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NOTES. UNLESS OTHERWISE SPECIFIED:

1. INTERPRET DRAWING PER ANSI Y14.5.
INTERPRFET WELDS PER ANSI/AWS A2.4.

2. THREADS PER ANSI B.1.

IDEmnCATION: PACKAGE SHALL BE IDENTIFIED IN ACCORDANCE
WITH THE REQUIREMENTS OF 10 CFR 71.85(c) ON THE OUTER
SHELL OF THE PACKAGE BOuY WITH A STAINLESS STEEL NAMEPLATE.

UATERAL ASTM A240, TYPE 304L STAINLESS STEEL PLATE
AND SHEET OR ASTM A276 RATS AND BAR.

5. PRIOR TO ASSEMBLY. ALL COMPONENTS SHALL BE CLENED OF
CUTTNG OIL. MARKING DYES. WELD FLUX. SPATTER. SCALE.
GRIME AND ALL OTHER FOREIGN MATERIAL FINISHED ASSEMBLY
AND ALL INTEIOR SURFACES SHALL BE CLEOANED. AND VISUALLY
OR WIPE TEST INSPECTED IN ACCORDANCE WITH ASTM-A380.

6. ALL WELDING PROCEDURES AND PERSONNEL SHALL BE QLIFIED
IN ACCORDANCE WITH ASME CODE. SECnON IX OR ALTERNATE
DESIGN ENGINEERING QUALIFCRATION. WELD PROCEDURE AND
WELDER QUALIFCATIONS SHALL BE AVAILABLE FOR AUDIT OR
REVIEW.

7.

E>

ALL WELDS SHALL BE VISUALLY EMINED IN ACCORDANCE WITH AWS D1.6.

INNER CONTAINMENT CANISTER ASSEMBLY SHALL BE SUBJECTED
TO AN INTERNAL PRESSURE TEST AS SPECRED IN
SECTION 8.12.2 OF THE NPC SAFETY ANALYSIS REPORT.

COAT THREADS WITH A WBRICANT PRIOR TO ASSEMBLY.

Ei> TAMPER INDICATING SEALS SHALL BE INSTALLED AT TWo (2)
OPPOSTE SIDES.

5> TOROUE TO 50 5 LB-FT.

Lii> TORQUE TO 40*5 LB-FT.

@> STENCIL 1 WIDE X 4 LONG SPE AND 1/2' HIGH LETERS
AS SHOWN USING BLACK ENAMEL PAINT (ONE SIDE ONLY).

[E> FT CADMIUM SHEET TIGHTLY AROUND INNER SHELL OF CANISTER.
BUTT ENDS TOGETHER WITH .000-.100' CLEARANCE. SECURE TO
INNER SHELL OF CANISTER WrTH DOUBLE SIDED TAPE.

[i> WRAP HDPE SHEET CONTNUOUSLY AROUND THE CADMIUM SHEET
TO OBTAIN A MINIMUM HYDROGEN AREAL DENSITY OF .199 GRAMS/CM

2.
THIS DENSTY WILL BE BASED UPON THE MINIMUM POLYETHYLENE
THICKNESS OF .57- AND WIDTH OF 30.3. THE MEASURED
POLYETHYLENE ID. A POLYETHYLENE DENSTY OF .92 GRAMS/CC. AND
A MINIMUM POLYETHYLENE HYDROGEN CONTENT OF 14.0%. SECURE
ENDS WITH DOUBLE-SIDED TAPE.

[ij> FILL CAVITY WITH HOT GWE. HYSOL 7804 OR EQUIVALENT, AT EACH END.

E> OPinoN: SEAL CREVICE WITH BELZONA 1111 SERIES OR EQUIVALENT SEALANT.

COAT EXPOSED SURFACES OF FOAM SLAB WrrH ONE THIN COAT
OF POLYURETHANE COATING. AFTER INSTAWNG SEAL CHANNEL
APPLY A SECOND COAT TO EXPOSED SURFACES OF FOAM SLAB.

7

[E> FILL 1/8 DEEP SPACE OVER EDGES OF CERAMIC FIBER BOARD WITH
3M DP-605 OR EQUIVALENT URETHANE SEALANT.

[i> BOLT HOLE PATTERN OF UD SHALL BE COORDINATED WITH TAT OF
BODY LOCATING PINS T ENSURE AUGNMENT OF BOLTS AND
NON-BINDING ASSEMBLY OF UD T BODY.

21 INSTALL CERMIC FIBER BOARD PANELS WITH MINIMUM JOINTS. ALL
JOINTS, INCLUDING CORNERS, SHAL BE COVERED BY ADJACENT LAYER
(STAGGERED) ADHERE PANELS T BODY AND TO EACH OrHER WITH
3U SUPER 74 SPRAY ADHESIVE. OR EQUIVALENT ADHESIVE

INSTALL PINS BY PIERCING THRU CERAmIC BER BOARD AND WELDING
TO UD USING COMMERCIAL STUD WELD GUN.

[@> INSTALL CERAMIC BER BOARD PANELS WITH MINIMUM JOINTS. ALL
JOINTS. INCWDING CORNERS, SHALL BE COVERED BY ADJACENT LAYER
(STAGGERED). ADHERE PANELS TO INNER SURFACE OF UD
AND O EACH OTHER WITH 3M SUPER 74 SPRAY ADHESIVE. OR
EQUIVALENT ADHESIVE. AT THE CORNERS, ADHERE PANELS T ITEM 28 ONLY.

ji> STENCIL CANISTER BAND CLAMP ORIENTATION ZONES (9 PACES)
USING BLACK ENAMEL PAINT.

@i> POLYURETHANE FOAM INSTALJATION TECHNIQUES. ACCEPTANCE TESTS.
AND ACCEPTABLE DEVIATIONS IN PROPERTIES ARE SUMMARIZED IN
SECTION 8.1.4.1 OF THE NPC SAFETY ANALYSIS REPORT.

[i> AN ADDMONAL STRIP OF 24 GA. (.024) X 2' WIDE X 30.6- LONG
STAINLESS STEEL MAY BE ADDED UNDER THE WELD JOINT NEAR THE
OVERLAP TO FACILTATE SPOT WELDING.

[i> THE CADMIUM SHEET mAY BE INSTALLED IN UP TO THREE SECTIONS
WITH A MAXIMUM 0.1- GAP BETWEEN ANY MATING SURFACES.

[i> EXTERNAL SURFACES OF NPC MAY BE LOCALLY DENTED OR BULGED
UP TO A MAXIMUM DEPTH OF 1/2 INCH.

[> EXTERNAL SURFACES OF ICCA MAY BY LOCALLY DENTED UP TO
A MAXIMUM DEPTH OF 1/4 INCH.

[i> STENCIL LID UFT ONLY' APPROX AS SHOWN (4 PLACES) IJSING
BLACK ENAMEL PAINT.

5> TOROUE TO 35-50 LB-IN.

CERAMIC FBER BOARD AND BRAIDED ROPE ACCEPTANCE TESTS AND
ACCEPTABLE DEVIATIONS IN PROPEIES ARE SUMMARIZED iN
SECTION 81.4.2 OF THE NPC SAFETY ANALYSIS REPORT.

33. MAXIMUM/MINIMUM WEIGHT OF PACKAGING: 1.680/1.S80 LES.
MAXIMUM ALLOWABLE WEIGHT OF CONTENTS: 1.190 LBS.
MAXIMUM AU-OWABLE WEIGHT OF CONTENTS IN ANY ICCA 132.2 LBS.
MAXIMUM WEIGHT OF PACKAGE 2,870 LBS.

[i> FOAM SLABS MAY BE BONDED TOGETHER WITH EPOXY ADHESIVE.

[i> MARKING IS PER 49 CRR 172.310(C).

(i> CADMIUM SHEET ACCEPTANCE TTS AND ACCEPTABLE DEVITIONS IN
PROPERTES ARE SUMMARZED IN SECTION 6.1.4.3 OF NPC SAFEIY
ANALYSIS REPORT.

[@> HDPE POLYETHYLENE ACCEPTANCE TEST AND ACCEPTABLE DEVATIONS
IN PROPEIES ARE SUMMARIZED IN SECION 8.1.4.4 OF NPC SAFETY
ANALYSIS REPORT.

WELDS MAY BE MADE ON EITHER SIDE OF THE SURFACE.
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||1 42 BAND CLAMP ASSY fNH1009394-10 AEROQUIP OR EQUIVALENT
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6.0 CRITICALITY SAFETY EVALUATION

6.1 GENERAL DESCRIPTION

This criticality safety analysis is performed to demonstrate safety of the New Powder Container
(NPC). This new-transport package meets applicable IAEA and 10 CFR 71 requirements for a Type A
fissile material-shipping container for homogeneous and heterogeneous uranium powder- in exide
fefmcompounds enriched to a maximum of 5.00 wt. percent %-U-235. Uranium compounds may be
in the form of solids, or solidified or dewatered materials. Thc uranium compounds must have a ratio
of non fissile atoms to uranium atoms greater than or equal to two (2) and the maximum density of
these eompounds must be no gcater than 10.96 m3 (the maximum theoretical density of UO
This specifically incues uranium oxides vOv Og l* T-nJ Materials such as uranium metal,

uranum mtal alloys, o urFanium hydrites (e.g. UJH) ae not o ered by his analysis. Other urFanium
compeunds speeifieally, authorized inelude oxides, arbides, nitFates (.g., UNH, Nshose hemieal
femula is UDO.2N3,- O, with a theoretical density of 2.81 gffcnm3) and silicates. Uranium
bearing contents may be moderated by graphite to any degree and may be mixed with other non
fissile materials with the exception of deuterium, tritium and beryllium. This specifically includes
uranium oxide bearing ash from ecombtustible waste incineration. Moderating materials containing

hydrogen with a hydrogen density greater than that in water are not covered by this analysis.

The NPC transport package design features include an internal 3x3 array of stainless steel Inner
Containment Canister Assemblies (ICCAs) enclosed in a near cubic stainless steel reinforced Outer
Confinement Assembly (OCA) as described in Section 1.2, Package Description.

The uranium powder contents areis contained within 8.515" (21.63-cm) maximum ID stainless steel
canisters internally spaced on nominal 12.0" (30.48-cm) center-to-center positions within the OCA.
Manufacturing tolerance effects on package modelsreaetiAty are addressed in Section 6.3.1ater,
General Model.

Water exclusion from the ICCAs under accident conditions is not required for this package design.
Each cylindrical inner container within the package is analyzed in both the-undamaged and damaged
container arrays under optimal moderation conditions and is demonstrated to be a favorable geometry.

This analysis is performed at a maximum enrichment of 5.00 wt. percent U-235 for both
homogeneous U0 2 powder and heterogeneous U0 2 in the form of pe'lelspellets, and cylindricaled
elements to represent unrestricted particle size (e.g., outer diameter, OD, is varied through
optimum)s. The most reactive condition is therefore modeled for each authorized payload to
demonstrate safety.. The following Table 6.1 summarizes the uranium mass limits per ICCA and;
and-per package for the NPC, demonstrated by this analysis for the NPC container.This analysis
demonstrates safety up to a maximum of 60 kgs UO per ICCA, for a total maximum package
payload of 540 lgs UO Tper- NC paekage. Other uranium compounds complying with the
requirements stated in Table 6.1 in the above-are acceptable for shipment also equally valid-provided
that the equivalent uranium payloads are not exceeded.
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Table 6.1 -UO 2 and Uranium Equivalent Mass Limits* per NPC Package

Particle Size Maximum Loading Maximum Loading

Material FueForm Restriction: per ICCA (kgs) per NPC (kgs)

(Y5.00 wt.% U-235) Minimum-ll
ODDiameter U02 Uranium U02 Uranium

(Inches)

Homogeneous UOHomogeneous N/AA 60.0 52.898 540.0 476.15
Uranium Oxides/Compounds4Pewder

Heterogeneous U02 Pellets (1 OX! 10 0.34243 55.0 48.48 495.0 4356.36
Pellets)(BWR)_____

Heterogeneous U02 Pellets 477.0 42049.4
(PWR) TnPellets (17X17 Pellets) 0.3008 53.0 46.716

Heterogeneous Uranium Unrestricted particle 46.0 40.54 414.0 364.8-
Compounds03Materials sizeUnlimited

*For U-235 enrichments s 5.00 wt. -

The "Material Form" column in Table 6.1 includes both homogeneous and heterogeneous uranium
compounds in the form of solids, or solidified or dried materials. All homogeneous and
heterogeneous compounds are restricted to material forms having a bulk density <10.96 g/cc
(theoretical U02), with a percent uranium content 0.88144.

This specifically includes homogneous uranium oxides (U02, U308 , or UOx, x>2)- Other homogeneos
uranium compounds specifically authorized include dried (calcium containing) sludges, nitrates,
uranyl nitrate hexahydrate (UNH, chemical formula U0 2(NO3)2 6H2 0, with a theoretical density of
2.807 gm/cm3 ), and uranium oxide bearing ash from combustible waste incineration.

A reactivity comparison between 5% enriched theoretical U02 , U308 , UNH, and CaU60 19. 1 1H20
compounds with water is provided in Figure 6.0 demonstrating that the theoretical mixture of U02
and water is conservative relative to other homogeneous uranium compounds. For k-infinite reactivity
comparisons, refer Appendix 6.11 for a more complete material specification listing of uranium
compounds evaluated.

Figure 6.0 K-infinite Comparison of U-compounds

6-3
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This also specifically includes heterogeneous uranium oxides (0 2 , U30 8 , or UO, x>2) and U02
pellets present in standard BWR and PWR reactor fuel assembly lattices designs (e.g., PWR: 17X17;
BWR: IOX1O, 9X9, X8 nuclear fuel assemblies). This analysis demonstrates safety for uranium
compounds through optimal heterogeneity (unrestricted or unlimited particle size). As such, the
specified pellets having diameters greater than or equal to the "Minimum" value specified in the table
may be safely transported in the NPC package provided the tabulated U0 2 (or equivalent uranium)
material contents per ICCA and package are met.

Uranium-bearing contents may be moderated by water or carbon to any degree and may be mixed
with other non-fissile materials with the exception of deuterium, tritium and beryllium. Materials
such as uranium metal and uranium metal alloys are not covered by this analysis.
The "IOXIO Pcltts" and "17X17 Pellots" dc3riptions in the Fuel Forms column in thc above table
refoettheUO 2 pcllots procnt in standard IOXIO and 17X17 nuclcar fucl uambly (i.e.. bundlo)
1_-. -- '1. 
6.-i t-cn t.o ... . F - . ii_.. :, f-. .,!

6 1 i-. t nr Al- 1n nA 1A nn innh0 ^ 1-1, A - -s _ - .- -.,- ir_hf __

"AA4.....m" nl, -1- -- Al1A *n thr tt-.h
V_- .- - - -- .W.. Il -,It-I-t-------,-.--

v- h e~ tmr -nnldi lc_1 + 1, + u. _

For this package, umdamaged packages have been analyzed in infinite arrays and hence pursuant to 10
CFR §71.59(a)(2) the more restrictive value of 'N' is derived from the damaged array calculations
pursuant to 10 CFR &7l.59(a)(2). The Transport Index for criticality control is then derived from this
value of "N" perpursuant-te 10 CFR §71.59(b).

This analysis demonstrates safety for 2N=1 50 packages. The conresponding Transport Index (TI) for
criticality control of non-exclusive vehicles is given by TI = 50/N. Since 2N = 150, it follows that N =

6-4

Cc(

.. . i . . .. ....

i is i iU e

n i; + D .. . .ER~~~~~~ jCjf2lO.Oue wr

IJ 1.1 lUOI
I I I- -- --- -1-11-



GNF NPC
Safety Analysis Report

Docket No. 71-9294
Revision 2, 97/2002

75, and TI = 50/75 = 0.6667 0.7 [rounded to nearest tenth]. Using the rounded Transport Index
result, the maximum allowable number of packages per non-exclusive use vehicle is 50/0.7 = 71.
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6.2 PACKAGE DESCRIPTION

6.2.1 CONTENTS

The package shall be used to transport homogeneous or heterogeneous uranium compounds
conforming to the requirements stated in Section 6.1 and with uranium enrichments of pwdef in
exide o U;Og-or O* >) cnriched to a maximum o not greater thanmee than 5.0 weight
percent U-235. The medeled-uranium isotopic distribution considered in the models used in4bf this
criticality safety demonstration is shown in Table 6.4-.2

Table 6.42 - Uranium Isotopic Distribution
Isotope Modeled wt. %

jbU I 5.0000 1
;eU I 95.0000 I

This analysis conservatively demonstrates safety for homogeneous U0 2 powder, -and-pellets, and
heterogeneous forms of uranium oxides (unlimited particle size) -over the entire range of U0 22
densities and degree of moderation by H20. The maximum -net-U 2 equivalent payload demonstrated
safe in the NPC is specified in Table 6.1.-60 kgs U02 per ICCA which corresponds to a maximum
package payload of 540 kg total UO0

Other herogencous fo rns of uranium poAder in oxide fnn (e g, Ups, or U0,, *F)ae
ceeced 52 9 Ig U per ICCA (or 176 kgs U per NPC paeleage)

cqually valid, prvided the total uranium rAass ocs not

Any mass distribution including authorized non-uranium packaging materials such as plastic or metal
in the form of bags, bottles, cans etc. within the 3 x 3 array of ICCAs is also acceptable, provided the
total uranium contents including any packaging materials such as bags, bottles, cans used to contain
the uranium powder in any one ICCA does not exceed the applicable limit in Table 6.1 60 kgs total
mass. and provided that the entire contents meets the applicable total package weight limit.

6.2.2 PACKAGING

A general discussion of the NPC packaging design designed for transportation of homogeneous
uranium oxides enriched up to 5%,; U 235 is provided in Section 1.2.1, Packaging. A detailed set of
drawings of the NPC packaging is provided in the Appendix 1.3.1, Packaging General Arrangement
Drawings. The NPC packaging is comprised of two primary components: 1) an Outer Confinement
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Assembly (OCA) consisting of the body and lid sections, and 2) nine Inner Containment Canister
Assemblies (ICCAs). These major components are described below.

Product containment occurs inside an 18 gauge (0.048" wall thickness) Type 304L stainless steel
Inner Containment Canister Assembly (ICCA). This ICCA is sequentially wrapped in a 0.020"
(minimum) thick cadmium sheath, followed by a 0.570- inch thick polyethylene wrap (minimum),
followed by a 24-gauge (.024" wall thickness) outer Type 304L stainless steel containment sheath
welded closed to effectively contain the cadmium and polyethylene.

The bottom of an ICCA consists of a 9.72" OD, 7-gauge (0.188" thick) Type 304L stainless steel
plate. The top of an ICCA includes 7-gauge (0.188" thick) Type 304L stainless steel upper ring
(8.620" ID x 9.72" OD) to facilitate the poly wrap and welding of the 24 gauge outer sheath. The
ICCA lid is a 16-gauge (0.0595" thick) Type 304L stainless steel cylinder and contains a molded
silicon rubber gasket. The closure of the ICCAs is provided by a stainless steel band clamp assembly
that utilizes a 5/16-24UNF T- T-bolt and nut.

6-7



GNF NPC Docket No. 71-9294
Safety Analysis Report Revision 2, 97/2002

K..> Each ICCA is placed inside a 22-gauge Type 304L stainless steel cylindrical shield (silo), which is
"foamed" in place on 12-inch X,Yxy centers within the OCA body. The OCA body assembly
includes a 10-gauge (0.135" wall thickness) Type 304L stainless steel 42.8 1x42.81x37.66 inch outer-
dimension cubic box. The nominal 37.66-inch height includes the height of eight 6x3x3/16x8.4"
Type 304L stainless steel rectangular channels located on each corner of the package to facilitate fork
lifting of the package from four sides. The Type 304L stainless steel structures associated with the
eight (8) tube channels and the connecting 6" x 1.5" x 3/16" x 19.6" cross member ties are
conservatively ignored at the bottom of the body assembly.

The central region of the NPC housing the 3 x 3 array of ICCAs is polyurethane foam atwith a density
of 7 lb/ft3 (nominal). A 4-inch (X,Y,Zx,y,z) periphery surrounds the inner 3 x 3 array of ICCAs
housed within the stainless steel silos. On the bottom and sides, a 3-inch periphery polyurethane foam
at-with a density of 11 lb/ft3 (nominal) surrounds the 7 lb/ft3 region. The upper-most region of the
OCA body that mates to the lid includes a rigid 1-3/8" layer of 40 lb/ft3 polyurethane foam. The final
1-inch periphery of the body assembly contains 1-inch layer of ceramic fiberboard. This material is
utilized for its thermal performance (heat resistancet) properties.

The modeled OCA lid includes 10 gauge, 43.21" x 43.21" x 5.9"-ineh outer dimension Type 304L
stainless steel box that is mated to the lower body assembly via 16 guide pins, which ensure proper
lid seal alignment during closure. The outermost periphery again includes a modeled 1-inch ceramic
fiber-board. The foam layer beneath the ceramic fiberboard includes a 3.5" layer of 15-lb/ft3

(nominal) density polyurethane foam insulation. The lower 1-3/8" layer is rigid 40-lb/ft3 (nominal)
density polyurethane foam to protect the interface between the OCA body assembly and OCA lid
assembly mating surfaces. This higher -density 40 lb/ft3 foam section in the lid includes cutouts to
accommodate the upper lock ring closure of the ICCA.

The OCA lid dimensions include additional corner support structures, flanged edges, and -2.3-inch
overlap of 10-gauge stainless steel protecting the OCA body/lid interface (which are ignored in the
final model construct). Closure of the OCA is provided by (16) 1/2-13UNC socket head cap screws.
The closure is further secured by the OCA closure strips and (24) 7/16-14UNC hex head bolts. The
NPC packaging is illustrated in Figure 1.1-1. Full details of the NPC packaging design are provided
on the drawings in Appendix 1.3.1, Packaging General Arrangement Drawings. The OCA body
containing up tothe nine loaded ICCAs, coupled with the OCA lid constitutes the entire NPC package
assembly.

6.2.2.1 MATERIAL SPECIFICATIONS

One of the important aspects of the criticality safety demonstration for this package is the hydrogen
content in the foam and polyethylene regions. Hydrogen is important due to its moderating and
neutron capture characteristics.

The minimum specified hydrogen content in the foam is 6.4 weight percent. Likewise, the
polyethylene region surrounding the cadmium is based on stoichiometric CH2 , with nominal
hydrogen content of 14.3%.
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To account for the potential high-temperature off-gassing of hydrogen in the polyurethane foam and
polyethylene regions, and to assure the hydrogen content in the modeled regions is no greater than the
package after physical testing, sample analysis of both regions were conducted as described in Section
2.10.1, Certification Tests, of this application:

* Polyurethane Foam: The average measured hydrogen content of the foam regions used to fabricate
the test units was 6.48%. The average of 12 replicate samples taken from residual foam in the
certification test units resulted in measured hydrogen content of 6.40% with the lowest observed
value at 6.07% hydrogen. The 6.07% hydrogen value corresponded to a sample taken from what
appeared to be one of the hottest areas observed. This criticality safety demonstration is
performed using 6.00% hydrogen content in the foam material regions for all undamaged and
damaged models and is conservative relative to the observed physical package post HAC testing
(refer to Section 2.10.1.2, Summary, regarding the significant results of the hydrogen stability in
the foam).

• Polyethylene: The average measured value of the hydrogen content in the polyethylene material
use to fabricate the certification test units was 14.23%. The average measured value from four
post-test replicate samples strategically withdrawn from what was believed to be the hottest
regions observed was 14.09% with the lowest observed value of 14.01%. The average of eight
additional replicate samples taken from various locations showing some indications of heating in
the moderator averaged 14.20% with the lowest observed value of 14.09%. The measured values
show little change in the hydrogen content in the polyethylene region before and after the test
even in the hottest regions. This criticality safety demonstration is performed using 14.00%
hydrogen content in the polyethylene wrap region surrounding each ICCA for all undamaged and
damaged models and is conservative relative to the observed physical package post HAC testing
(refer to Section 2.10.1.2, Summary, regarding the significant results of the hydrogen stability in
the polyethylene).

Table 6.32 provides a listing of the applicable material specifications used in the NPC model
construct. The table conservatively applies the minimum measured hydrogen content of the NPC
polyurethane foam (6.00%) and polyethylene wrap (14.00%) in the applicable packaging regions for
all normal and damaged model constructs.

The minimum composition values for C, 0, N, H shown in Section 8.1.4.1.1.1, Polyurethane Foam
Chemical Composition, are applied. Other trace foam constituents (P, Si, Cl, and other) are ignored.
Additional package material conservatism is later described in Section 6.3.1.5, Models - Actual
Package Differences.
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Table 6.32 - Material Specifications for the NPC Shipping Package

Density Atomic density
Material (g/cm 3 ) Constituent (atoms/b-cm)

U(5.00)0 2 Fuel' <10.96 U-235 (max.) 1.2378E-03

U-238 (max.) 2.3220E-02
0 (max.) 4.8916E-02

304L Stainless Steel 7.9 C 3.1691E-04
Si 1.6940E-03
Cr 1.6471 E-02
Fe 6.0360E-02
Ni 6.4834E-03
Mn 1.7321 E-03

Cadmium 8.2175* Cd 4.4000E-02

Polyethylene 0.92 H 7.6965E-02
C 3.9504E-02

Polyurethane Foam 0.1122 C 2.8100E-03
(7 lbIft ) 0 5.9000E-04

N 1.9000E-04
H 4.0200E-03

Polyurethane Foam 0.1762 C 4.4200E-03
(11 lb/ft ) 0 9.3000E-04

N 3.0000E-04
H 6.3200E-03

Polyurethane Foam 0.2404 C 6.0300E-03
(15 Ib/ft-) 0 1.2700E-03

N 4.10OOE-04
H 8.6100E-03

Polyurethane Foam 0.6407 C 1.6080E-02
(40 lb/ft-) 0 3.3800E-03
.__________________________ ._______ N 1.1000E-03

H 2.2970E-02

Full Density Water 1.00 H 6.68660E-02

0 3.34330E-02
* 1-95% of theoretical density
* Maximum values assumed for heterogeneous contents
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6.3 CRITICALITY SAFETY ANALYSIS MODELS

6.3.1 GENERAL MODEL

6.3.1.1 Material Tolerance(s)

Table 6.43 provides sheet metal thickness dimensional tolerance from ASTM A240 and ASTM A480
(the former refers to the latter for specific tolerances). The maximum tolerance reductions in gauge
sheet thickness are uniformly applied in all normal and damaged NPC model constructs.

The foam density distribution throughout the body assembly and lid assembly is varied as described
in Section 6.2.2, Packaging. The manufacturers quality assurance program ensures the tolerance on
the actual foam density is +15%/-10% at all times. For conservatism, the maximum 10% reduction in
foam density is uniformly applied in all normal and damaged NPC model constructs.

Table 6.43 - Dimensional Tolerances

Type 304L MdlTikesUe
Stainless Steel Nominal Thickness Permissible Variations* Model Thickness Used
Sheet Gauge (in.) (in.) (in.) [cm] (description)

7 ga 0.188 ± 0.014 0.1740 [0 4420 cm] (ICCA ring)

10 ga. 0.135 ± 0.012 0.1230 [0.3124 cm] (OCA skin)

16 ga. 0 0595 ± 0 006 0.0535 [0 1359] (ICCA lid)

18 ga. 0 048 ± 0 005 0.0430 [0.1092] (ICCA inner skin)

22 ga 0.029 ± 0.004 0.0250 10.0635] (ICCA silo)

24 ga 0 0235 ± 0.003 0.0205 [0 0521] (ICCA outer skin)

ASTM-A240/A240M- 95a, Table A1.2, Standard Specification for Heat Reststing Chromium and Chromium-Nickel Stainless Steel Plate,
Sheet, and Stnp for Pressure Vessels, August 1995.

6.3.1.2 Inner Containment Canister Assembly (ICCA)

Figure 6.1 shows the material constituent radial dimensions from center of the ICCA ID (81) through
outer radius of the contamination shield (7). Figure 6.2 depicts the axial version of the ICCA and
contamination shield. The ICCA model construct consists of a stackup of 11 separate axial pieces.
This is performed to explicitly include the 1/8" (0.3175 cm) gaps of the high denisty polyethylene
wrap on each end, the maximum axial seam gap tolerance between the three separate 10-1/8"
(25.7175 cm) nominal wide cadmium wraps, the axial foam distribution density changes, and the fact
that the ICCA silo is installed only in the lower body assembly. The upper section of the ICCA also
penetrates the lid assembly to accommodate the vertical ICCA height, lock ring and bolt closure.

The 8.515-inch (21.63 cm) ID of the 18-gauge ICCA includes the maximum manufacturing tolerance.
Modeled sheet gauge dimensions incorporate the maximum manufacturing tolerance specified in
ASTM-A240 specified in Table 6.3 above. Since iron, chrome, and nickel constituents of stainless
steel exhibit thermal and resonance absorption, the use of minimum sheet thickness values is also
conservative.
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For cadmium, a 25% reduction is applied to the actual 20-mil (minimum) thickness, for a modeled
thickness of 15-mils (0.0381 cm)' and section width of 10.025" (25.4635 cm). The as-built stackup of
the axial cadmium wraps allow for a maximum seam gap of 0.1" (0.254 cm). This gap is
conservativelymodeled as 0.15" (0.381 cm).

The high density polyethylene (HDP) is 30.3-inch in height and uniformly surrounds the cadmium,
with no gaps, and its thickness ensured to be a minimum 0.570" thickness (1.4478 cm) by continuous
wrapping of 15-mil (nominal) sheets and a quality control weight confirmation. To account for the
small density reduction in the layered polyethylene wrap, the HDP (0.94-0.98 g/cc density) sheet
material is conservatively modeled as a uniform low density polyethylene (0.92 glcc) over the 0.570"
thick (1.4478 cm) wrap (min. hydrogen areal density = 0.199 g/cm2 ). The minimum required
thickness, height, and quality weight measurement confirm this effective poly thickness and density is
achieved.

Figure 6.1 Inner Containment Canister Assembly - Radial Dimensions
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radial/material assignments:

1 = fuel region (e.g., U02+H20)
51 = 10.8141 cm (4.2575")
82 = 51 + ossl ossl = 0.1092 cm
53 = 52 + ocadmium ocad = 0.0381 cm
84 = 53 + opoly opoly = 1.4478 cm
55 = 4 + 8ss2, oss2 = 0.0521 cm
r_id = (10 x 2.54) / 2 = 12.7000 cm
57 = r_id, cs + oss3 oss3 = 0.0635 cm
beyond 87 is polyurethane foam....

-Note. Limiting added absorber material eredit to 75; without comprehensiWe tests is based on concerns for potential
"streaming" of ncutrons due to non u&fn:ities The 75% alue demonstrated by this wore is conseF.'atwve fr several
reasons- (1) cadmium is lemental and thereforc homogeneous and is not distributed in granular fashion, and (2) the
experimental wr is based on the use of a monodirectional beam of neutrons, w'hile in this paclage design, an isotropic
ncutron source exists, reducing intragranular transmision efects (if any)
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INote: Limiting added absorber material credit to 75% without comprehensive tests is based on concems for potential
"streaming" of neutrons due to non-uniformities. The 75% value demonstrated by this work is conservative for several
reasons (1) cadmium is elemental and therefore homogeneous and is not distributed in granular fashion, and (2) the
experimental work is based on the use of a monodirectional beam of neutrons, while in this package design, an isotropic
neutron source exists, reducing intragranular transmission effects (if any)
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16 ga. 304L SS top id (0.1359cm thick)
r-

7 ga. 304L SS retention r ng (0.442 cm thick) I

- ~ ~ I PolythyLene wrap (77.1525cm heightx14478cmthick)

Max. ICCA k el he ght = 31.5" (80.01 cm )
[Max. CCA overall hejiht (too of lid to bottom of ICCA silot = 80.6514cm

| 7 ga. 304L SS botom plate (0.442 cm thick)
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6.3.1.3 Body and Lid Assembly

For the basic model construct, the unit outer dimensions are modeled as a 42.81x42.81 inch square
box. The inner height is computed based on the stack-up dimensions of the OCA body 34.573"
(87.8154 cm) and lid 5.998" (15.2349 cm) for a total modeled package height of 40.571" (103.0503
cm). These outside dimensions of the near cubic package are conservative for the following reasons:

* the external corner support structure is ignored (x-y, x-z)
* the OCA locating buttons, and 16 Y2 -13UNC socket head cap screws are ignored (x-z)
* the lid flange overlap, OCA closure strip, and 24 7/16-14UNC hex head bolts are ignored (x-y)
* the heavy duty 6x3x3/16x8.4 rectangular fork-lift channel pocket structure is ignored (x-z)
* the affect of body/lid bowing due to HAC tests is ignored (x-y, x-z)

By ignoring the above effects, the NPC undamaged and damaged package array are modeled as close
fitting and in contact, when in fact the aforementioned structure and OCA structure deformation and
bowing would provide additional (x-y) and axial (x-z) spacing between individual package units.

The lighter 7-lb/ft3 internal foam is modeled to encase the 3x3 Inner Containment Canister Assembly
(ICCA) array. Important dimensions of the basic body + lid assembly, and foam density assignments
are shown in the x-y and x-z cross-sectional slices of Figures 6.3a and 6.3b, respectively.

i-gure 3a oY Afssembly txy) ulmensions anA C-oa Distriurtion
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11 b/f' polyurethane focam
density (7.62 pm periphery
ayer, all faces of cube, except
lid)

30.48 cm cc (y, actual)
29.845 gm c-c (y, model)

108.7374 cm square body assembly
(10 ga. - 0.3124 cm 304L SS wall thickness)

7 b/ polyurethane foam insulation
(surrounds 3x3 inner conainer
assembly egion)

I 2.U4cm ceramic fberboard insulator o,
I perphery (modeled as void)
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Figure 6.3a Body Assembly (x,y) Dimensions and Foam Distribution

11 lb/e polyurethane foam
densiy (7.62 cm periphery
layer, all faces of cube, except
lid)

108.7374 cm squam body asse .mbly
(10 ga. - 0.3124cm 304L SS wall thickness )

7 b/ft polyurethane foam insulation
(surrounds 3x3 inner container
assembly region)

930.48 cm c- (y, actual)
2945cm c-c (y,
m de

model

2.54 cm ceramic fiberboard insulator on
periphery (modeled as void)

Figure 6.3b Body Assembly (x,z) Dimensions and Foam Distribution

15 lbi/ft polyuretane foam density layer 3.5 (8.89
em) thick under 1" (2.54 cm) duraboard layer

40 lb/ta polyurethane foam densiy layer 1-3/8' (3.4925
cm) thick beneafh 15 lbft3 ayer, and 1-V8" (3.4925 cm)
Tfhick layer of 40# at top of OCA. Fam void cut-outs
included in lid.

103.0503 cm height (10 ga., 0.3429 cm 304L SS wall thickness)
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6.3.1.4 Materials

Figure 6.4 shows blown up cross-section material assignment(s) of the ICCA within stainless steel
silo. These mixture assignments are shown in color for illustration purposes, and used throughout
this report (unless otherwise noted).

Figure 6.4 Inner Containment Canister Assembly (ICCA) within Silo - Mixture Assignments

r grUey+H2 minessseln a mu

(immediatly surrounding ICCA ar, y

*For a frther description of te fl1 regions with hrmogereous mnixures ad heterogen,ous lattices see Section 6.4.3

The U0 2 mixture (fuel) material specifications used in the NPC criticality safety demonstrations are
dependent upon the case set-being modeled. The cases considered in the current analysis are (1)
damaged single packages, (2) infinite aays of undamaged packages and (3) 5X5X6 arrays of
damaged packages. Contents linclude the applicable homogeneous and heterogeneous theoretical
density U(5.00)0 2 and water mixtures, optimally moderated, and with the specified mass limits given
in Table 6. 1. Heterogeneous cases have been modeled as attices of full density U(5.00)0 2 vertical
fuel rods (with no cladding) in full density H 2 0 with the specified minimum diameters in colunmn 2 of
Table 61 and with lattice heights as determined by the lattice water to fuel (W/E) volumre: ratios, the
Table 6.1 mass limits, and the assumed lattice boundary conditions (i.e. either overlap of the rods in
the lattice with the ICCA wall, or no overlap).Currontly the tocatment of the fuel region is limitcd to
tho fllcWiing three tretmnfflftc:

t corei'oe-O .and .: tcr..; -t (<hr g
t--tQzp---- A 5 -1 -etU

mitn td: .. tizr) c
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In thc first damaged single pac.age case set, the UO-4--l4O mixtur- is modeled as a pure theoretical mixture of UO (1096 ge, maximum) and
,Aater. The weight fraction Aater is varied through optimum moderation for the fully refleeted single unit damaged packiage

Table 6.54 provides the resulting mixture data summary derived from an internal utility code called
UFACT. For the cases in the table except the first (which is applicable to heterogeneous pellets and
rods), In this ease a theoretical treatment of the fuel region is used, and the mixture height is not
computed as the ICCA volume is modeled full (height fixed at 80.01 cm). Please also note that for
theoretical U0 2 , all voids are filled at approximately 11.5% water content - thus no density correction
is required (e.g., DFACT = 1.0).
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The columns in the table with the corresponding compound identification (COM), weight fraction
water (WF-W), U-235 fractional enrichment (ENR), density correction factor (DFACT), mixture
density (RHOMIX), compound density (RHOC), and uranium density (RHOU), uranium fraction in
the compound (FACT), GEN1ERGEKENO bias columns, H/5 (HIU-235) and H/U atom ratios, and
HEIGHT are defined preseribed as follows (and are equally valid for Tables 65 and 6.6):

* DFACT = density correction factor = [MINIMUM (1.0. RHOCmax-credzbe)]/RHOC

* RHOMIX = mixture density = RHO_MIX=DFACT/[(1-WTFR_H 20)/RHO_FUEL+WTFR_H20]

where, RHO_FUEL = RHOC = RHO UO2 = compound density in mixture, and

WTFR_H20 = WF-F-W = weight fracton water in mixture

* RHOC = uranium compound density in mixture = (1 - WTFR H20) * RHOMIX

* RHOCm,axcredib= maximum credible density of uranium compound

RHOU = uranium density in mixture = UFACT * RHOC = 0.88144 * RHOC

UFACT = uranium fraction of compound = Mu/ [Mu + (2*Mo)] = 0.88144 for 5 00% enriched U02

where, Mi is the atomic mass of consttuent I

* H15=HIU-235 = Atom ratio of hydrogen to U-235 = H_TO_U-235

H_TO_U-235=W_TO_F*2*235.043928/(18.01534*RHO_FUEL*UFACT*ENR)
where, W_TO_F-water-to-fuel ratio - WTFR_H20*RHO FUEL)/(1-WTFR_H20)

ENR=[N_U-235-235.043928]/(#+N_U-238*238.050788)

* H/U = Atom ratio of hydrogen to uranium = H_TO_U=WTFR_H20ATM_U/[UFACT*.5*18.0153*(1-WTFR_H 2 0)]

* HEIGHT = height of mixture in cylinder of specified radius and mixture mass [e g, HEIGHT= MASS/(PI*RAD**2*RHO MIX)] or

compound mass (e.g, HEIGHT= MASS/(PI*RAD**2*RHOC)]

Table 6.54 Fuel Material Specifications - Damaged Single Package
(theoretical U02 + H20 mixture)

COM WF-W FR.ENR DFACT RHOMIX RHOC RHOU UFACT H/5 H/U HEIGHT
gm/cc gm/cc gm/cc x10 cm

U02 .000 .05000 1.0000 10.9600 10.9600 9.6606 .88144 104 0 n/a
U02 .150 .05000 1.0000 4.3945 3.7354 3.2925 .88144 104 53 n/a
U02 .200 .05000 1.0000 3.6631 2.9305 2.5830 .88144 148 75 n/a
U02 .250 .05000 1.0000 3.1404 2.3553 2.0761 .88144 197 100 n/a
U02 .300 .05000 1.0000 2.7482 1.9238 1.6957 .88144 254 128 n/a
U02 .350 .05000 1.0000 2.4432 1.5881 1.3998 .88144 319 161 n/a
U02 .400 .05000 1.0000 2.1990 1.3194 1.1630 .88144 395 200 n/a
U02 .450 .05000 1.0000 1.9993 1.0996 0.9692 .88144 484 245 n/a

In the undamaged array case set, two models are used. In the first case, the dry UO 2 + O imiEture is
modeled representative of real world conditions in which the UOpowder is knovn to contain a small
amount (50) of moisture thus 60 lgs mixture is modeled as 57 kgs U and kgse ofH 20-nThe
seeend model explieitly models 60 gs U eompound plus 5,'0 H O mass addition.

In either case, the maximum moisture content is fixed at 5%,7) (50,000 ppm HO). NOTE: The UQa
powder derived from conversion processes limit free moisture to 0.6°% (6000 ppm H2 O) water
content. Post additive addition for powder pack limits the total equivalent water moderation to a
maximum of 1.5%,/o.
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Table 6.5 provides the density factor (to account for voids), mixture, compound, and uranium
densities for both 60 kg mixture and 60 kEg UO treatments. The table shows the calculated fuel height
of6 60kgs- U02-4Va-M2 mixture within the 8.515" (21.63 cm) ID CCA as a function- ofUO.
compound density (0.0 4.5 glee). In both fuel treatments, 4.5 g/ce is used as a conserative upper
limit for unpressed UO. powder. As expected, the fuel height of the 60 kEg fuel mass treatment is
slightly greater than the mixture treatment.

Table 6.5 Fuel Material Specifications Undamaged Array
(60 kgs U 2 -+ 5%H20 mixture, variable UO2 compound density)

COM WF W Fr .ENR DACT RHOMIX ROC r1OU UFACT fl,'s H71U KERICHT
gm/cc gm,cc grn/cc :?10 em

RADIUS 10.S111 f ifTTURE MASS 60. 000 K
U02 .050 .05000 0.2_77 2.10 53 2.0000 1.7629 .88114 31 16 77.57J
U02 .050 .05000 0.3597 2.6916 2.5000 2.2035 .0444 31 16 62.050
U02 .050 .05000 0.4316 3.1579 3.0000 2.6423 .88111 31 16 51.716
U02 .050 .05000 0.5036 a.6S2 3.5000 3.0850 .88111 31 1 144.32
U02 .050 .05000 0.5755 '.2105 4.0000 3.5258 .88114 31 16 38.78.
UG2 .050 .05000 0.654 4.7;368 1.5000 :3.9565 .88114 31 15 34.177

RADIUS -10.8141 F3EL IVASS 60.000 KC
U02 .050 .05000 0.2077 2.1053 2.0000 1.7629 .88144 31 16 S1.657
UO2 .050 .05000 OO.597 2.6 16 2.5000 2.20O6 .8S141 31 16 65.32_
UO2 .050 .05000 .14316 3.1579 .0000 2.644 .0S144 31 16 5i.138
U02 .050 .05000 0.3036 3.6182 3.5000 3.0850 .S1ll 31 16 46.661
U02 .050 .05000 0.575S 4.2105 4.0000 3.5258 .8S11 31 1C 10.828
U.2 .050 .05000 0.6474 1.7360 4.5000 3.965_ .08114 31 16 36.292

In the undamaged and damaged package array cases, the-homogeneous U0 2 + H2 0 mixtures are is
modeled as a-mass and geometry limited systems. The U0 2 compound density is treated as theoretical
(10.96 g/cc). The weight fraction water is computed such that the U02 + water mixture completely
fills a volume up to the maximum of the Inner Containment Canister Assembly (ICCA). For the NPC
packagecunder aeeident-(damaged-array)-eenditions, thisthese mass and geometry limited conditions
are is-demonstrated to be the most reactive-eonditien.

Table 6.6 provides the corresponding mixture, compound, and uranium densities for this treatment of
the fuel region. The weight fraction ofs water for each U0 2 fuel mass limit is computed to just fill the
ICCA volume. The U02 compound mass in the U0 2 + H2 0 mixture is varied to determine the
maximum acceptable payload of the package under hypothetical accident conditions. In the case of 60
kgs U0 2, additional cases at lower weight fraction water were run to confirm the most reactive
condition. Higher weight fraction water conditions resulting in lower U02 mass are included in this
table.
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Table 6.6 Fuel Material Specifications - Undamaged and Damage
(UO2 + H20, optimal moderation, variable U02 mass)

Package Arrays

COM WF-W FR.ENR DFACT RHOMIX
gm/cc

undamaged package array cases:
RADIUS = 10.8141 CM

U02 .150 .05000 1.0000 4.3945
U02 .200 .05000 1.0000 3.6631
U02 .250 .05000 1.0000 3.1404
U02 .260 .05000 1.0000 3.0533
U02 .270 .05000 1.0000 2.9708
U02 .285 .05000 1.0000 2.8549

damaged package array cases:
RADIUS = 10.8141 CM

U02 .392 .05000 1.0000 2.2366
RADIUS = 10.8141 CM

U02 .360 .05000 1.0000 2.3912
RADIUS = 10.8141 CM

U02 .332 .05000 1.0000 2.5457
RADIUS = 10.8141 CM

U02 .307 .05000 1.0000 2.7004
RADIUS = 10.8141 CM

U02 .285 .05000 1.0000 2.8549
RADIUS = 10.8141 CM

U02 .265 .05000 1.0000 3.0095
ex ** tra asesi 

RHOC RHOU
gm/cc gm/cc
______ ------

FUEL MASS =
3.7354 3.2925
2.9305 2.5830
2.3553 2.0761
2.2594 1.9915
2.1687 1.9116
2.0411 1.7992

FUEL MASS =
1.3608 1.1995
FUEL MASS =
1.5309 1.3494
FUEL MASS =
1.7009 1.4993
FUEL MASS =
1.8711 1.6492
FUEL MASS =
2.0411 1.7992
FUEL MASS =
2.2113 1.9491

UFACT H/S H/U HEIGHT
x10 cm

_ _ _ _ _ _ - - - - - - - - - - - -

60.000 KG
.88144 104
.88144 148
.88144 197
.88144 208
.88144 219
.88144 236

53 43.721
75 55.729

100 69.339
105 72.281
111 75.304
119 80.010(*)

40.000 KG
.88144 381 193 80.010
45.000 KG
.88144 333 168 80.010
50.000 KG
.88144 294 149 80.010
55.000 KG
.88144 262 133 80.010
60.000 KG
.88144 236 119 80.010 (*)
65.000 KG
.88144 214 108 80.010

IUW i Ub - U - -1 - EM - -IL rU - - U . U u .

U02 .150 .05000 1.0000 4.3945 .7354 3.2925 .88144 104 53 43.721
RADIUS - 10.8141 C FUEL MASS - 60.000 C

U02 .200 .05000 1.0000 3.6631 2.9305 2.5830 .88144 146 75 55.729
RADIUS 10.8141 CM FUEL MASS 60.000 C

U02 .250 .05000 1.0000 3.1404 2.3553 2.0761 .88144 197 100 9 39(*) ICCA full condition, wf-w =
0.28504

6.3.1.5 Models - Actual Package Differences

The criticality safety analysis model of the loaded NPC differs from the actual package in 1) the
allowance for water intrusion into the ICCA containment, 2) center-to-center canister spacing, 3)
insulating foam distribution, 4) the modeled stainless steel structure, 5) the modeled cadmium
thickness, and 6) the modeled poly density.

1) For homogeneous U02 , tThe ICCA fuel region is modeled with variable U02 compound mass
and variable H2 0 content as described in the fuel material specifications above. In the limiting
(damaged package array) models, the U0 2 compound mass is varied from 40-65 kgs U0 2 per
ICCA. The water content is also varied to optimally moderate the ICCA for the mass limited
damaged package array. This optimal internal moderation treatment is a known conservatism.

2) For heterogeneous materials, the ICCA fuel region is modeled as a lattice of variably spaced
U02 fuel in the form of right circular cylindrical elements (rods) reds-hhaving a fixed total
(U02 ) mass with full density H2 0 in the ICCA region outside of the cylindrical elementsFeds.
The fixed mass, either 55 kgs, 53 kgs or 46 kgs, is based on the minimum diameter of the
pellets or particles size fuel-ed-specified in Table 6.1. Similar to the homogeneous case, the
degree of moderation in the individual fuel rod lattices is varied through optimum, which is
done as a function of the lattice water-to-fuel volume ratios by varying the spacing between the
rods. As in the homogeneous case, the modeling of accumulations of pellets or other random

6-23

.JQIULV P%IICZIV ---. -. - ----

I

-1- -11o on -ae vr



GNF NPC
Safetv Anaiuis Renert

Docket No. 71-9294
Revision 2. Q7i2qf2

oriented high-density clumps or particles as uniform lattices of U0 2 cylindrical elements (rods)
is a known conservatism.
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KJI
23) The center-to-center spacing of the ICCAs is also different from the as-built package. The

nominal spacing (X,Y";) between the individual ICCA units in the 3 x 3 array of-ICCAsis
12-inches (30.48 cm). All models use a nominal conservative ICCA center-to-center spacing of
11.75" (29.845 cm). For the limiting damaged package array models, sensitivity of the canister
center-to-center spacing is quantified, by modeling the ICCAs from 11.75" (29.845 cm) to
11.25" (28.575 cm) spacing for a specified foam burn condition. Effects on system reactivity are
assessed.

43) The insulating foam distribution within the package also differs from the actual package
contents. In all cases, the minimum chemical composition in the foam is assumed. In addition,
the density of the polyurethane foam is reduced by the maximum 10% manufacturing tolerance.
Thus, the 7, 11, 15, and 40 lb/ft3 foam densities are actually modeled as 6.3, 9.9, 13.5, and 36
lb/fl3 , respectively. This 10% foam density reduction results in a corresponding reduction in the
hydrogen atom density. This is a known conservatism, as sensitivity studies demonstrate the
more hydrogen between the ICCAs, the lower the overall system reactivity (due to hydrogen
moderating and capture characteristics).

The foam distribution also differs in the mass of foam included. In the damaged single package and
arrays, the effects of non-uniform foam burn are based on measured CTU-1 and CTU-2 test results.
The limiting condition damaged array reactivity is based on the maximum burn observed in either
certification test unit. The maximum burn treatment results in zero residual foam thickness on all 6-
faces of the cube, as measured radially and axially from the ICCA centerline (refer to Sections
2.10.1.7.1.6 and 2.10.1.7.2.6).

The maximum burn condition, coupled with the minimum hydrogen content, uniform application of
maximum foam density tolerance, and 2% reduction in poly density effectively results in conservative
treatment of damaged package physical condition post HAC testing. The maximum foam burn results
in minimum interstitial hydrogen between packages - which is shown to increase package reactivity.

The 1-inch periphery ceramic fiberboard is modeled as a void in all models. This material consists of
approximately 44% A12 03, and the balance as sio 2 -both compounds are neutronically insignificant.

4) The amount of stainless steel structure used in the model also differs from the actual package.
Since the maximum sheet gauge tolerance reductions were applied (refer to Table 6.43), and
significant external structure ignored, the mass of stainless steel in the model is significantly
lower than actual. Reducing amount of stainless steel in the model is conservative because there
is less material to compete with the uranium for neutron absorption reactions (refer also to
Section 6.6.2.7, Sensitivity Study - Damaged Package Array Structure).

5) The nuclear poison cadmium thickness is modeled at 0.015" (0.0381 cm) thick, which represents
only 75% of the minimum absorber thickness of 0.020" (0.0508 cm).
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6) In all damaged package array models, a 2% reduction in polyethylene density (0.92 * 0.98) is
uniformly applied. This reduction in density effectively covers the observed 0.6% weight loss
post HAC testing and 0.25% mass allowance for minimum specified poly height of 30.3" verses
the modeled 30.375" height (refer also Section 6.6.2.8, Sensitivity Study - Damaged Package
Array Poly Gap).

6.3.2 CONTENTS MODEL

A general discussion of the NPCThe package eentents in the eenfigured fe normal (undamaged)
transport eendition and hypothetical (damaged) accident conditions case are deseribedis given in
Section 6.3.1.4, Materials, Tables 6.54 through and Tabe 6.6. The following sections presents a
discussion of the fissile material contents under these conditions of transport, along with Inhe
damaged single package and damaged package array calculations, an assessment of the foam burn
distribution effects in the damaged single and array packages.are assessed.

6.3.3 DAMAGED SINGLE-PACKAGE MODELS

A model of the single package damaged condition considers unlimited moderator intrusion into the
ICCA containing U0 2 product. The single package was subjected to hypothetical accident condition
tests per IAEA and 10 CFR §71.73 as specified in Section 2.7, Hypothetical Accident Conditions. The
U02 contents of the single package were analyzed in accord with the Section 6.3.1.4, Materials,
Table 6.54. The ICCAs within the package were modeled in the homogeneous case containing
theoretical U0 2 and water mixtures, and in the heterogeneous case as water moderated lattices of U0 2
cylindrical elements (rods)feds, with the corresponding ;nd4he-weight fraction H2 0 and water to fuel
ratios varied through optimal moderation. In all damaged single package models, the unit is
surrounded by a Žfu 30.48-cm thick water reflector.

6.3.3.1 Damaged Single Package with Theoretical Homogeneous U0 2 +and H2 0
Mixtures

For homogeneous U0 2 and H20 fuel mixtures, fFour sets of damaged single package model
constructs are considered. Two damage single package models are run using the limiting CTU-1 and
CTU-2 observed foam burn conditions in which the average residual foam is modeled on each face of
the cube. The third case conservatively applies a maximum observed burn on each face of the cube.
The fourth damaged single package model applies a tight water reflector to the package for the
limiting condition derived from the first three case sets.

The first three cases replace observed foam burn region with void. The fourth and final case replaces
the burned foam region with water to assess the impacts of a fully flooded damaged package (applied
to limiting burn condition). Figures 6.5a - 6.5d show vertical slices of the CTU-1, CTU-2, maximum
observed burn, and the flooded damaged single package models.
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_ Figure 6.5a - Fully reflected damaged single package, theoretical U02 + H20 mixture, CTU-1
0 observed burn

Figure 6.5b - Fully reflected damaged single package, theoretical U02 + H20 mixture, CTU-2
observed burn

6-27

CO;



GNF NPC
Safetv Anaivsis Reort

Docket No. 71-9294
Revision 2. 9 12002

Figure 6.5c - Fully reflected damaged single package, theoretical U0 2 + H20 mixture,
maximum burn

Figure 6.5d - Fully reflected damaged single package, theoretical U0 2 t H20 mixture,
maximum burn, flooded package
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6.3.3.2 Damaged Single Package with Heterogeneous U02 Rods-in H20

The package models for damaged single packages with heterogeneous U02 cylindrical elements
(rods) in H2 0 are the same as the worse case configuration as determined in the analyses for
homogeneous mixtures, but with the fuel region less than or equal to the maximum ICCA inner
height based upon the specified cylindrical rod fuel rd lattice and U0 2 mass limit. This model is the
one shown in Figure 6.5c, the "Fully reflected damaged single package ... maximum bum" construct,
except for the potentially smaller fuel element lattice height. For less than maximum height lattices,
the regions in the ICCAs above the lattice are modeled as voids.

In the evaluation of the NPC package with heterogeneous U0 2 fuel, three different types of models
constructs have been used to represent the heterogeneous material contained in the have been used for
the-ICCA fuel regions. Each type of model is then evaluated using has been used with both square
and triangular lattice treatmentss, covering and-for-26 different W/F ratios (from 0.58 to 8.00) and 4
different pellet pouter diameters (ODs)elletred types.

The first type of model consists of lattices of right circular cylinder elements (rods) fuel rods in which
the rods reds-are permitted to overlap the ICCA boundary, with the parts of the rods internal to the
ICCA kept in the model. Figure 6.6a shows XY depictions of the ICCA fuel regions for "17X17"
cyclindrical fela-edlattices as the W/F ratios of the lattices are increased. Figure 6.6b shows the XZ
layout (at Y = 0.0) of the same fuel regions with the decrease in the U02 mass in the ICCA noted
when the maximum container height is reached. In this exact treatment with overlap, a total of 4
pellet ODs are considered. These include the Besides the-""17xl7", 17X17" rod lattices, the model
overlap cases have also considered "10X1O", "9X9" and "8X8" pellet sizes, ered types, each of which
has progressively larger pellet diameters than the "17X17" type.. (The minimum diameter for the
17X17 PWR pelletsfeds is 0.300 inches; that for the BWR 1OX10, 9X9 and 8X8 is 0.342 inches,
0.373 inches and 0.408 inches, respectively). In this analysis, eaeh-pellet of rod types with larger
diameters which are larger than the 17x 17 lattices are s-is-shown to be progressively less reactive-han
the "17X17" case.

The second type of model is similar to the first type except that right circular cylinder elements (rods)
fuel rods are not permitted to overlap the ICCA boundary and are deleted from the lattice if any part
intersects with the ICCA wall. A comparison of the Overlap and Without Overlap models is given in
Figure 6.6c. Except for the absence of the overlapping rods (which for the same U0 2 mass and W/F
ratio results in a slightly higher lattice height), the Without Overlap models are entirely similar to the
Overlap ones and the variation with W/F is the same as illustrated in Figures 6.6a and 6.6b.

The third type of model is one in which the right circular cylinder elements (rod) lattices are modeled
in the ICCA using the Virtual Fill Option (VFO - see Section 6.4.3). Using this option, each
individual neutron that is tracked in the ICCA fuel region is presented with the virtual equivalent of a
rod lattice with overlap (as in the first type of model discussed above), but the rod lattice has its
central point randomly displaced from the one seen by all other neutrons tracked in the region.
Because of this random effect, the neralgeometry plotting routines in tvo and three dimensions do
not show the actual lattice geometry but give a weighted average of all possible displaced lattices in
the region. assure that the neutron enters the Big Region at the center of a fuel region. Examples of
this are shown in Figure 6.6d, in which the XY plots actually shows a type of interferenee pattem
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resulting from the way the plot routine (GEMPLOT) steps through the XY plane. The same
interfrenee-pattern is not seen in the XZ plots because the Fill Region plotting is treated differently
when parallel to right circular the fuel lattices are modeled as one unit high in cylinders in the z-
direction.the region and henee there is only a single cell in the Z direction.
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Figure 6.6a - NPC Container Square and Triangular 17X17 Fuel Rod Latice XY Models
With Overlap
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Figure 6.6c - Comparison of NPC Container Square and Triangular 17X17 Fuel Rod
Latice Models With and Without Overlap
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Figure 6.6d -NPC Container Square and Triangular 17X17 Fuel Rod Lattice Models
With the Virtual Fill Option
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The Virtual Fill Option (VFO) has been used in this analysis because it permits modeling of fuel
lattices with a very large number of cylindrical elementsu*e1 (rods). Since only one geometry
unit is actually used stored in the fuel region for the lattice (and the lattice is created by mirror
reflection boundary conditions on the unit) the size of the array that can be modeled is essentially
unlimited.

This analytic capability is in partieular- required when analyzing the most reactive fuel lattice
without regard to particle size outer diameterred diameter- (OD) or W/F ratio since the optimum
outer rod diameter for 5.00% enriched U02 rods is in the range of 0.05 inches to 0.15 inches.
Explicit m-Modeling of fixed arrays of these sizes of cylindrical elements fueln-eds-in the ICCAs
would require hundreds of thousands of elements reds-in the lattice. In the present analysis, the
range of cylindrical fed-diameters analyzed for the optimum case is derived from four separate
particle size diameters through optimum heterogeneity (e.g., 0.20", 0.10", 0.05", and 0.025"
diameters).has been taken from 0.025 inches to 0.200 inches (4 cases). Examples 2D plots efthe
GEMPLOTs-for these cases are shown in Figure 6.6ed-( (tThe XZ models are those for the
square lattices; the models for the triangular lattices are entirely-similar.-).

This analysis demonstrates that optimum heterogeneity occurs at (or very near) particle size
diameter of 0.100". An actual 'random' array of particles of unrestricted diameter is no more
reactive than the 'ordered' arrays of heterogeneous cylindrical elements analyzed herein under
optimum diameter and spacing (W/F ratio) conditions. This is the basis of applying these results
to heterogeneous fuel mixtures of unrestricted particles sizes.
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Figure 6.6e - NPC Container Models for the VFO Analysis of Optimum Rod Diameters
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6.3.4 UNDAMAGED AND DAMAGED PACKAGE ARRAYS

Two basic package array model constructs are included in this evaluation - undamaged and
damaged.

6.3.4.1 Undamaged Package Arrays with Homogeneous U02 and H20

In the undamaged array case for homogeneous U02 and H2 0, 60 kgs theoretical U02 compound
plus variable water moderation is modeled through optimal moderation conditions in which the
ICCA becomes effectively "full". No restriction on water moderation in the undamaged model is
required, provided that each ICCA is limited to not greater than 60 kgs total material weight.

Table 6.7 provides the calculated fuel height for 60 kgs U0 2 compound and water mixtures
within the ICCA inner canister as a function of weight fraction H20 added (up through optimum,
full ICCA conditions). In these undamaged models, homogeneous theoretical density U0 2

compound density is used (rho uo2 = 10.96 g/cc). The weight fraction H20 corresponding to a
full ICCA occurs at wt.fr._h2o = 0.28504.

Table 6.7 Fuel Material Specifications - Undamaged Package Array
(60 kgs U02 + H20 theoretical mixture, unrestricted H20)

COM WF-W FR.ENR DFACT RHOMIX RHOC RHOU UFACT G-BIAS K-BIAS H/5 H/U HEIGHT
gm/cc gm/cc gm/cc xlO cm

RADIUS = 10.814 CM FUEL MASS = 60.000 KG
U02 .150 .05000 1.0000 4.3945 3.7354 3.2925 .88144 0.0002 0.0125 104 53 43.721
U02 .200 .05000 1.0000 3.6631 2.9305 2.5830 .88144 -.0020 0.0098 148 75 55.729
U02 .250 .05000 1.0000 3.1404 2.3553 2.0761 .88144 -.0044 0.0070 197 100 69.339
U02 .260 .05000 1.0000 3.0533 2.2594 1.9915 .88144 -.0049 0.0065 208 105 72.281
U02 .270 .05000 1.0000 2.9708 2.1687 1.9116 .88144 -.0054 0.0059 219 111 75.304
U02 .280 .05000 1.0000 2.8927 2.0828 1.8358 .88144 -.0059 0.0053 230 117 78.411
U02 .28504 .05000 1.0000 2.8549 2.0411 1.7992 .88144 -.0062 0.0050 236 119 80.01 (*)
(*) ICCA full condition, wf-w = 0.28504

() fullI CC. nditien

The first paekage-array-homogeneous U02 and H2 0 models for undamaged arrays consist of an
infinite arrays of undamged, normal condition; NPC packages. Per the applicable IAEA and O
CFR §71.59; standards for arrays of fissile material packages, stipulate-the undamaged package
arrays are te-be-evaluated with the individual units close-packed void between the packages, and
tilly fleeted:

mModeling of the SN = infinite arrays is accomplished by The undamaged array is modeled
using a single unit with mirror boundary conditions on all 6 . This effectively models an infinite
array of close packed undamaged NPC packages (SN - o) containing dry powder at 50,000 ppm
He0. This infinite (zero neutron leakage) treatment of the undamaged package array issides,
which is -conservative relative to the model for a fully reflected finite system.
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The undamaged package array considers limited moderator content within the Iner Containment
Canister Assembly (IGCCA) containing UO2 product as described in Section 6.3.1.4, Aateials,
Table 6.5. Each ICCA is modeled containing 60 kgs of UO =5% -1IO mixture, using variable
U compound density.

Figures 6.76a-6.76f depicts the models used to assess normal conditions of transport, and show
illustrate the fesulting increasing fuel height - up to the 80.01 cm maximum decrease as the UO2
compound density is increased to the as the weight fraction ofWF- H20 (WF-W) is increased.
maximum credible value. hi-Tthese sample plots; apply to the 60 kg U0 2 -54O-O mixture is
usedmass limit.

The package was subjected to the tests specified in IAEA and 10 CFR §71.71, normal conditions
of transport, and, as reported in Chapters 2, Structural Evaluation and Chapter 3, Thermal, the
geometric form of the package was not substantially altered. No water leakage into the ICCAs
occurred, and no substantial reduction in the effectiveness of the packaging was observed. The
damage incurred will not affect the technical evaluation, and the package contents under normal
conditions of transport will be less reactive than the contents under hypothetical accident
(damaged) conditions.
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Figure 6.7a - Infinite undamaged array: 60 kgs UOz + 15% H20, theoretical mixture

Figure 6.7b - Infinite undamaged array: 60 kgs U0 2 + 20% H20, theoretical mixture
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Figure 6.7c - Infinite undamaged array: 60 kgs U0 2 + 25% H20, theoretical mixture I

Figure 6.7d - Infinite undamaged array: 60 kgs U0 2 + 26% H2O, theoretical mixture

Figure 6.7e - Infinite undamaged array: 60 kgs U0 2 + 27% H2 0, theoretical mixture
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Figure 6.7f - Infinite undamaged array: 60 kgs UO2 + 28.504% H20, theoretical mixture
(ICCA full)

Figure 6.6a Infinite undamaged array: 60 g U % H,O mixtur,
rho-UO2 - 2.0

Figure 6.6b Infinit
rho-U02 - 2.5 gocc

ae undamaged array: 60 kras Up. + 5° H.l miflre
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* Figure 6.6f Infinitc u g a 0 kgs UO. 5% H,0 mixture,
FhQUOa - 4.5 g/Gs (max. credible densiy)

6.3.4.2 Undamaged Package Arrays with
Heterogeneous U0 2 Rods in 1420

The container model for undamnaged arrays with heterogeneous UJ0 2 igbt circular cylinder
elements edts-in H2 0 is the sme as that shown in Figues 67a through 6.7f, but with the fuel
lattices as described in Section 6.3.3.2. As in the homogeneous case, the udamaged tays were
modeled as infinite by minor refleting the single package at its six (6) 6-boundaries.

. 86.3.5 DAMAGED PACKAGE ARRAYS

6 428.3.5.1 Damaged Package Arrays with Homogeneous U0 2 and H 20

The NPC package was subjected to the tests specified in AEA and 10 CFR §71.73, Hypothetidal
Accident Condition (HAC) testing and the geometric form of the package was not substantially
altered. The four individual Certification Test Units (CTUs) were fabricated that underwent
testing summnarized in detail in Section 2.7, Hypothetical Accident Conditions.

Certification Test Units CTU-1 and CTU-2 were subjected to required IAEA and 10 CFR
§71 .73(c)(4) thermal excursion with an average flame temperature of 1,475 F (800 NCi) for a
period of at least 30 minutes. In both tests, the fuel was ignited and the test item was subjected to
a minimum of 30 minutes of a fully engulfing hydrocarbon pooi fire.

A modified CTUZ-1 uit with reinforced comers was retest of the CTU-3 HAC test sequence
(CO-over lid-corner orientation). A 10-guage (0.135-inch) doubler plate was added to reinforce
the corners. CTU-1 was subjected to a Jet-A pool fire test. The et-A fuel was placed in the tank
at a level sufficient to initiate the burn, Additional fuel wa pmped into the tank during the
testing as necessary to maintain the burn for 30-minutes. During the CTU-1 Jet-A burn test, the
overall average flame temperature was 1,809 deg. F (in excess of the required 1,475 deg. F). The
maximumn surface temperature recorded was recorded as 2,319 deg. F.0
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The CTU-1 residual foam thickness measurements are reported in Appendix 2.10.1.7.1.6. The -
x (left), +x (right), -y (rear), and +y (front) average cube face residual foam thickness values were
determined to be 1.01, 1.71, 2.19, and 0.89-inches, respectively. The -z (bottom) and +z (top lid)
average thickness' were -0.23, and 3.09-inches, respectively. The cube face averages were
modeled to assess observed CTU-1 non-uniform foam burn effects on package reactivity.

For CTU-2, a diesel fuel pool fire test was used. During the CTU-2 diesel burn test, the overall
average flame temperature was 1,972 °F (in excess of the required 1,475 F). The maximum
surface temperature recorded was recorded as 2,308 F.

The CTU-2 residual foam thickness measurements are reported in Appendix 2.10.1.7.2.6. The -
x (left), +x (right), -y (rear), and +y (front) average cube face residual foam thickness values were
determined to be 0.26, 1.41, 0.23, and 0.58-inches, respectively (refer to Appendix 2.10.1.7.2.6).
The -z (bottom) and +z (top lid) average thickness' were 0.0, and 3.0-inches, respectively. The
cube face averages were modeled to assess observed CTU-2 non-uniform foam burn effects on
package reactivity.

For the final damaged package array model, the maximum observed foam burn is uniformly
applied on all six faces of the cube. This results in zero residual foam on all six faces of the cube
as measured from the ICCA radial and axial centerline. The total face burn model construct
conservatively bounds the observed package performance under HAC testing. This is
underscored by the fact that the minimum hydrogen content in both the poly and foam regions is
used, and the maximum 10% density tolerance is applied in all foam regions.

In all damaged package array models, a 2% reduction in polyethylene density (0.92 * 0.98) is
uniformly applied. This reduction in density effectively covers the observed 0.6% weight loss
and 0.25% mass allowance for minimum specified poly height of 30.3" verses the modeled
30.375" height.

The minor x-y and x-z movement of the 3 x 3 ICCA array contained within the OCA are
compensated by the physical deformation of the OCA body itself, coupled with the
conservatism's described in Section 6.3.1.5, Models- Actual Package Differences.

The observed damage incurred to the packaging and its contents did not affect this technical
evaluation - as the packaging and its contents post HAC testing is determined to be within the
bounding assumptions and analyzed conditions of this evaluation.

The damaged package array models consist of finite, near cubic 5x5x6 close packed arrays (2N =
150) to minimize neutron leakage. Additional close packed arrays using a 6x5x5 (2N = 150) and
9x9x2 (2N =162) are assessed to confirm the aspect ratio of the basic 5x5x6 array is most
reactive.
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In all cases, the close packed array is surrounded by 12" (30.48-cm) full-density water reflector.
As required by LAEA and 10 CFR §71.59, the damaged packages are evaluated as if each
package was subjected to the tests specified in 10 CFR §71.73, hypothetical accident conditions,
with optimum interspersed moderation, and full water reflection.
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K) The damaged package Inner Containment Canister Assembly (ICCA) contents are modeled per
Section 6.3.1.4, Materials, Table 6.6.

The U0 2 compound mass per canister, internal moderation, observed foam burn conditions
(CTU-1, CTU-2), and maximum foam burn conditions are modeled to determine an acceptable
package Transport Index (TI) based on criticality control.

In addition, supplemental NPC damaged package array models are constructed based on the
limiting acceptable payload and foam burn conditions derived above to study certain reactivity
effects. These sensitivity studies include:

Effect of the package array shape (aspect ratio) on system reactivity. A 6 x 5 x 5 array (2N =
150) and a 9 x 9 xx 2 array (2N = 162) are both assessed using the limiting burn condition and
acceptable payload.

Effect of internal moderator content andpayload contained in the U02 + H20 mixture region
contained within the ICCA.

Y) J Effect of 00% foam burn and subsequent replacement by optimal interspersed water
moderation. In this set, the water density is varied from void through 12.5% of full density water
to determine the hydrogen content necessary to demonstrate safety of the package, and determine
if the damaged package is over or under-moderated.

Effect of ICCA center-to-center movement on reactivity for a specified damaged condition. For
these cases, the nominal 11.75" (29.8450 cm) center-to-center ICCA spacing is uniformly
reduced by 1/8" (0.3175 cm) increments to 11.25" (28.575 cm) to quantify the effect (if any) on
ICCA spacing within the damaged package.

Effect of including external Type 304b stainless steel structure usedfor fork truck lifting of the
package. This structure is quantified and effectively "smeared" onto the bottom layer of the
OCA body.

Effect ofpolyethylene gap as determinedfrom the physical measurements of the ICCA 's post
HAC testing is assessed to confirm the modeled poly height and density assumptions. The
modeled poly height of is reduced by 75 mils to minimum specified height of 30.3". The
maximum gap formation at top/bottom is also modeled and compared with the modeled limiting
damaged package array calculation.
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The following 2D images are provide to clarify the damaged package array model constructs and
associated sensitivity studies:

* Figure 6.87a and 6.8Tb depicts horizontal/vertical slices of the damaged 5 x 5 x 6 package
array to determine acceptable U0 2 equivalent payload under postulated damaged conditions
of transport, using the observed CTU-1 and CTU-2 non-uniform foam bum conditions,
respectively.
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* Figure 6.8-7c depicts horizontal/vertical slices of the damaged 5 x 5 x 6 package array to
determine acceptable U0 2 equivalent payload under postulated damaged conditions of
transport, applying the maximum burn condition.

* Figures 6.87d and 6.86e depict horizontal/vertical slices of the damaged 6 x 5 x 5 and 9 x 9 x
2 package array size respectively, to confirm the close packed 5 x 5 x 6 aspect ratio is the
most reactive array configuration.

* Figure 6.87f depicts horizontal/vertical slices of the damaged 5 x 5 x 6 package array used to
quantify the required hydrogen content necessary for demonstrating package safety.

* Figure 6.87g depicts horizontal zoom of the damaged 5 x 5 x 6 package array for the 11.25"
(28.575 cm) ICCA center-to-center spacing to quantify the ICCA (x,y) movement effect.

* Figure 6.87h depicts vertical zoom of the damaged 5 x 5 x 6 damaged package array that
include the additional external stainless steel structure.

* Figure 6.87i depicts vertical top/bottom zoom of the damaged 5 x 5 x 6 damaged package
array that includes the maximum polyethylene gap formation.
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Figure 6.8a - Fully reflected damaged Bx5x6 package array: 60 kgs U02 + H20 mixture, I
CTU-1 observed non-uniform burn (horizontal and vertical views)
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Figure 6.87b - Fully reflected damaged 5x5x6 package array: 60 kgs U02 + H20 mixture,
CTU-2 observed non-uniform burn (horizontal and vertical views)
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Figure 6.87c - Fully reflected damaged 5x5x6 package array: 60 kgs U0 2 + H20 mixture, I
maximum burn (horizontal and vertical views)
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Figure 6.87d - Fully reflected damaged 6 x 5 x package array: 60 kgs U02 + H2 0
mixture, maximum burn (horizontal and vertical views)
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Figure 6.8Te - Fully reflected damaged 9 x 9 x 2 package array: 60 kgs U02 + H20
mixture, maximum burn (horizontal and vertical views)
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Figure 6.87f - Fully reflected damaged 5 x 5 x 6 package array: 60 kgs U02 + H2 0
mixture, 100% foam burn, void replacement (horizontal and vertical views)
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Figure 6.87g - Fully reflected damaged 5 x 5 x 6 package array: 60 kgs U0 2 + H20
mixture, maximum burn, 11.25" c-c ICCA spacing (horizontal zoom, lower left array
corner)

1125"

Figure 6.87h - Fully reflected damaged 5 x 5 x 6 package array: 60 kgs U02 + H2 0
mixture, maximum burn, external structure add-on to bottom of OCA body (vertical
zoom, lower left array corner)
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10 ga. 334L ss botom thickness
increased from 0.3124 cm to 0.7489
cm (alow for smeared extemal
strcture)
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Figure 6.87i - Fully reflected damaged 5x5x6 package array: 60 kgs U0 2 + H20 mixture,
maximum burn, observed maximum poly gap at top/bottom (vertical zoom, ICCA)

__ ~~~~~~~~~~~~~~~~pl a.IC

__~~~~~~~~~~~~~~~~~~o =04

__~~~~~~~~~~~~~~~~(.1 m

Max. observed
pOly gap, ICCA
bottom = 0.29"
(0.7366 m): |

6-59

0Z7



GNF NPC Docket No. 71-9294
Safety Analysis Report Revision 2, 9712002

6.3.5.2 Damaged Package Arrays with Heterogeneous U02 Reds in H20

Damaged package arrays with heterogeneous U02 cylindrical elements reds-(rods) have been
analyzed with the same applicable worse case container array model as used in the homogeneous
analyses. This is the array model shown in Figure 6.8c in the preceding section. The models for
the heterogeneous ed-lattices for these cases are the same as described in Section 6.3.3.2.

6.4 METHOD OF ANALYSIS

GEMER, a proprietary Global Nuclear Fuel company criticality analysis computer code was used
in the analysis of these computational models (Ref. 1). All calculations were performed on
verified workstations using Pentium processors running under Windows NT.

6.4.1 COMPUTER CODE SYSTEM

GEMER is a Monte Carlo program, which solves the neutron transport equation as an eigenvalue
or a fixed source problem including the neutron-shielding problem. GEMER adds an advanced
geometry input package to the problem solving capability of the Monte Carlo code that is very
similar in capability to KENO Va.

6.4.2 CROSS SECTIONS AND CROSS-SECTION PROCESSING

GEMER uses cross-sections processed from the ENDF/B-1V library. These cross-sections are
prepared in 190-group format and the values in the resonance region may have the form of the
resonance parameters or Doppler broadened multigroup cross-section. This treatment of cross-
sections with explicit resonance parameters is especially suited to the analysis of uranium
compounds in the form of heterogeneous accumulations or lattices. Thermal scattering of
hydrogen is represented by the S(a,p) data in the ENDF/B-IV library. The types of reactions
considered in the Monte Carlo calculation are fission, elastic, inelastic, and (n,2n) reactions; the
absorption is implicitly treated by reducing the neutron weight by the non-absorption probability
on each collision.

6.4.3 GEOMETRY MODELING OF FUEL REGIONS

The previous Section 6.3 gives a detailed description of the NPC shipping container geometry
models used in this analysis. This section expands on the descriptions of the fuel regions,
especially regions containing lattices of cylindrical fuel elements (rods). fel-rds. As noted in
the prior sections, the provision for heterogeneous fuel in the NPC is conservatively based on the
analysis of lattices of U0 2 fuel in the form of right circular cylinder elements (rods) in the
ICCAs. Both square and triangular lattices have modeled in the heterogeneous cases, together
with consideration of lattice boundary conditions in which cylindrical elements feds-in the
lattices are either permitted or not permitted to overlap the internal ICCA wall boundary.
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6.4.3.1 The INTERS and GEMER VFO Geometry Options

In addition to its standard geometry capabilities, the GEMER Monte Carlo code has two
additional geometry options that are particularly useful in modeling rod lattices. The first is a
special regular geometry construct called INTERS. As shown in Figure 6.9a, the INTERS region
is a CUBOID with quarter cylinders missing along two opposite XY edges. The centerline of
this region always passes through the X=O, Y=O origin. Like regular geometry regions such as
CUBOIDs or CYLINDERs, INTERS regions may be nested within each other, but the last region
in the Box must be a CUBOID. The purpose of the INTERS region is to permit modeling of a
triangular lattice of cylindrical rods by use of simple regular geometry input. This can be done
two ways. One is to mirror reflect the INTERS box on its ±X and ±Y axes. (The +Z, -Z
dimensions then define the height of the rods in the lattice.) The second way is to use two
separate INTERS regions that differ by the location of quarter cylindereentef cutouts. As
provided for by the INTERS input parameters, one region can be described by cutouts onin the -
X,+Y and +X,-Y edgeseemerfs, and the second with the cutouts at the -X,-Y and +X,+Y
edgeseerners. Placing these two regions in alternate X and Y locations in an array will then
create a two-dimensional triangular lattice of cylinders. Because of its geometry definition, the
INTERS constructs are for all practical purposes limited to use either with infinite triangular
lattices, or with lattices in which the geometry is permitted to overlap a region (e.g. an ICCA)
that the lattice is contained in. (GEMER does not currently have a boundary condition that
would prevent overlap of part of an INTERS region.)

Figure 6.9a - The INTERS Geometry Region
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The second GEMER geometry option is the Virtual Fill Option (VFO). This option allows
geometry regions to be automatically filled with a virtual representation of a separate region. As
depicted in Figure 6.9b, the VFO allows placing in a larger region (the "BIG REGION"') of a
complete Box Type (the "FILL REGION") that is itself mirror reflected on all six of its sides,
allows placing in a larger region (the "BIG REGION") which is any regulary geometry region.
When a neutron enters the Big Region, it is translated into the Fill Region and tracked via the
standard Monte Carlo methods (e.g. importance weighing, splitting, Russian roulette) in the Fill
Region until the code determines that the neutron's path has reached one of the Big Region's
boundaries. It is then translated back to the Big Region where regular tracking resumes. This
option is called "Virtual" because in reality, no Ffill Rregion exists (i.e. is stored in the run-time
memory) until a neutron enters the Big Region. When a neutron is translated into the Fill region,
it is randomly located and then remains in this region, reflecting from wall to wall, until its track
would take it back out of the Big Region. This wall-to-wall reflection effectively presents a fixed
array of the Fill Region Boxes to the neutron tracking and hence can be used to model both
square pitch and triangular pitch (via the INTERS Box) lattices in the Fill Region. One feature
of note about VFO is that since each neutron entering the Big Region is randomly placed in the
BOX in the Fill Region, each neutron sees the same overall FillILL Region lattice, but each of
these lattices has a different location for its central unit. Over an entire calculation, the effect of
this is to average the results of the tracking over all possible central locations.

Figure 6.9b - The Virtual Fill Option
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6.4.3.2 Water to Fuel Volume Ratios and Rod to Rod Spacings in Lattices of Fuel
Rods

In uniform but heterogeneous fuel regions, the relative amount of moderator is specified as the
Water to Fuel volume ratio (W/F ratio) in the unit cell. For uniform square and triangular
pitched arrays of cylindrical (unclad) fuel rods in which the unit cells are two dimensional
squares or triangles (since the heights of the rods in a given lattice are all the same), these W/F
ratios are determined completely by the radii of the fuel rods and the center-to-center spacings
between adjacent units. Figure 6.9c shows examples of the unit cells (the areas bounded by the
dotted lines) for these two types of arrays from which it can be seen that the relationship between
the W/F ratios and the radii (fRf) and spacings (L) are:

Square Lattices: W/F = L- fx

7txfRf2

and

Triangular Lattices: W/F = 0.866x L2 - 7xr-Rf 2

7rxFRf2

[0.866 in these equations is Sqrt(3.0)/2.0.]

Comparing these two formulas, it can be seen that if a Square and Triangular lattice with the
same diameter fuel rods have the same W/F ratios, the triangular lattice will have a greater pitch
(i.e. L) between rods. In the ICCAs, this means that for the same W/F ratios, triangular lattices
will have fewer rods and thus for the same fissile mass, will be taller.

Figure 6.9c - Square and Triangular Lattices
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6.4.3.3 Fuel Heights of Homogeneous Fuel Mixtures in the ICCAs

A brief description is given is Section 6.3.1.4 of the treatment of homogeneous U0 2 and water
mixtures in the ICCA fuel region. In summary, this method is

i. For a (binary) fuel mixture with a given weight fraction of H20, determine
the corresponding U02 density, p, assuming a maximum theoretical
density of U02 of 10.96 gm/cm3.

ii. For a given mass, M, of U02 in the ICCA, determine the Volume, V, of
the U02 + H20 mixture by

pxV =M

iii. Since the ICCA is cylindrical, V is equal to the base area, nXRIccA2, times
the height, h, of the mixture, and hence

H = M/(px7cx RICCA2).

Since the maximum height in the ICCA is 80.01 cm, and its radius is 10.8141 cm, this means that
for a given U0 2 mass there is a minimum U0 2 density below which the contents of the ICCA
will be less than the specified mass. The following Table 6.8 tabulates these minimum densities
for the mass limits applicable to this analysis.

Table 6.8 Minimum U02 Densities for Homogeneous U02 and H20 Mixtures in the ICCA

U0 2 Mass Limit Density
(kgs) (gmcm3 )

60.0 2.041
55.0 1.871
53.0 1.803
46.0 1.565

6.4.3.4 Fuel Heights of Heterogeneous Fuel Lattices in the ICCAs

In heterogeneous uniform square or triangular fuel rod lattices, the fuel heights are still related to
the W/F ratios (i.e. the cylinderr-ed-to-cylinder or rod-to-rod spacings) and the cylinder r-ed
diameters via the relationship p x Area x hHeight = Mass, but the formula used to determine the
p x Area depends on the assumed boundary conditions and the way in which the regions are
modeled. In this analysis, three different cases have been considered.

6-64



GNF NPC Docket No. 71-9294
Safety Analysis Report Revision 2. 97/2002

Case 1 is for arrays in which it is assumed that the right circular cylinder fuel elements (rods) can
overlap the (ICCA) boundary. This assumption means that if a given fuel elementred- in the
lattice is such that part of it overlaps the ICCA region boundary, the external overlap part is
deleted from the model but the part internal to the ICCA is kept. For this exact modeling, p =

10.96 gm/cm3 and the Area is given by the sum of the partial areas of the rods that overlap the
boundary + the sum of the areas of the internal rods that do not intersect the boundary. This
latter sum is just N x AR, with N equal to the number of internal rods and AR equal to the area of
a single cylinderfed (i.e. rTxfRf2). For the first term, the sum is more complicated since
individual fuel cylinder elementsreds will intersect the boundary at different points. However,
the internal partial area of each cylindrical element red-can be determined by integration, and the
integration can be made simple by considering the ICCA and fuel red-cylinder (rod) in question
to be rotated so that the center of the overlapping rod is at X = 0.0. Figure 6.9d shows a
depiction of the two situations that can result.

Figure 6.9d - Partial Areas of Overlapping Fuel Cylinders Rods

Overlapping Fuel CylinderRGd More that Overlapping Fuel CylinderRGd More than
50% Internal 50% External

Y

Y

Center of fuel rod having radius Rf is assumed to be located at (0.0, Y0); Center of ICCA is 0.0, 0.0.

[N.B. "More than 50% Internal" or "More than 50% External" should be interpreted to mean
that the curve for the ICCA boundary and the cylindrical fuel element fed-intersects at a value of
Y < Yo or Y > Y, respectively.] Separation into these two situations is necessary since the
functional form of the overlapping rod used in the integration can only be the top half of the
cylinder [i.e. YYrl = yYo + Sqrt (fRf2 _ *X2)] or the bottom half [i.e. yYr2 = yYo - Sqrt (fRf2 -

KX2)]. The dotted line parts of the partial rods in Figure 6.9d are the parts that-are-not included in
the area integration. In the "More than 50% Internal" situation, this integration is from X = 0.0
to X = RXI (the +X point of intersection of the ICCA boundary and the cylindrical elment [t*e1
rod] curve) of the quantity (yYrl - YYICCA-,), with YYICCA = Sqrt(rRIccA2 - *X2 ). If the result of
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this integral is Ap, the corresponding value for the internal partial area for the cylindrical fuel
element red-is AR - 2xAP.
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For the situation when more than 50% or the cylindrical fuel element (rod) red-is external, the
integral is made from X = 0.0 to RXi of YYICCA - YYr2, and the internal partial area of the fuel
cylinderred is equal to two times the value of this integral. Both of these integrals have results
that can be expressed in closed form (involving arcsines), and hence the partial fuel cylinderr-ed
determinations can readily be computed.

The 2nd array case considered is that of fuel element (rod) e4.lattices in which the elements e4s
in the lattice are not permitted to overlap the ICCA boundary. If any part of a fuel cylinder *d
intersects the ICCA boundary at any point, it is deleted from the array. All fuel cylindersfed& are
thus completely internal, and the total fuel fed-area is just N x AR. As in case 1, the density p for
this case is 10.96 gm/cm 3.

The third case is that in which the fuel element (rod) fed-lattices are modeled with the Virtual Fill
Option (VFO). In this case, each neutron that enters the internal ICCA fuel region sees a fuel rod
lattice with an overlapping boundary condition like that in Case 1, but each lattices of these has a
randomly location in the XY plane so that each will have a different number of overlapping and
internal rods. Since the effect of this over an entire calculation is to average the arrays over all
locations, the method used to determine the lattice heights is that used for the homogeneous case.
This is done by correlating the given W/F ratio of the heterogeneous lattice with an equivalent
WF H2 0 for a homogeneous mixture by the relationship

WF H20= W/F ,

10.96 + W/F

which then determines the U02 density in the equivalent homogeneous mixture. [Note that this
WF H2 0 determined by this method is independent of the diameter of the fuel rod.]

6-36.4.4 CODE INPUT

All problems were started with a flat initial neutron distribution over the fissile material regions
only. Except as noted, cGalculations were nominally-run with 200 generations ofat 2000 neutrons |
each, skipping the first 10 generations before starting the statistical output processing, for a total
of 380,000 histories used in the final eigenvalue calculation. Appendix 6.9 Figures 6.8a 6.8d
contains sample GEMER input files according to the description in Table 6.7 as follows:for both
the homogeneous and heterogeneous cases considered in this analysis.

Table 6.7 Sample nput summarY

Figure 6.8a Sample input file - npcut_25.in
fl ooo c CL a 50 1 F_AR a E wC

02000 1 0 0 1 0 0
O 293 0 0

\CSEC\Uo2C}IUo 0 0.2£
X) \ £ X£EC \NOU\OJROU O0.0CI
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9 12.7636 12.7636 12.7636 12.7636 3.09260 0.00000

tOi

r (11 H/ft3) face burn
08C 0.00000 0.00000 l'.
.53 0.05000 7.36000 16'.5
C87 0.00000 7.33000 16S .

73.850S 0.0000 16'.5
73.8503 0.0000 16-.5
73.8500 0.0000 16.S

40 H/ft3) faee burn
3.A5250 0.00000 16'.5
3.4950 0.00000 16'.
3.49250 0.00000 16.5

1 i.053 8.89000 0.00000 16
54.3687 0.89000 0.00000 16

C08 07.0151 0.0000 16'.CU0ID 0 '4o.:
BOX TYP'E 25 /
C'UOID 0 .:
BOX TYPE 2 
CU60ID O0 s.:.
C'JDOID C 0 5.1
25 1 1 1 1.

DEGN -Xp40,x26 i 3: .: . I._

--- - -- -- -:8H (Io #/033 seetiozn)
0.00000 0.00000 1 1 i 0.0 9.0

1 IA. ---- An

I.8(S0 --. 850 0.0

29.8-0400.0

300 1. 1. 1 3.8 0.0 0.0

0000 1 1 1 0.0 0.0 0.0
a0153 1 1 1 0.0 0.0 0.0

Figurc 6.8b Sampic input file - npc6um6O.in
T0I?;C, Clr Un2 5 ErrrR 0.05 .. CD cr
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1 /- inner eantoter. bttem fucel
1 10.81t1 0.31750 0.00000

10.9233 0.31750 0.00000
0 12.092 0.31750 0.00000
2 12.4092 0.31750 0.44200
2 12.0012 0 31750 0.0020

1 .7033 0.31750 0.44200
2 12.7635 0.31750 0.50S50
2 ;f necr eanieters fuel regionl
1 10111 30.1030 0.0000
a 10.9233 2s 0635 0.0000
3 10.961t 2s.0235 0 GG

2 1 3.012 35.4635 0.0000
0 12 7000 2s 0 3 0 0000
2 12.700 25.4635 0.0000
3 /- *nner eanatei- t.el- c on
1 10.9121 0.38100 0.00000
2 130333 0.20100 O.oooOo

10.9614 0.38100 0.00000
i 12. 092 0.38100 0.00000
2 12.612 0.38100 0.00000

12.7000 0.38100 0.00000

regton N w apl bdy asg:y

1C- .5
16 .5lC' .5
1C~ .51C,- 

,By

-.5

_1_ .
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layer
0.31240 0.00000 16 .i

(void) layer, 10 ga. 300:z
2.St000 O.00000 16.S
2.5400 0.00000 1C.5
2. 5000 0.00000 16C.5

11 #/ft3), 10 a. 300oo
7.62000 0.00000 16.5
7. 2000 0 00000 16'.5
7.62000 0.00000 16C.S

-53 E.89000 0.00000 1C.
J687 C.0000 0.00000 16.5

gag 07. 10s 0.0000 16'.5

OM0UFX

0 11 1

20.0--0 0.0

.0450 0.00000 3 3 1 20.000 33.0 0

00000 0.00000 1 1 1 0.0 0.0 0.0
00000 7' .0555 1 1 1 0.0 0.0 0.0

.oooo 0.00000 1 1 1 0.0 0.0 0.0
00000 0.31210 1 1 1 0.0 0.0 0.0
00000 2. 5240 1 1 1 0.0 0.0 0.0
0O0000 10.0724 1 1 1 0.0 0.0 0.0

END M-Y
7EFL-E6
END EM

0.00000 0.00000
0.ooooo 7...1.

1 1 1 0.0 0.5 0.0

Figurc 6.8c Sampic input file - npGa2..fi0.in
2000 .tC,,, CYL , U02,.00t.WTFR VAR .G,...CD,CE

J 'TITLE
200 2000 10 0 0 1 0 0

0 293 0 0
X4CSOOOECU02\CU06 50.207
\CsXSsC\oIOU\CIOOU 0. Cg
\COXOOC\000U\cCU O .CAD
\CSXOCC\OIOU\CIIOU 0.PIOL 0 .98
\C5XZCC\NCU'\CN0U O0 F07 0.900
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t HipC0Z H
O f t OF RECIONS O HERO
o f or DOX TPEE on ZERO
1 f 0 or OXES IN X DIEnLcP
1 fC or BOXE N DIRECT
1 ft OF DOXgg I) Z DInECTI
1 f DOINDAY CONDITION OPTIt
1 P £TARTINC gOURcr. GTION
1 /- c!4-rrLEx BMBLDDBD OPTIOli

C 12.7636 73.3155 0. 055
. body seet&en { 10t regteon)
C 12.7636 3.49260 0.00000
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eBOXTPCp9

CUBOiD 6

27 I 1: 1

I I.. I- a-----

1 1

0 .000 1C. 
20.19 lC-.S

0 0.0

~450-#9.M5 0 0

a 3 1 29.0X50
body. 11.75- enter

3 3 l 29.8150
3 3 1 29.8(50

30000 o.00ooo 1 1 1 0.0
00000 73.8505 1 1 1 0.0

YAA AA 

0.00000 187.111

0 0.0
0 0.0

0.0
1 1 0.0 -0.

d 0.000 5. S b2.v 162: *UU 7 f6 t, *

Figurc 6.8d Sample input file - npcati60.in
000.ncC,,, ,CY, ,U01,5. 00,WTFRVAR.... CD.CE

/ 7TTE
200 2000 10 0 0 1 0 0

0 293 0 0
\C0X000\U02\CUO3 50.155
\002002\CTAouCN7CU 0.EE
\COxO0C\17oU\CNO0U 0 .Cen
\C8XGC\NCOU'COGU 0. OL . 9

\00200C\IOZU\CNO0U 0.F07 0.90
\C00000\0070\COU 0.WAT

6-74
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0 t r roEGIONS OR ZR

1 f # OF' EOxE IN X DIRECTIOII
1 01OF DOXE6REOp1oN
1 0 1 oF EoxES11I'Tl
1 f EOUNDAY CONDITION OPTIOI
1 f ' TMLTIINC COUCE OPTIONT
1 f COIPLE r sDDED 02TIOtl

0 P'0 1I'h4 E`1EEEE
0.0 0.0 0.0 0.0

BoX TE 1 f Th.. botto
CYLIIIDER 1 10.8141 0.31750 .00000
CYLINDER 3 10.9133 0.11750 0.00000
COLIOCDE 0 12.4091 0.31750 0.00000
CYLSNDER 3 12.4092 0.31750 0.4400
CYLIIDER 3 12.112 0.31750 0.1100
CYLINIDER 0 13.7000 0.31750 O. 1300
CYLINDER 2 12 .735 0.31750 0.50550
DOX TE 2 / i-x. fucl r
CYLINDER 1 10.0141 25.4635 0.0000
CYLINDER 3 10.9233 25.1635 0.0000
GYMME1 2 10.9611 35.1635 0.0000

10-s
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44se

'A
-5

* ,c

3S8 07.D11 0.0000 1- .5

CUBOID0 O 371.
CUBOID C 302.

27 1 1 1 1
BEGIN C0PLEX

S1.3688 103.0503 0.0000 l .S
I117 A4,A 0.08 em h2e refl.
32 -71.0000 010.3018 0.000 1.S
10 '02 '200 S18.7818 20.48 16 .5

r main bdy eetteon
0.00000 0.00000
0.00000 0.31750

* ^^^^ '' 1-

0.00000 0.00000 1 1
0.00000 2.C2'0 1 1

'0-00000 0.95000 1 1

39.850 0.0

000 1 1 1 0.0 0.0 0.0
8s0 1 1 1 0.0 0.0 0.0

1- - . . . - - - -

COMPLX n 1 0.
/' build npe lid

.00000 0.324

.00000 10.0730

.00000 10.0730

0.00000 1 1 1 0.0 0.0 0.0
37.81SI 1 1 1 0.0 0.0 0.0

6A46.4.5 CONVERGENCE OF CALCULATIONS

Problem convergence was determined by examining plots of keff by generation run and skipped,
as well as the final keff edit tables. No abnormal trends were observed to indicate non-
convergence of the eigenvalue solution. Representative convergence plots for the individual

6-76
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damaged single package, undamaged array, and damaged array models are shown in Figures
6.109a- 6.109d. (The plots shown are for cases with homogeneous U0 2 and H2 0 mixtures, but
the results are also representative of the results for heterogeneous lattices.)
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Figure 6.10a - Sample keff convergence: damaged unit - npcut_25.in

DAMROED SINGLE PACKAGE
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BATHE /_,, BACE * SIl; IPE .- .I . i1
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S.960

5.950

6.870

K-EFF A1S

5.890
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Figurc 6.9b Sample Kle convcrqcnc: undamagecd array- npc6um60An- .
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UNDAMAGED PACKAGE ARRAY

a 1e 26 36 96 56

BATCHES / BATCHES SKIPPED X6

Figure 6.10b - Sample keff convergence: undamaged array - npc60i28.in
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Figure 6.109c - Sample k,ff convergence: damaged array - npca2_6O.in (CTU-2 observed
burn)

DAMAGED PACKAGE ARRAYS CTU-2 OBSERUED BURN
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BACE .BACE SKIPE ..* '' -' ''!''

Figure 6.109d - Sample kff convergence: damaged array - npcat_60.in (maximum burn)
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