density

The HAC License-Basis case fiur the polyethylene was evaluated at densities equating to 100%
(p = 0.92 gm/cc), 90% (p = 0.83 gm/cc), and 75% (p = 0.69 gm/cm3) to determine effect. The configuration
is an infinite array of packages with the fitel assembly moderatedi and the remainkler of the package regions
d(n results in the mnarimiun interaction between individtal packages in a package array. The polyurethane
foam in the outer pack shell is eliminated and replaced with void to maxtinize the interaction and emphasize
the effect of changes in the polyethylene moderator. Figure 6-17 shows the effect of reducing the
polyethylene dlensity for a range of boron content from 2.0 wt% boron to 4.5 wt% boron in the poison
plates. The average effect of reducing polyethylene density by 10% increased kff approximately 1%, and
reducing density to 75% increases kff approximately 2%. This effect of reducing the polyethylene

KY
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density blocks is not strongly dependent on the neutron poison content within the range of parameters
evaluated. Results are given in Table 6-39B. A sample input deck is provided in Table 6-38.

6.7.8 Reduction of Boron Content in Neutron Absorber

The analysis included a sensitivity study of boron content in the neutron absorber. The
sensitivity to ")B areal density is evaluated for a package array with 100 cm fuel lattice expansion.
Figure 6-18 shows kcff versus ")B content for BORAL. The 10B effectiveness does not diminish
significantly until the areal density decreases to approximately 0.010 gn/cm2 . As can be seen in
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the curves, the boron content in the Traveller neutron absorbers is well beyond the "knee" on the curve.
Results are given in Table 6-39. Nntber ten'ities used in the baron content analysis are gi . en in
Table 6-39A.

108 Areal Density. 150 Packages. 100 cm fuel assembly damage
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Figure 6-18 Sensitivity Study of Boron Content for Traveller XL Package Array

6.7.9 Elimination of Structural Stainless Steel

Neutron absorption occurs in thie stainless steel of the package due to its chromium content. Note that the
model takes credit for only about 60% of the stainless steel in the package. Calculations were performed
to detennine the effect on kIr of variations in stainless steel thickness due to manufacturing tolerances.
Figure 6-18A shows the effect. Results are given in Table 6-39C.
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6.7.14 clamishell Position Inside Outerpaock.

An analysis was performed to evaluate the effect of the clamshell coming loose from the shock mounts
azid coming to rest on the moderator blocks. The'itudy assmnes that all of the shock mounts burn away.
The two calculations consider the license basis.case (XL-HAC-ARRAY-100 model) with the clanishell
resting on the moderator blocks either in the lower half of the outerpack (clamshell down model) or,
assuining the packages were upside down, iiith 'the. clamshell resting on the moderator blocks in the
zipper half of the outerpack. For the clamshell-zip model, the clamshell is rotated 180 degrees so the fuel
assembly uzakes contact with the clamshell at the outerpack edge.

The likelihood of this event occurring is very small for nzunerous reasons. First, eren though the shock
mounts are not sqfety related items, actual testing showed that till of the shock mounts survived the drop
anzd fire tests, and remain connected. to the clamshell. Second, engineering scoping atnaysis estimates that
if only one pair of shock mounts at each end survives the drop and fire, they are sufficient to hold the
clamshell suspended in the outerpack. If all the shock mounts at one end were to be destroyed, then the
clamshell may come into contact with the ozterpack at that end ozly.

Nevertheless, calctzlitions were performed to show the effect on keff if all shock motuints were destroyed.
The results show no change in kefffor the clamshell down model, and a slight increase for the clamshell
up amzd rotated model. Table 6-19A below gives the results. Figure 6-18C shows the clamshell zip and
rotated model. Table 6-39Fgii'es the input deck for the clamshell tip amid rotated model.

Figure 6-18C Clamshell Up and Rotated Model
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Table 6-19A1 Clainhell Posit ion Inuside Outerpack _________________

Calcislated
C~onfqiurqtiott ks Uncert. keff

Clanis/ilf Up-Rotated 0.9392 0.0009 0.9410

Clan,.hIeI1 Down, 0.9377 0.00081 0.939.1
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6.8 FISSILE MATERIAL PACKAGES FOR AIR TRANSPORT

Application for air transport for the Traveller will be mhde at a later date.

I.. . .
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6.9 BENCtIMARK EVALUNFIONS

The computer code used for these criticality calculations has been benchmarked against applicable

criticality experiments.

6.9.1 Applicability of Benchmark Experiments

There are approximately 180 experiments that are applicable to Iransport.' Of these, 55 were selected
based on their structural, material, poison, geometry, and spectral similarities to the Traveller. Table 6-40

in appendix 6.10.9 gives a summary of available LWR critical experiments and indicates how many of
each type were selected. The selected experiments were grouped into four classifications: Simple Lattice,

Separator Plate, Flux Trap, and Water Hole experiments. Table 6-41 shows the breakdown of the
experiments into the four classifications. In general, there were 15 Simple Lattice experiments,
26 Separator Plate experiments, 8 Flux Trap experiments, and 6 Water Hole experiments.

In determining which experiments were not applicable, criteria were established by which experiments
would be rejected. These criteria include:

No separator plates made of hafniium, copper, cadmium, zirconium, or depleted uranium (include
only separator plates made of stainless steel, aluminum or boron),

No thick wall lead, steel, or uranium reflector material,

* No hexagonal fuel rod lattices,

* No burnable poison rods (Ag-In-Cd rods, B1C rods, UO,-Gd2O.1 rods)

* No soluble boron

The 55 experiments were analyzed for their applicability to the Traveller package. Table 6-25 shows a
summary comparison of the benchmark critical experiment properties to the Traveller package. The range
of properties for the critical experiment includes range of values for the Traveller package.

In addition, a qualitative evaluation of the neutron event probabilities is also done to compare the
importance of the contents and packaging materials relative to neutron absorption. Comparing the
absorption probabilities for the critical experiments and package indicates that the importance of neutron
absorption is similar between the critical experiments and package model.

NUREG/CR-6361 (ORNLITM- 13211): Criticaliiy Benchmnark Guide for Light-Waier-Reactor Fuel in
Transportation and Storage Packages.
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Table 6.20 Parameters for 14x14 Fuel Assemblies

Fuel Assembly Description 14 X 14 14 X 14 14 X 14

Fuel Assembly Type W-STD W-OFA CE-!/CE-2

Rods per assembly 179 179 176

No. Non-Fuel Rods 17 17 20

Nominal Pellet Diameter .0.3659 0.3444 0.3765/0.3805

Nominal Clad Outer Diameter 0.4220 0.4000 .0.4400

Nominal Clad Thickness' 0.0243 0.0243 "0.0280/0.0260

Clad Material Zirconium alloy Zirconium alloy Zirconium alloy

Nominal GT Outer Diameter 0.5390 0.5260 1.11)0

Nominal GT Thickness 0.0170 0.0170 0.038

Nominal Assembly Envelope 7.756 7.756 8.110

Nominal Lattice Pitch 0.5560 0.5560 0.5800

Nonmjinal G 25Uicm length 57 52 " .60/62

Fuel Rod Arrangement Fig 6-22 Fig 6-22 Fig 6-22

Table 6-21 Parameters for 15x15 Fuel Assemblies"

Fuel Assembly Description 15 X 15 15 X 15

Fuel Assembly Type STD/OFA B&W

Rods per Assembly 205 208

No. Non-Fuel Rods 20 17

Nominal Pellet Diameter 7 ',0.3659 0.3659

Nominal Clad Outer Diameter 0.4220 0.4220

Nominal Clad Thickness , 0.0243 0.0243

Clad Material Zirconium alloy Zirconium alloy

Nominal GT Outer Diameter 0.5460/0.5330 0.5330

Nominal GT Thickness ,0.0170 0.0170

Nominal Assembly Envelope . 8.418 .8.528

Nominal Lattice Pitch 0.5630 0.5680

Nominal G '35U/cm length 65 65

Fuel Rod Arrangemcnt Fig 6-22 Fig 6-22

I

I

I
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Table 6.22 Parnmeters for 16x16 Fuel Assemblies

I

Fuel Assembly Description 16 X 16 16 X 16 16 X 16 16 X 16

Fuel Assembly Type W-STD CE NGF ATOM

Rods per Assembly 235 236 235 235

No. Non-Fuel Rods 21 20 21 21

Nominal Pellet Diameter 0.3225 0.3250 0.3088 0.3590

Nominal Clad Outer Diameter 0.3740 0.3820 0.3600 0.4232

Nominal Clad Thickness 0.0225 0.0250 0.0225 0.0285

Clad Material Zirconium alloy Zirconium alloy Zirconium alloy Zirconium alloy

Nominl G7' Outer Diameter 0.4710 0.9800 0.4740 0.5331

Nominal GT Thickne.%s 0.0180 0.040 0.0160 0.0449

Nominal Assembly Envelope 7.763 8.122 7.763 9.0354

Nominal Lattice Pitch 0.4850 0.5060 0.4850 0.5630

Nominol G 21m1U/cl length 60 60 6(0 79

Fuel Rod Arrangement Figure 6-21 Figure 6-21 Figure 6-21 Figure 6-21

Table 6-23 Parameters ror 17x17 and 18x18 Fuel Assemblies

Fuel Assembly Description 17 X 17 17 X 17 18 X 18

Fuel Assembly Type W-STDlXL W-OFA ATOM

Rods per Assembly 264 264 300

No. Non-Fuel Rods 25 25 24

Nominal Pellet Diameter 0.3225 0.3088 0.3169

Nominal Clad Outer Diameter 0.3740 0.3600 0.3740

Nominal Clad Thickness 0.0225 0.0225 0.0252

Clad Material Zirconium alloy Zirconium alloy Zirconium alloy

Nominal (T Outer Diameter 0.4820 0.4740 O.4803

Nominal G(T Tirhkncs 0.0160 0.01601 0. 0433

Nominal Assembly Envelope 8.418 8.418 9.031

Nominal Lattice Pitch 0.4960 0.4960 0.500

NenGint 2"5U/Cm length 65 60 71

Fuel Rod Arrangement Figure 6-20 Figure 6-20 Figure 6-20
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Figure 6-30 Keno 3d LineSchematic of Outerpack Cuboids

Media 8:-. RubbfersS

Mida k11 Fa

Figure 6-31 ,Keno 3d Rendering of Outerpack
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Figure 6-32 Keno 3d Rendering of XL Outerpack

6.10.4.3 Clamshell Model

I The Clamshell is defined in unit 11. Figure 6-33 shows a sample of the unit I I input lines for the
Clamshell. Figure 6-34 is a schematic drawing of the Clamshell 'model.
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6.10.7 ROD CONTAINER CALCULATIONS

6.10.7.1 Introduction

The calculations involved two separate analyses, one for the Rod Pipe, and another for the Rod Box. The
approach used was the same for both. First. each container was modeled using the Traveller XL
outerpack modelfior the hypothetical accident conditions for individual package and package array cases.
Secomd. the analyses consisted of modeling pellet stacks inside the container and varying the pitch to
determine the optinmum pellet pitch-to-diameter ratio. The fidluowing pellet diameters were used with
c(orresponiding pitches in order to find the optiptlmn tIttles. Note that not all pitchAi•ihmeter runs were
completed. lHowever, sulficient dlra ivere obtained to tdefine curves.

Pitch Value (ctm) Pellet Diameters (cm)
(Close Packed (pitch = diameter) 0.25/ 0..30/0.35/0.40/0.45/0.5010.00/0.80/0.9 0/1.00

1.2 0.0)5/0.10/0.5/0.20/0925/0. 0/0.3 5/0.40/0.45/0.50
1.5 0.05/0.10/0.15/0.20/0.25/0.30/0.35/0.40/0.45/0.50
1.8 0. 0.5/0.10/0. 15/0.20/0.25/0.30/0..3.5/0..10/0. 45/0.50
2.0 0.05/0.510/0.15/0.20/0. 25/0.3010.35/0.40/0.45/0.50
2.5 0.25/0.3.0/0.35/0.40/0.45/0.50/0.60/0.80/0.90/1.00
3.0 0. 25/ 0.30/0.3/0.40/0.45/0.50/0.60/0.80/0. 90/I. 00
4.)0 0.2510.3010.35/0.40/0.4.510.50/0. 6010.8010. 90/1 .00

tfter plotting curi'es to find clplyropxiate inarhflitn A/ff values for the /)itch/di(eter (o/nbinVtios.
two atrra*y cases were selected. one each.fbr the rod box anzd rod pipe. These were analyzed to dcetermine
the ejf'ect on k,.,. of varying the interspersed moderttio, watter deensity. These results are .lholvi inl
Figttre 0-39.

6.10.7.2 Models

The fuel rod model is described in Section 6.3.1.1.2. The container models, which consist of a simple
cylinder and cube, are described in Section 6.3.1.1.3 and Section 6.3.1.1.4. The box and pipe materials
were not included in the models. The dimensions equate to the outside dimensions of the particular
container. Figure 6-40 shows therod box and rod pipe models inside the Traveller XL.

6.10.7.3 Individual Package Configuration

The analysis assumes the most conservative flooding configuration for the individual package, which is
the fully flooded condition. This is discussed in Section 6.7. 1.

6.10.7.4 Package Array Configuration

The analysis use'" the some flooding configuration for the package array case under hypotheiicil accid'ent
conlditions. numel" the XL-IlAC-ARlA Y- /00 nocel. This is discussed in Section 6.7.1.
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6.10.7.5 Results

The results indicate that both rod container types are geometry limiting with respect to criticality.
Calculated kff results were found to be less than 0.75 for all cases. 7he rod pipe appears to be the
bounding container, and that the individual case results were higher than the array cases modeled.
Scoping calculations on interspersed moderation water density show that there is no intermediate peak
between the vactuum condition and fiul-water density. The individual package cases (isoklaed) are the
most limiting.

Plots are provided that show kfr versus pellet diameterfor the pitch values, f!)r each of the four general
groups (i.e.. pipe individual, pipe array. box individual, and bor array). These are presented as
Figures 6-35, 6-36. 6-37. and 6-38.

Results are provided for the pitch/pellet diameter combinations for the individual and array cases. These
are presented as Tables 6-36, 6-36A, 6-36B, and 6-36C. The results generally show that the imaxima for
the different groups (i.e., pipe and box, individual package and array) fidl in the same area, PID= 1.97.
pellet diameter = 0.762 cm (0.30 inch), pitch = 1.50 con (0.591 inch).

K-,

Pell. Pell. Rod Rod
Diam. Diam. Pitch Pitch

Run # Table ks sigma Kv+2s (inch) (cmn) (inch) (era) pid
P.IP-15.6 6-36 0.7425 0.0015 0.7455 0.30 0.762 0.591 1.50 1.97

P-ARR-15-6 6-36A 0.6622 0.0016 0.6654 0.3q0 0.762 0.591 1.50 1.97

B-IP-15-6 6-36B j 0.7008 10.0015 1 0.7038 0.30 1 0.762 1 0.591 1 1.50 1 1.97

SB-ARR-15-6 6-36C 1 0.5 12 10.0014 10.5540 0.30 0.762 0.591 1.50 1.97

Results are provided fior scoping calculations on the interspersed moderation cases in Table 6-36D. The
array and individual package results are also listed for the corresponding cases. It can be seen that there
is good agreement between the racutim and fitl-water density cases. The data are plotted in Figure 6-39.

Sample input decks are provided in Tables 6-36E (Rod Box Individual Package), 6-36F (Rod Pipe
Package Arrav, and 6-36G (Rod Pipe Interspersed Moderation). In the models, unit 13 is the rod
bo.r/pipe unit. Unit 67 is the ftel rod, and unit 55 is the global unit, and as such contains the outerpack,
unit 10. The model is run as an infinite array by setting mirror boundaries for the +/-x and +/-y aces
(H2,0 on +1- z atres), and as an individual package by setting vactuum boundaries all around. For the
individual package cases, the global tnit #55 includes a 20cm1 H20 cylinder around the outerpack.

& 04A"
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Loose Rods, Individual Package - Tube Container
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Figure 6-35 Rod Pipe - kIrf vs. Pellet Diamneer for Individual Package

Loose Rods, Infinite Package Array - Tube Container
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Figure 6-36 Rod Pipe - k17 vs. Pellet Diameter for Infinite Array
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Loose Rods, Individual Package - Box Container
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Figure 6-37 Rod Box - k~ff vs. Pellet Diameter for Individual Package

Loose Rods, Infinite Package Array - Box Container
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Figure 6-38 Rod Box - kerr vs. Pellet Diameter for Package Array
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Inlersperýsed Modetation

1.00
0.0g.
0.00

0.70.

0.60

0.40

0.30

0.20-

0.10

F I
" -. .i

.....- 0--Pipe
[ ~-m- Boll

w i • •i,

0O 0.2 0.4 0.8

water density, glc&

0.8 1.0 1.2

Figure 6-39 Interspersed Moderation Curves for Rod Box and Rod Pipe

Figure 6-40 Rod Box and Rod Pipe in Traveller XL
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Table 6-36 Results for Rod Pipe Individual Package IJAC

No. Pell. Pell. Rod Rod
Fuel Diam. Diam. Pitch Pitch

Run # ks sigma Ks+2s Rods (inch) (cm) (inch) (cm) pld

1.2 cm Pitch

P-IP-12-1 0.2118 0.0008 0.2134 187 0.05 0.127 0.472 1.20 9.45
P-IP-12-2 0.4917 0.0012. 0.4941 187 0.10 0.254 0.472 1.20 4.72
P-IP-I2-3 0.6545 0.0013 0.6571 187 0.15 0.381 0.472 1.20 3.15
P-IP-12-4 0.7281 0.0014 0.7309 187 0.20 0.508 0.472 1.20 2.36
P-IP-12-5 0.7416 0.0013 0.7442 187 0.25 0.635 0.472 1.20 1.89
P-IP.12-6 0.7233 0.0014 0.7261 187 0.30 0,762 0.472 1.20 1.57
P-IP-12-7 0.6731 0.0014 0.6759 187 0.35 0.889 0.472 1.20 1.35
P-IP-12-8 0.6049 0.O011 0.6071 187 0.40 1.016 0.472 1.20 1.18

P.IP-12-9 0,5329 0a001l 0.6071 187 0.45 1.143 0.472 1.20 1.05
P-IP-12-10 187 0.a50 1.270 0.472 1.20 0.94

1.5 cm Pitch
PeIP-15-1 0.3893 0.0011 0.3915 121 0.0.5 0.127 0.591 1.50 11.81
P.IP-15-2 0.5654 0.0013 0.5680 121 0.10 0.254 0.591 1.50 - 5.91
P.IP-15-3 0.6706 0.0015 0.6736 121 0.15 0.381 0.591 1.50 3.94
P.IP-15.4. 0.7285 0.0015 0.7315 121 0.20 0.508 0.591 1.50 2.95

P4P-15-5 0.7425 0.0015 0.7455 121 0.25 0.635 0.591 1.50 2.36

P.IP-15-6 0.7339 0.0014 0.7367 121 0.30 0.762 0.591 1.50 1.97
P.IP-15-7 0.707. 0.0015 0.7103 121 0.35 0.889 0.591 1.50 1.69
P-.1P-, /8 0.6639 0.0013 0.6665 121 0.40 1.016 0.591 1.50 1.48

P.IP-15-9 0.6081 0.0014. 06109 121 0.45 1.143 0.591 1.50 1.31
P.IP-15.10 0.3393 0,0011 0.3915 121 0.50 1.270 0.591 1.50 1.18

1.8 cn Pitch

P.tP-18.1 0.1097 0.0005 0.1107 85 0.05 0.127 ..0.709 1.80 14.17

P.IP.18.2 0.3104 0.0009 0.3122 85 0.10, 0.254 0.709 1.80 Z09
IPI-,-3 .8.5 0.15 0.381 00.709 1.80 4.72

P.Ip-18-4 0.6039 0.0015. 0.6069 85. 0.20 0.508 0.709 1.80 3.54
P-IP- 18-5 0.6776 .0.0016 1-0.6808 85 0.25 0.635 0.709 1.80 2.83
P-11-18-6 0.7225 0.0013 0.7251 85 0.30 0.762 0.709 1.80 2.36
P-IP-18-7 0.7384 0.0015 0.7414 85 0.35 0.889 0.709 1.80 2.02
PP-I,__., 0.7425 0.0015 0.7455 &5 0.40 1.016 0.709 1.80 1.77

PIP.18.9 0.7246 0.0015 0.7276 85 0.45 1.143 0.709 1.80 1.57
P-P.19-10 0.6977 0.0013 0.7003 85 0.50 1.270 0.709 1.80 1.42
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Table 6-36 Results for Rod Pipe Individual Paickage HAC
(cont.)

K-j

No. TPell. Pell. Rod Rod
": Fu'el Diam. Diam. Pitch Pitch

Run # ks sigma Ks+2s Rods ' (inch) (cm) (inch) (cm) pld

2.0 cmn Pitch

P-IP-20-1 0.0858 0.0005 0.0868 61 .0.05 0.127 0.787 2.00 15.75

P-IP-20-2 0.2548 0.0008 0.2564 61. 0.10 0.254 0.787 2.00 7.87

P-IP-20-3 0.4.130 0.0010 0.4150 !61.. 0.15 0.381 0.787 2.00 5.25
P-IP-20-4 0.5.349 0.0012 0.5373 61 0.20 0.508 0.787 2.00 3.94

P-IP-20-5 0.6165 0.0013 0.6191) '61.- 0.25 0:635 0.787 2.00, 3.15

P-IP-20-6 0.6754 0.0015 0.6784 61 ..- 0.30 0.762 0.787 2.00 2.62

P-IP-20-7 0.7118 0.0014 0.7146" "61-. 0.35 0.889 0.787 2.00 2.25

P-IP-20.8 0.7.310 0.0014 0.7338. -" 61 0.40 1.016 0.787 2.00 1.97

P-IP-20-9 0.7274 0.0015 0.7.304 61- 0.45 1.143 1 0.787 2.00 1 1.75

P-IP.20-t0 0.7159 0.0014 0.7187 .!61 .0.50 1.270 0.787 2.00 1.57

2.5 cm Pitch

P-IP-25-1 0.5069 0.0014 0.5097 37 0.25 0.635 0.9984 2.50 3.94

P-IP-25-2 0.57780 0.0013 0.5806 37' 0.30 0.762 0.984 2.50 3.28

P-IP-25-3 0.6304 0.0015 0.6334 37 0.35 0.889 0.984 2.50 2.81

P-IP-25-4 0.60730 0.0015 0.6760 37 0.40 1.016 0.984 2.50 2.46

P-IP-25-5 0.6953 0.0014 0.6981 37 0.45 1.143 0.984 2.50 2.19

P-IP-25.6 0.7094 0.0015 0.7124 37 0.50 1.270 0.984 2.50 1.97

P-IP-25-7 0.7169 0.0015 0.7199 37 0.60 '1.524 0.984 2.50 1.64

P-IP-25-8 0.6371 0.0014 0.6399 37 0.80 2.032 0.984 2.50 1.23

P-IP-25-9 37 0.90 2.286 0.984 2.50 1.09

P-IP-25-10 .37 1.00 2.540 0.984 2.50 0.98

3.0 cm Pitch

P-IP-30-1 31 0.25 0.635 1.181 3.00 4.72

P-IP-30-2 31 0.30 0.762 1.181 3.00 3.94

P-IP-30.3 0.5740 0.0014 0.5768 31 0.35 0.889 1.181 3.00 3.37

P-IP-30-4 0.6234 0.0013 0.6260 31 0.40 1.016 1.181 3.00 2.95
P.IP-30.5 0.6578 0.0015 0.6608 31 0.45 1.143 1.181 3.00 2.62

P-IP.30.6 0.6873 0.0014 0.6901 31 0.50 1.270 1.1,81 3.00 2.36

P-IP-30-7 0.7198 0.0014 0.7226 31 0.60 1,524 1.181 3.00 1.97

P-IP-30.8 0.7132 0.0018 0.7168 31 0.80 2.032 1.181 3.00 1.48

P-IP-30.9 0.6765 0.0016 0.6797 31 0.90 2.286 1.181 3.00 1.31

P-IP-30-10 0.6212 0.0013 0.6238 31 1.00 2.540 1.181 3.00 1.18
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Table 6-36 Results for Rod Pipe Individual Package IIAC
(cont.)

No. Pell. Pell. Rod Rod
Fuel Diam. Diam. Pitch Pitch

Run # ks sigma Ks+2s Rods (inch) (cm) (inch) (cm) p/d

4.0 cm Pitch

P-IP-40-1 0.3085 0.0010 0.3105 19 0.25 0.635 1.575 4.00 6.30

P-IP-40-2 0.3754 0.001/ 0.3776 19 0.30 0.762 1.575 4.00 5.25

P-IP-40.3 0.4.156 0.0012 0.4380 19 0.35 0.889 1.575 4.00 4.50

P-IP-40-4 0.4837 0.0013 0.4863 19 0.40 1.016 1.575 4.00 3.94

P-IP-40-5 0.5266 0.0013 0.5292 19 0.45 1.143 1.575 4.00 3.50

P-IP-40.6 0.5676 0.0013 0.5702. 19 0.50 1.270 1.575 4.00 3.15

P-IP.40-7 0.6280 0.0013 0.6306 19 0.60 1.524 1.575 4.00 2.62

P-IP-40-8 0.6999 0.0014 0.7027 19 0.80 2.032 1.575 4.00 1.97

P-IP-40-9 19 0.90 2.286 1.575 4.00 1.75

P.IP-40.10 10.7081 0.0015 0.711) 19 1.00 2.540 1.575 4.00 1.57
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Table 6-36A Results for Rod Pipe Package Arra34HAC' _ _....

No.- Pell. Pell. Rod Rod
""__ gFuel Diam. Diam. Pitch Pitch

Run # ks [sigma_ Ks+2s : ods (inch) (cm) (inch) (cm) p/d

•____ Close Packed
P-ARR-CP-J 0.3961 0.0009 0.3979 .... 0.25 0.635 • .0.25 0.64 1.0
P-ARR-CP-2 0.3972 0.0009 0.39905.. -.. 0.30 0.762 0.30 0.76 1.0
P-ARR-CP-3 0.3962 0.0009 0.3980 . '0.35 0.889 0.35 0.89 1.0
P-ARR-CP-4 0.3967 .- 0.0008 0.3983 J 253 '0.40 1.016 0.40 1.02 1.0
P.ARR•-CP.5_ .-I 200'- .0.45 1.143 0.45 1.14 1.0
P-ARR-CP.6 0.3967 0.0009 0.3985. ,163 0.50 1.270 0.50 1.27 1.0
P-ARR-CP-7 0.3981 0.0008 0.3997 . 1.09 0.60 1.524 0.60 1.52 1.0
P-ARR.CP-8 . . 64 0.80 2.032 0.80 2.03 1.0

P-ARR-CP-9 0.3975 0.0008 0.3991 - 54 - '0.90 2.286 0.90 2.29 1.0
P-ARR-CP-10 0.3950 0.0009 0.3968 -, 41, 1.00 .2.540 1.00 2.54 1.0

1.2 cm Pitch _

P-ARR-12-1 0.1800 m . 0.0007 0.1814 "--187-. 0.05 0.127 0.472 1.20 9.45
P-ARR-12-2 0.4332 0.0012 0.4356 -".187 - 0.10 0.254 0.472 1.20 4.72
P-ARR-12-3 0.5860 .0.0013. 0.5886 -4187 0.15 .0.381 0.472 1.20 3.15
P-ARR-12-4 0.6532 0.0014 .0.6560 ."187- 0.20 0.508 0.472 1.20 2.36
P-ARR-12-5 0.6604 0.0017 0.6638 187.. .0.25 0.635 0.472 1.20 1.89
P-ARR-12-6 0.6351 0.0014 0.6379 . 187.. 0.30 0.762 0.472 1.20 1.57
P-ARR-12-7 0.5792 0.0016 0.5824 : 187.. 0.35 0.889 0.472 1.20. 1.35

P-ARR-12-8 ._1487 0.40 1.016 0.472 1.20 1.18
P-ARR-12-9 0.4271 0.0010 0.4291 - •. - " 0.45 1.143 0.472 1.20 1.05
P-ARR-12-10 . 0.50 1.270 0.472 1.20 0.94

1.5 cm Pitch
P-ARR-15-1 0.1271 0.0006 0.1283 -..121. 0.05 0.127 0.591 1.50 11.81
P-ARR-15-2 0.3364 0.0011 0.3386- -121.. 0.10 0.254 0.591 1.50 5.91
P-ARR-15-3 0.4993 0.0013 0.5019 -:121. 0.15. 0.381 0.591 1.50. 3.94
P-ARR-15-4 0.5984 0.0014 0.6012 .- 4121... 0.20 0.508 0.591 1.50 2.95
P-ARR-15-5 0.6463 0.0015 0.6493 --.121 0.25 0.635 0.591 1.50 2.36

P-ARR-15-6 0.6622 0.0016 -0.6654 - '121. 0.30 0.762 0.591 1.50 1.97
P-ARR-15-7 0.6511 0.0016 .0.6543.. - 121 - 0.35 0.889 0.591 1.50 1.69
P-ARR-15-8 0.6218 0.0014 0.6246 -- 121_-. 0.40 1.016 - 0.591 1.50 1.48
P-ARR-IS,9 0.5706 0.0013 0.5732 -1121. 0.45 1.143 0.591 - 1.50 1.31
P-ARR-15-10 0.5090 0.0011 0.5112 +121 - 0.50 1.270 0.591 1.50 1.18

6-107D



S Wesflngiouse
Docket 71-9297

Rev. 2,2/2005Traveller Safety Analysis Report

Table 6-36A Results for Rod Pipe Package Array IlAC
(cont.)

No. Pell. Pell. Rod Rod
Fuel Diam. Diam. Pitch Pitch

Run # ks sigma Ks+2s Rods (inch) (cm) (inch) (cm) phd

1.8 cm Pitch

P-ARR-18-1 0.0919 0.0005 0.0929 85 0.05 0.127 0.709 1.80 14.17

P-ARR-18-2 0.2645 0.0009 0.2663 85 0.10 0.254 0.709 1.80 7.09

P-ARR-18-3 0.4208 0.0012 0.4232 85 0.15 0.381 0.709 1.80 4.72

P-ARR-18-4 0.5298 0.0013 0.5324 85 0.20 0.508 0.709 1.80 3.54

P-ARR-18-5 0.6002 0.0014 0.6030 85 0.25 0.635 0.709 1.80 2.83

P-ARR.18-6 0.6426 0.0014 0.6454 85 0.30 0.762 0.709 1.80 236

P-ARR-18-7 0.6598 0.0015 0.6628 85 0.35 0.889 0.709 1.80 2.02
P-ARR-18-8 85 0.40 1.016 0.709 1.80 1.77

P-ARR-18-9 0.6430 0.0014 0.6458 85 0.45 1.143 0.709 1.80 1.57

P-ARR-18-10 0.6093 0.0010 0.6118 85 0.50 1.270 0.709 1.80 1.42

2.0 cm Pitch

P-ARR-20-1 0.0751 0.0004 0.0759 61 0.05 0.127 0.787 2.00 15.75

P-ARR-20-2 0.2248 0.0009 0.2266 61 0.10 0.254 0.787 2.00 7.87

P-ARR-20-3 0.3662 0.0010 0.3682 61 0.15 0.38! 0.787 2.00 5.25

P-ARR-20-4 0.4765 0.0012 0.4789 61 0.20 0.508 0.787 2.00 3.94

P-A. RR-20-5 0.5565 0.0014 0.559. 61 0.25 0.635 0.787 2.00 3.15

P-ARR-20-6 0.6077 0.0016 0.6109 61 0.30 0.762 0.787 2.00 2.62

P-ARR-20-7 0.6371 0.0014 0.6399 61 0.35 0.889 0.787 ZOO 2.25

P-ARR-20-8 0.650.5 0.0015 0.6535 61 0.40 1.016 0.787 2.00 1.97

P-ARR-20-9 0.6497 0.0017 0.6531 61 0.45 1.143 0.787 2.00 1.75

P-ARR-20-10 0.6317 0.0010 0.6337 61 0.50 1.270 0.787 2.00 1.57

2.5 cm Pitch

P-ARR-25-1 0.4558 0.0013 0.4584 .37 0.25 0.635 0.98,4 2.50 3.94

P-AIRR-25-2 0.5188 0.0013 0.5214 37 0.30 0.762 0.984 2.50 3.28

P-ARR.25-3 0.5679 0.0013 0.5705 37 0.35 0.889 0.984 2.50 2.81

P-ARR-25-4 0.6022 0.0014 0.6050 37 0.40 1.016 0.984 2.50 2.46

P-ARR.25-5 0.6257 0.0013 0.6283 37 0.45 1.143 0.984 2.50 2.19

P-A RR-25-6 0.6373 0.0015 0.6403 37 0.50 1.270 0.984 2.50 1.97

P-ARR-25-7 0.6351 0.0014 0.637.9 37 0.60 1.524 0.984 2.50 1.64

P-ARR-25.8 0.5410 0.0012 0.5434 37 0.80 2.0.32 0.984 2.50 1.23

P-ARR-25.9 0.4619 0.0011 0.4641 37 0.90 2.286 0.984 2.50 1.09

P-ARR-25- /0 I _ 11.00 2.540 0.984 2.50 0.98
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Table 6-36A Results for Rod Pipe Package A rry HAC
(cont.) - .

'No. Pell. Pell. Rod Rod
RFuel Diam. Diam..' Pitch Pitch

Run # ks sigma Ks+2s 'Rods ' inch) (cm) (inch) (cm) p/d

" 3.o0cm Pitch -

P-ARR-30-1 0.3806 0.0012 0.3830 31 10.25 0.6.35 1.181 3.00 4.72

P-ARR-30-2 0.4473 0.0012 0.4497 .31 .0.30 0.762 1.181 3.00 3.94

P-ARR-30-3 0.5012 0.0012 0.5036 31 ;0.35 0.889 1.181 3.00 3.37

P-ARR.30-4 0.5451 0.0015 0.5481 '!31 0.40 1.016 1.181 3.00 2.95

P-ARR-30-5 0.5806 0.0013 0.5832 1 31 0.45 1.143 1.181 3.00 2.62

P-ARR-30-6 0.6066 0.0013 0.6092.. . 2,31._ 0.50 1.270 1.181 3.00 2.36

P-ARR-30-7 0.6367 0.0015 0.6397. 312. .0.60 1.524 1.181 3.00 1.97.

P-ARR-30-8 0.6246 0.0015 0.6276. . 31 . 0.80 2.032.. 1.181 3.00 1.48

P-ARR-30-9 0.5822 0.0014 0.5850. '.31 . 0.90 2.286 1.181 3.00 1.31

P-ARR-30-10 0.5232 0.0013 0.5258 1 -- 31 • 1.00 2.540 1.181 . 3.00 1.18

_ _4.0 cm Pitch'

P-ARR-40-1 0.2606 0.0009 0.2624 19 0.25 0.635 1.575 4.00 6.30

P-ARR-40-2 0.3157 0.0011 0.3179. "19 0.30 0.762 1.575 4.00 5.25

P-ARR-40-3 0.3690 0.0011 0.3712 "19-. 0.35 0.889 •1.575 4.00 4.50

P-ARR40-4 0.4158 0.0011 0.4180 : 19. 0.40. 1.016 1.575. :4.00 3.94

P-ARR-40-5 0.4577 0.0012 0.4601 . 19 '0.45 1.143 1.575 4.00 3.50

P.ARR40-6 0.4942 0.0013 0.4968 19 0.50 1.270 1.575 4.00 3.15

P-ARR-40-7 0.5506 0.0013 0.5532 19 0.60 1.524 1.575 4.00 2.62

P-ARR-40-8 0.6191 0.0014 0.6219. 19 '0.80 2.032 1.575 4.00 1.97

P-ARR-40-9 0.6309 0.0015 0.6339 19 0.90 2.286 1.575 4.00 1.75

P-ARR-40-10 0.6280 0.0014 0.6308 I. .19 .1 1.00 2.540 1.575 4.00 1.57

- - - a- a .- -
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Table 6-36B Results for Rod Box Individual Package IlAC

No. Pell. Pell. Rod Rod
Fuel Diam. Diam. Pitch Pitch

Run # ks sigma Ks+2s Rods (inch) (cm) (inch) (cm) p/d

Close Packed

B-IP-CP-) 0.25 0.635 0.25 0.64 1.0
B-IP-CP-2 0.30 0.762 0.30 0.76 1.0
B.IP.CP-3 0.35 0.889 0.35 0.89 1.0

B.IP-CP-4 196 0.40 1.016 0.40 1.02 1.0

B-IP-CP-5 0.5025 0.0011 0.5047 155 0.45 1.143 0.45 1.14 1.0

B-IP-CP-6 0.5044 0.0011 0.5066 120 0.50 1.270 0.50 1.27 1.0

B-IP-CP-7 _85 0.60 1,524 0.60 1.52 1.0
B.IP-CP-8 0.5048 0.0011 0.5070 51 0.80 2.032 0.80 2.03 1.0

B-IP-CP-9 0.5028 0.0010 0.5048 42 0.90 2.286 0.90 2.29 1.0

B.IP-CP-10 0.5044 0.0012 0.5063 32 ..00 2.540 1.00 2.54 1.0

1.2 cm Pitch

B-IP-12-1 0.188 0.0007 0.1894 143 0.05 0.127 0.472 1.20 9.45

B-IP-12-2 0.4459 0.0012 0.4483 143 0.10 0.254 0.472 1.20 4.72

B-IP-12-3 0.6061 0.0015 0.6091 143 0.15 0.381 0.472 1.20 3.15

B.IP-12-4 0.6798 0.0015 0.6828 143 0.20 0.508 0.472 1.20 2.36

B-IP-12-5 0.6967 0.0014 0.6995 143 0.25 0.635 0.472 1.20 1.89

B.IP-12-6 0.6319 0.0014 0.6847 143 0.30 0.762 0.472 1.20 1.57

B.IP-12-7 0.6430 0.0013 0.6456 143 0.35 0.889 0.472 1.20 1.25

B-IP-12-8 0.5829 0.0012 0.5353 0.40 1.016 0.472 1.20 1.18

B-IP-12.9 0.45 1.143 0.472 1.20 1.05
B.IP-12.10 143 0.50 1.270 0.472 1.20 0.94

1._5 cm Pitch

B.IP-15-1 0.1a3a 0.0006 0.1345 93 0.05 0.127 0.591 1.50 11.81

B-IP-15.2 0.3543 0.0010 0.3563 93 0.10 0.254 0.591 1.50 5.91

B-IP-15-3 0.5198 0.0012 0.5222 93 0.15 0.331 0.591 1.50 3.94

B-.IP-15-4 0.6254 0.0013 0.6280 93 0.20 0.503 0.591 1.50 2.95

B-IP-15-5 0.6774 0.0015 0.6804 93 0.25 0.635 0.591 1.50 2.36

B-IP-15-6 0. 7008 0.0015 0.7038 93 0.30 0.762 0.591 1.50 1.97

B.IP-15-7 0.6964 0.0016 0.6996 93 0.35 0.839 0.591 1.50 1.69

B.IP-15-8 0.6780 0.0014 0.6808 93 0.40 1.016 0.591 1.50 1.48

B-IP-15-9 0.6363 0.0014 0.6391 93 0.45 1.143 0.591 1.50 1.31

B-IP.15-10 0.5906 0.0014 0.5934 93 0.50 1.270 0.591 1.50 1.18

6-107G


