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1.0 Introduction and Objectives

This document presents the criticality analysis for pipe overpack payloads in the TRUPACT-II and
HalfPACT package shipping containers (for Cases E and F). The pipe overpacks provide separation and l
containment of the waste material under normal condition transport (NCT) and Hypothetical Accident
Conditions (HAC). As a result, a 200 fissile gram equivalent (FGE) limit per pipe overpack is possible
for pipe overpacks under Case E conditions (where there is less than 1% by weight special reflector
material or the fissile material is distributed with any amount of special reflector material). A 140 FGE
limit per pipe overpack is required for Case F (where the special reflector material of any quantity may
be separate from and surround the fissile material). The nuclear reactivity of the pipe overpacks is
evaluated for 14 pipe overpacks in a shipping container (two layers of seven pipe overpacks per layer).
Based on a two—dimensional infinite array of undamaged or damaged TRUPACT-II packages, the
criticality transport index is 0.0.

Case E conditions require that the waste contain less than 1% by weight special reflector materials (and
also less than 1% by volume). The key limits in this pipe overpack analysis are 1) the maximum fissile
loading per pipe component is 200 FGE, 2) the special reflector material (e.g., beryllium) is less than
1% by weight (or volume) or the fissile material is distributed uniformly (and mechanically or
chemically bound) with the special reflector material, 3) the spacing between the pipe components (i.e.,
effective drum diameter) is reduced by no more than the maximum amount observed in test drops
[References 1 and 2], and 4) the package array is less than or equal to an infinite planar array stacked
two high. Additional discussion of Case E assumptions are provided in Section 3.2 below.

For Case F conditions, any amount of special material may surround the fissile mass with in the pipe
overpack. The key limits in this pipe overpack analysis are 1) the maximum fissile loading per pipe
component is 140 FGE, 2) the spacing between the pipe components (i.c., effective drum diameter) is
reduced by no more than the maximum amount observed in test drops [References 1 and 2], and 3) the
package array is less than or equal to an infinite planar array stacked two high. Additional discussion of
Case F assumptions are provided in Section 3.3 below.

2.0 Design Input and Definitions

This analysis is based on the dimensions specified in the TRUPACT-II Safety Analysis Report (SAR) |
[Reference 3]. The general configuration of the package is shown in Figure 2-1. A description of the
TRUPACT-II packaging is provided in Section 1.2 and drawings are provided in Appendix 1.3.1 of the
TRUPACT-II SAR. The possible payload containers authorized for use with the package are the 55-gal
drum, 85-gal drum, 100-gal drum, Standard Waste Box (SWB), Ten-Drum Overpack (TDOP), Standard
Pipe Overpack (6-in. and 12-in.), S100 Pipe Overpack, S200 Pipe Overpack (S200-A and S200-B), and
S300 Pipe Overpack. This analysis covers only the pipe overpacks.

The pipe overpacks are 55-gal drums containing either a 6-inch or 12-inch pipe component (Figure 2-2). |
SAR drawings for the pipe overpacks are provided in Appendix 1.3.1 of the TRUPACT-II SAR. In
addition to the general waste contents, the pipe component may contain solid polyethylene shield
inserts, as in the S100 (Figure 2-3) and S300 pipe overpacks (Figure 2-5), or a lead shield insert, as in
the S200 pipe overpack (Figure 2-4). Up to fourteen pipe overpacks are placed in a TRUPACT-II
package for offsite shipping. The standard, S200 and S300 pipe overpacks utilize fiber board and
plywood dunnage to fill the space between the pipe component and the 55-gal drum, i.e., 24 inches outer
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diameter and 35 inches high. The S100 pipe overpack utilizes fiber board and plywood dunnage to fill
the axial space above and below the pipe component but also utilizes a polyethylene neutron shield to
fill the radial space between the pipe component body and the drum.

Reference 9 identifies beryllium as a bounding element for special reflector materials and polyethylene
as a common compound with a maximum moderating capacity.

Dimensions for the pipe component and package model are summarized in Table 2-1.

A
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Table 2-1: Pipe Component and Package Dimensions
Component Dimension (cm) | Reference Value:
6-inch Pipe Overpack
Steel Pipe outer radius 8.4582 6.66” maximum OD
Steel Pipe length 65.3796 25.87-0.06” for lid recess
Steel pipe wall thickness 0.7112 0.28” (standard 6 Sch 40 pipe)
Steel pipe floor thickness 0.7112 0.28”
Steel Pipe lid thickness 2.3876 1.0”, 0.94” used
12-inch Pipe Overpack
Steel Pipe outer radius 16.256 12.8” maximum OD
Steel Pipe length 65.278 25.7” maximum
Steel pipe wall thickness 0.55626 0.219”
Steel pipe floor thickness 0.635 0.25”
Steel Pipe lid thickness 2.286 0.9
S200-A gamma shield insert
Lead outer radius 12.85875 10.125” outer diameter
Overall length 26.9875 10.625”
Lead wall thickness 2.54 1.0” .
Floor and lid thickness 2.54 1” assumed
HAC Drum Dimensions
6-inch overpack minimum radius 23.1013 22.5-4.31=18.19" outer diameter
6-inch overpack minimum height 74.3458 33.25-3.98=29.27" height
I12-inch overpack minimum radius 25.7175 22.5-2.25=20.25" OD \
12-inch overpack minimum height 75.2348 33.25-3.63=29.62" height
Nominal Drum Dimensions
Drum radius 30.48 24" outer diameter
Drum height 88.9 35” height

A
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Table 2-1: Pipe Component and Package Dimensions (continued)

Component Dimension (cm) | Reference Value/Basis:
Package Dimensions
Inner radius of combined ICV and OCV shells 92 72-5/8 inch inner diameter

. . ICV inner radius plus shell
Outer radius of combined ICV and OCV shells 93.11 thickness used (%+3/16 inches)
Inner radius of OCA shell 105.81 Y4 inch OCA shell thickness
Outer radius of OCA shell 106.405 94-3/8 inches, Reduced HAC

value used
Inner 1/2 height of combined ICV and OCV 100 inch OCYV height, Reduced
95
shells HAC value used.
Outer 1/2 height of combined ICV and OCV 96.27 Inner + Y inch
shells ,
Inner 172 height of OCA shell . 108.97 Y4 inch OCA shell thickness
. 121-% inch Package height,

Outer 1/2 helght of QCA shell 109.605 Reduced HAC value used

3.0 Method and Models

The SCALE 4.4 CSAS25 module [Reference 4] was used to analyze the reactivity of the TRUPACT-II |
package with pipe overpack loadings. Module CSAS25 calls KENO-Va version 4, which was used to
evaluate the reactivity of package geometries and benchmarks. The 5/16/2002 updated 238 group cross
sections were used for all cases. The 5/16/2002 update includes a correction to the beryllium cross
sections.

A series of cases for each loading configuration were run with a range of H/Pu ratios in the fissile region
to identify the optimum moderation in the waste. Parasitic absorption from waste constituents other
than the fissile, special reflective and moderating materials was conservatively ignored. For Case E,
polyethylene alone (i.e., 100% packing fraction) was used as the moderating material within the fissile \
material to establish the required H/Pu ratio. For Case F, a mixture of 40% polyethylene and 60% water
(by volume) was used as the internal waste moderator. Document WP 08-PT.09 [Reference 10]
demonstrates by physical testing that the packing fraction of polyethylene sheets in manually compacted
CH-TRU waste is less than 14%. In the current analysis, polyethylene packing fractions of either 40%
or 100% were assumed for the cases. Both of these polyethylene fractions bound the packing fraction
determined by physical testing and are conservative.

Plutonium and beryllium benchmarks were evaluated (and are presented in section 5.0) to determine the
bias in the cross sections and methods with respect to these materials. Critical experiment benchmarks
were obtained from the IHECSBE [Reference 5). The benchmark results were processed with the
USLSTATS code [Reference 6] to get the USL Method 1 Confidence Band equal to 0.9377 which
includes an administrative margin of 5%.

P4
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3.1 TRUPACT-II Model Geometry

The packaging model represents the package structural materials, including the stainless steel shells and
polyurethane foam. The model consists of nested, right circular cylindrical shells of Type 304 stainless
steel (SS304). Space between the shells is treated as a void or as water plus polyethylene to bound
possible polyurethane foam densities and saturation conditions (discussed further in the text below).
The model’s inner shell represents the combined inner containment vessel (ICV) and outer containment
vessel (OCV) components of the package. The narrow gap between the ICV and OCV shells is
neglected, and the two components are modeled as a single shell of thickness 0.250 + 0.188 =

0.438 inches thick (1.11 cm) on the side, and 0.250 + 0.250 = 0.50 inches thick (1.27 cm) on the ends
(see Figure 3-1). The right cylindrical geometry of the model conservatively neglects the torispherical
shape of the inner and outer containment vessel ends. The outer radius of the cylindrical shell
representing the combined ICV and OCV components is 38.656-inches (98.187 cm), and is
conservatively modeled as 36.655 inches (92+1.11=93.11 cm). The height of the cylinder, 74-

5/8 inches (~190 cm), preserves the distance between the upper and lower aluminum honeycomb spacer
assemblies within the ICV.

The second and outermost cylindrical shell represents the outer containment assembly (OCA). The OCA
is 0.250 inches (0.635 cm) thick Type 304 stainless steel and is modeled as 0.595 cm thick. The
additional steel in the 3/8 inch thick portion of the OCA outer shell is conservatively ignored. Under
NCT, the inside radius of the OCA outer shell is 46.938 inches (119.221 cm) and is conservatively
modeled using the HAC radius of 41.657 inches (105.81 cm). The inner height of the OCA,
conservatively assumes the OCV cavity height instead of the OCA overall height and is conservatively
modeled at the HAC height of 85.80 inches (217.94 cm). The HAC radius of the OCA outer shell is
based on the observed maximum deformation of the OCA following certification testing. At the
conclusion of testing, approximately 5 inches of foam remained in the certification test units, except for
local areas damaged by puncture bar drops. Hence, the OCA outer shell is set a distance of 5.0 inches
(12.70 cm) from the outside of the combined ICV and OCV shell. The KENO-V.a representation of a
single-unit TRUPACT-II package is illustrated in Figure 3-1. Package arrays are modeled by applying
reflective boundary conditions to the single unit model.

Polyurethane foam is modeled in KENO by using a modified volume fraction of polyethylene. For
example, a nominal polyurethane foam density of 0.021 g/em’ is modeled with 0.023 volume fraction of
polyethylene. The polyethylene volume fraction is dctermmed by dividing the polyurcthane density by
SCALE’s default polyethylene density of 0.92 g/cm®. For “wet” cases, the remaining volume fraction
(. 977) is modeled as water. The analyses assumed a low foam dcnsnty in the package annulus of 0.021
g/em®, where the actual density is nominally 8.25 pef (0.132 g/em’). The assumed water fraction in the
foam compensates for the lower density polyethylene that was used in the models. Since the limiting
analysis cases are with a void in the region between the OCV and OCA Outer Shells, the use of a lower
density foam in this region is inconsequential. When more reflection results in a higher reactivity (such
as the single unit cases), the modeled polyurethane foam in the OCV/OCA space was assumed to be
saturated with water. This assumption is conservative because the polyurethane foams utilized in the
packagmg designs are closed-cell and absorb water only as a function of exposed surface area (~0.015
1bs/ft?). Therefore, the representation of the foam in the space between the OCV and OCA Outer Shell

bounds the true HAC physical condition.
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» The domed surfaces of the torispherical heads are represented as flat surfaces and are positioned such
that the overall height of the TRUPACT-II packaging is reduced.

« The thickness of the polyurethane foam region is reduced to 5.0 inches (12.7 cm) throughout the entire
OCA. In all cases, polyurethane foam is either ignored or replaced with a poly/water mixture that fills
the annular space.
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OCA inner
height

217.94 cm

| OCA Wall
Thickness
0.595 cm

ICV+OCV End

Thickness 1.27 cm OCA End Thickness 0.635 cm

Figure 3-1: Axial View of the TRUPACT-II Model

The following simplifying assumptions decrease the amount of structural material represented in the
calculational model and decrease the center-to-center separation between TRUPACT-II packages in the
array analyses and are, therefore, conservative.
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The HAC (damaged package) dimensions are used to minimize the distance between packages and thus
maximize the reactivity for multiple package arrays. These reduced dimensions are used for both the

NCT and HAC analyses.

The pipe overpacks are centered in the ICV for the NCT cases. NCT cases also use nominal drum
diameters and heights for the pipe component spacing. The region surrounding the pipe components
and inside the drums are modeled with dunnage and water or in the case for the S100, modeled wnh
100% polyethylene. Dunnage is modeled as cellulose' with a2 maximum density of 0.2565 g/cm’ to
simulate Celotex®. For the HAC cases, the drums are placed next to the side and bottom of the ICV.
The drum sizes and spacing are reduced to their HAC dimensions. The metal and hardware for the 55-

gal drums are ignored.

Exterior to the package, either a 12-inch water albedo or reflective boundary condition is applied. A
reflective boundary condition is used to model an array of packages and the water albedo is used to
model a single (unit) package. A water albedo boundary condition is also placed on the +z (top)
boundary for the array model. This simulates an infinite square lattice array, two-packages high,
reflected on the top and bottom by water. The TRUPACT-II and HalfPACT packages are not designed
for stacking, thus stacked arrays of packages 2-high are very unlikely and stacking 3 or more high is not
credible.

The total TRUPACT-II package fissile material loading is limited to 2800 FGE or 200 FGE per pipe
overpack (which is modeled as Pu**®) for Case E conditions and 1960 FGE or 140 FGE per pipe for
Case F conditions. The pipe components and dunnage are credited thh maintaining containment and

separation of the fissile material contents.

3.2 _ Case E Pipe Overpack Payload Geometries

Casc E Pipe Overpack geometries have a maximum 200 FGE ﬁssnle material limit with restrictions on
the presence of special reflective materials within the waste. The special reflective material in the waste
must be either less than or equal to 1% by weight (or alternatively by volume) or if in quantities of
greater than 1%, the fissile material must be dispersed in and bound to the special reflective material.
Distributing the fissile material with the special reflective material effectively dilutes the fissile material
and precludes a separate region composed of only special reflective material or only fissile material.

The “1% by weight” restriction on the special reflective material is based on the total waste mass and
not just the fissile mass. For example, the maximum weight of the contents in a 6-inch pipe overpack is
66 Ibs (29.9 kg), 1% of which is 0.299 kg. The maximum payload for the 12-inch pipe overpack is 225
1bs (102. kg), 1% of which is 1.02 kg. A “1% special reflector material by volume™ assumption for the
analysis is also used. Both limits represent the lower threshold of tracking of special reflector materials
and for this analysis are considered equivalent and applicable. For Case E, it is assumed that the special
reflective material will be distributed throughout the waste and/or fissile material and will not form

shells.

! SCALE’s Standard Composition Library does not specifically list cellulose, but does have REDWOOD which is cellulose
with a higher density. The redwood volume fraction is adjusted to produce the desired cellulose density. As noted later in the
S100 pipe overpack results, the calculated package reactivity using a water and cellulose mixture as the dunnage gives
slightly higher (thus more conservative) reactivity results than using 100% polyethylene as the dunnage material.
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3.2.1 Case E: 6-inch Pipe Overpack Payload Geometry

The TRUPACT-II 6-inch pipe overpack payloads are 14 55-gal drums, each drum containing a 6-inch
pipe component. The S100 pipe overpack uses a 6-inch pipe component with the addition of
polyethylene shielding. The HAC and NCT array configurations used for modeling the pipe
components in the package are shown in Figure 3-2 through Figure 3-5. The source region is modeled
as a cylinder region with an outer radius equal to the pipe inner radius. The source region height is
modeled from 14.4 to 58.4 cm to account for different volumes associated with the H/Pu ratios of 400 to
1700 evaluated (as listed in Table 3-1). Spherical source volumes exceed the pipe radius and are not
used in the 6-inch pipe analyses. The drum size and thus the spacing between the pipe components is
based on either the HAC or NCT drum dimensions.

For the 6-inch pipe overpack Case E analyses, the fissile contents of the pipe components are modeled
as cylinders with 200 grams of Pu?*®, 0.299 kg of beryllium and polyethylene. Polyethylene alone (i.e.,
100% packing fraction) is used to moderate the fissile contents. The polyethylene packing fraction
remains constant as the dimensions of the fissile contents are increased to vary the H/Pu ratio from 400
to 1700 in order to identify the optimum fissile region moderation. This analysis assumes the special
material (i.e., beryllium) is uniformly distributed in the waste material at a mass equal to 1% by weight

of the maximum pipe overpack loading (29.9 kg).

As shown in section 4.1.2 for the 12-inch pipe overpack, the two extremes in moderation surrounding
the fissile region need to be evaluated, no external moderating material (i.e., “Dry”) and maximum
external moderation (i.e., “Wet”). The addition of small amounts of moderating material around the
fissile region significantly reduces the package array reactivity. The addition of special reflector
materials to the same regions at quantities of less than 1% by weight has a much smaller positive
reactivity effect and thus is dominated by the negative reactivity from the moderating material. For the
“Dry” cases all materials except the fissile region and steel regions are void. For the “Wet” cases, the
region inside the pipe and surrounding the fissile material is modeled as 100% polyethylene, the drum .
dunnage (Celotex®) is modeled as 0.2565 g/em’ cellulose with 1 g/cm? water (or as 100% polyethylene
for the S100 cases), the remaining ICV is filled with water, the package annulus is modeled as water

|

plus polyethylene and exterior to the package is water. The “Wet” dunnage has a maximum amount of
water in addition to the dunnage creating a mixture with a greater hydrogen density than water alone.
This mixture was utilized to bound all possible water saturation conditions in the dunnage. The
reactivity calculated with this dunnage mixture also bounds results calculated using full density
polyethylene outside of the pipe overpack (this can be seen by comparing the results in Table 8-2to |
Table 8-3). The “Wet” and “Dry” cases bracket the possible moderation scenarios for the pipe

overpacks.

3.22 Case E: 12-inch Pipe Overpack Payload Geometry

The Case E 12-inch pipe overpack analysis has 200 FGE of fissile material in an optimally moderated |
source region within each pipe overpack. The TRUPACT-II 12-inch pipe overpack payload is 14 55-

gal drums, each drum containing a 12-inch pipe component. The S300 pipe overpack uses a 12-inch

pipe component with the addition of polyethylene shielding inside of the pipe component. The HAC

and NCT array configurations used for modeling the pipe components in the package are shown in

Figure 3-6, Figure 3-7, Figure 3-8 and Figure 3-9. The source spheres are conservatively placed at the ,
central corners of the pipe components. This highly conservative and improbable configuration
maximizes the reactivity of the package. The drum size and thus the spacing between the pipe
components are based on either the HAC or normal dimensions.

A
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Two scenarios are evaluated for the 12-inch Case E analyses 1) 1% by volume special reflector
materials in the pipe overpack interior and 2) a range of special reflector materials bound to the fissile
material. Both scenarios have the fissile content of the pipe components modeled as spheres or
cylinders with 200 grams of Pu?® and polyethylene. Polyethylene alone (i.e., 100% packing fraction) is
used to moderate the fissile contents. The polyethylene packing fraction remains constant as the
dimensions of the fissile contents are increased to vary the H/Pu ratio from 400 to 1900 in order to
identify the optimum source region moderation (Table 3-1 and Table 3-2).

The first scenario has 1% by volume special reflector materials (modeled as beryllium) mixed with the
source region. The second scenario investigates the maximum range of special material that can be
mixed in the in the source region up to the maximum volume of the pipe component. For this scenario,
0 to 70 kg of beryllium or 0 to 80 kg of graphite were evaluated as special materials bound to the 200

FGE of fissile material.

The same “Wet” and “Dry” moderation limits are used for the 12-inch pipe overpack cases as was used l
in the 6-inch pipe overpack analysis described above. The one difference is that the 12-inch overpacks

do not use polyethylene shielding outside of the pipe component. The S200 package also uses a 12-inch
pipe component, but has an internal lead shield and for this reason is treated separately.

3.2.3 Case E: S200 Shielded Over'pack Payload Geometry

The TRUPACT-II S200-A shielded overpack has a 1 inch thick lead container in a standard 12-inch
pipe overpack (Figure 2-4)°>. The S200-B has a longer and thinner (0.6-inch thick) lead shield. The
HAC and NCT array configurations for the S200-A used for modeling the pipe components in the
package are shown in Figure 3-10, Figure 3-11, Figure 3-12 and Figure 3-13. The source region was
modeled as a cylinder. The drum size and thus the spacing between the pipe components was based on
either the HAC or normal drum dimensions.

The fissile contents of the pipe components were conservatively modeled as cylinders containing 200
grams of Pu®® and 1.021 kg of beryllium and moderated with polyethylene. Polyethylene alone (i.c.,
100% packing fraction) was used to moderate the fissile contents. Beryllium, polyethylene and
plutonium were uniformly distributed in the fissile region. Any remaining volume in the lead shield was
modeled as polyethylene. The polyethylene in the reflector region (inside of the lead shield) is either
0% or 100% for the “Dry” and “Wet” cases, respectively. Outside of the lead shield is a polyurethane
region that fills the remainder of the 12-inch pipe overpack and the 55-gal drum interior. The
polyurethane foam packing outside of the lead shield was modeled as polyethylene with a volume
fraction of 0.2612 (corresponding to a foam density of 15 pounds per cubic foot) in the NCT and “Wet”
HAC cases. For the “Wet” cases the polyurethane was modeled with 0.7388 volume fraction water in
addition to the polyethylene. For the “Dry” HAC cases the foam packing was ignored. The same “Wet”
and “Dry” external moderation limits were used for the S200 pipe overpack as was used in the 12-inch
pipe overpack analysis described above.

H/Pu ratios of 700 to 1300 were evaluated to find the optimum moderation for the S200-A pipe
overpack. Cases with H/Pu ratios of 1100 required a reduction in the beryllium loading (to 578 grams)
in order to prevent the fissile region volume from exceeding the total volume of the shielded container.
For cases with H/Pu ratios above 1150, the beryllium is totally removed and the fissile material (Pu) is
also reduced in order to achieve the desired H/Pu ratios within the available volume.

\

2 The mass of the lead shield is in addition to the 1% by weight special material.

A
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Results from the S200-A analysis show that the lead has a small impact on the calculated package
reactivity. The reactivity due to differences in the S200-B shielding thickness will likewise be small and
dominated by the effects from the waste cavity dimensions. Therefore, the S200-A results are also
applicable to the S200-B.

3.3 Case F Pipe Overpack Payload Geometry

The 12-inch pipe overpack HAC geometry was used to evaluate the reactivity limits with an unrestricted
special reflector. The 6-inch and S200 overpack designs have greater spacing between the pipe
components and smaller radial dimensions, which will help to reduce the reactivity of the package in
comparison to the 12-inch pipe overpack. Therefore, the 12-inch pipe overpack results are used to
bound the 6-inch pipe overpacks with special reflectors and NCT conditions.

The TRUPACT-II 12-inch pipe overpack payload is 14 55-gal drums, each drum containing a 12-inch
pipe component. The HAC array configurations used for modeling the pipe components in the package
are shown in Figure 3-6, Figure 3-7, Figure 3-8 and Figure 3-9. The source spheres” are conservatively
placed near the central corners of the pipe components. This highly conservative and improbable
configuration maximizes the reactivity of the package. The drum size and spacing between the pipe
components are based on the HAC dimensions. Based on the conclusions from Case E, only the
limiting case of the HAC dry array is evaluated with special material reflectors.

Case F has the fissile content of the pipe components modeled as spheres (cylinders for high beryllium
mass) with 140 grams of Pu®>® with 0 to 85.25 kg of beryllium and moderated with a 40% polyethylene/
60% water mixture. The H/Pu ratio that produces the highest reactivity condition is found for each
beryllium loading evaluated. In addition to the beryllium in the fissile region, 100% dense berylium is
modeled in the remainder of the pipe interior. Three fissile sphere orientations were considered; the
fissile regions tangent to the pipe walls, centered in the pipes and the fissile regions placed 4 cm from
the pipe walls and ends. The fissile regions are positioned to be closest to the center of the component
cluster (as illustrated in Figure 3-6).

? For large beryllium masses, the source assumes a cylindrical geometry. In these cases the fissile contents extend to the inner
diameter of the pipe.

A
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Figure 3-10: S200-A HAC array Model
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Figure 3-11: S200-A HAC array Model Figure 3-13: S200-A NCT Model

3.4 Model Details

Source volume dimensions are listed in Table 3-1 and Table 3-2 and material densities are listed in
Table 3-3. The KENO cases were typically run for 255 batches with 2500 neutrons per batch and
the first 35 batches skipped. Other model details include:

e Standard composition and isotopics defined in the SCALE material library were used for
SS304, polyethylene and water.
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¢ For conservatism, the “Bound Metal™ beryllium cross section set was used for all
beryllium regions.

¢ Water and 12-inch water albedo boundary conditions are placed around the exterior of the
single unit package models. Five reflective and one 12-inch water albedo boundary
conditions with no exterior water is modeled for the “array” cases.

¢ The composition and density of Celotex® was obtained from Appendix C, “Specification
& Atom Densities of Selected Material” [Reference 7]. Since the main component of
Celotex® is cellulose, partial density redwood (also cellulose) was used for the KENO

material.

Table 3-1: Case E Source Dimensions (200 gm Pu™, Beryllium and Polyethylenc)

H/Pu Atom | 6-inch Pipe overpack 12-inch Pipe overpack S200-A cylinder height
Ratio cylinder height sphere radius 10.3188 cm radius
(0.299 kg Be) (1.021 kg Be) (1.021 kg Be)

400 144411 cm 9.0580 cm Not evaluated

500 17.8237 . 9.6386 Not evaluated

600 21.2063 10.1566 Not evaluated

700 24.5889 10.6265 15.0264 cm

800 27.9715 11.0582 16.9330

900 31.3541 11.4585 18.8396

1000 34.7368 - 11.8327 20.7462 .
1100 38.1194 12.1846 21.9075**

1200 41.5020 12.5173 21.9075**

1300 44.8846 12.8332 21.9075%*

1400 48.2672 13.1343 Not evaluated

1500 51.6498 13.4221 Not evaluated

1600 55.0324 13.6981 Not evaluated

1700 58.4150 13.9634 Not evaluated

1900 Not evaluated 14.4657 Not evaluated

** The volume of the fissile mass, moderator and beryllium exceed the available volume in the S200-A insert.

A
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Table 3-2: Casc E and F Source Sphere Dimensions for the 12 inch Pipe Overpack without I
Special Reflector Materials in the Source Region

H/Pu Atom | 200 gm Pu®” and 100% | 140 gm Pu®” and 40%
Ratio Polyethylene Polyethylene/ 60% water
600 9.7116 8.9082
700 10.2224 9.3769
800 . 10.6867 9.8028
900 11.1138 . 10.1947
1000 11.5104 10.5585
1100 11.8813 10.8989
1200 12.2305 11.2192
1300 12.5608 11.6997

Table 3-3: Material Densities (all cases)

Material Density g/cm’
Plutonium-239 19.84
Water 0.998
Polyethylene 0.92
Beryllium 1.85

. Stainless Steel 304 | 7.94
Lead 11.344
Celotex ® 0.2565
Redwood 0.387
(Cellulose)

4.0 Calculations and Results

The maximum reactivity plus two standard deviations uncertainty (ks=k.s+20) for the pipe
overpacks under Case E condition was found to be less than 0.912 and below the USL value of
0.9377. The maximum reactivity for Case F (with unrestricted beryllium content) was calculated
to be 0.933, also less than the calculated USL. For both Case E and F, the maximum reactivity
occurs for an infinite planar array (2 packages high) with no moderating materials outside of the
source volume (the presence of special reflecting materials (e.g., beryllium) around the source
region does increase the reactivity). These cases maximize neutron interaction between the
packages and within the source region. For the single unit cases, the maximum moderation
produces the higher reactivity, but still less than the array case.

For the Case E pipe overpack analyses, the key parameters in the analysis are 1) the maximum
fissile loading per pipe component is 200 FGE, 2) the special reflector material (e.g., beryllium) is
less than 1% by weight or is distributed in and bound to the fissile material, 3) the spacing between

A
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the pipe components is reduced by no more than the maximum amount observed in test drops
[References 1 and 2] and 4) the package arrays are not stacked greater than two high.

For pipe overpacks under Case F conditions (unrestricted reflector), the key parameters in the
analysis are 1) the maximum fissile loading per pipe component is 140 FGE, 2) the spacing
between the pipe components is reduced by no more than the maximum amount observed in test
drops [References 1 and 2], and 3) the package array is less than or equal to an infinite planar array
stacked two high.

4.1 Case E Pipe Component Reactivity Results

4.1.1 6-inch Pipe Component Reactivity - Case E

The maximum reactivity for the 6-inch standard or S100 pipe overpack Case E is for an array with
HAC dimensions as listed in Table 4-1. The HAC array case had the highest reactivity with an
H/Pu ratio of 800 and no moderation outside of the source volume. For the single unit and NCT
cases the maximum reactivity occurs with an H/Pu ratio between 600 and 800.

The array calculations model an infinite planar array of packages stacked two high. These arrays
are modeled by applying reflective.boundaries on the four sides and the bottom of a single package
model. The top boundary has a 12-inch water albedo reflection. This effectively creates an
infinite planar array of packages stacked two high with water reflection on the top and bottom
array surfaces. The top boundary was selected for the water albedo since it is the farthest from the
source volumes and thus is the most conservative selection.

Table 4-1: Summary of Criticality Analysis Results for the 6-inch Pipe Overpack - Case E

Normal Conditions of Transport (NCT)
Number of undamaged packages

calculated to be subcritical ) t
Single Unit Maximum ks k,=0.7873
Infinite Array Maximum k; k=0.7899

Hypothetical Accident Conditions (HAC)
Number of undamaged packages

calculated to be subcritical ol
Single Unit Maximum k, ks=0.7940
Infinite Array Maximum k; k.=0.8485
Upper Subcriticality Limit (USL) 0.9377

T Infinite planar array stacked two high

4.1.2  12-inch Pipe Component Reactivity ~ Case E

The maximum reactivity for Case E with the 12-inch standard or S300 pipe overpack is for an
array with HAC dimensions as listed in Table 4-2. The highest reactivity was found with an H/Pu |
ratio of 1000, and 1% by volume of beryllium in the region surrounding the optimally moderated

A
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source region. For the single unit and NCT cases the maximum reactivity occurs with an H/Pu
ratio of around 900 to 1100.

As with in the 6-inch models, the array calculations model an infinite planar array of packages
stacked two high. These arrays are modeled with reflective boundaries on the four sides and the
bottom. The top boundary has a 12-inch water albedo reflection.

Table 4-2: Summary of Criticality Analysis Results for the 12-inch Standard and S300 Pipe
Overpacks — Case E

Normal Conditions of Transport (NCT)
Number of undamaged packages
calculated to be subcritical o t
Single Unit Maximum ks ks=0.8752
Infinite Array Maximum k; k,=0.8746
Hypothetical Accident Conditions (HAC)
Number of undamaged packages
calculated to be subcritical T
Single Unit Maximum ks k,=0.8784
Infinite Array Maximum k; |
Pu with 1% by volume Be ks=0.9113
Pu with optimum bound Be ks=0.9111
Pu optimum bound Graphite k=0.9098
Upper Subcriticality Limit (USL) 0.9377

T Infinite planar array stacked two high

The calculated reactivity from the “Dry” array models bound the wet model results indicating a
significant interaction between the fissile masses. To show that the “Dry” array case bound not
only the “Wet” cases but also cases with intermediate external moderation, a representative series
of calculations were executed with moderation between the extremes of the “Dry” and “Wet” cases
using the 12-inch HAC array case. For each external moderation case, multiple cases with H/Pu
ratios from 800 to 1400 in the source region were evaluated to identify the maximum reactivity .
These cases use polyethylene as the moderating material in the source region.

The 12-inch HAC array case was evaluated with a range of external moderation from 0 (“Dry”) to
1 (“Wet”). The external moderator volume fraction was applied to all non-steel regions outside of
the source region. Water, foam and dunnage exterior to the source region were equally scaled by
multiplying by a factor between 0 and 1. Numerical results are provided in Table 8-6. Figure 4-1
shows the peak reactivity versus external moderator fraction. As seen in this figure, the reactivity
decreases between the extremes of “Wet” and “Dry”, indicating that it is sufficient to model only
the extremes in the moderator, (i.e., “Wet” and “Dry” cases).

A
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Figure 4-1: Effect of External Neutron Moderation on Reactivity

4.1.3 Sensitivity of the Pipe Component Reactivity with Beryllium or Graphite in the Source

For Case E when the plutonium (200 FGE) is distributed with (or bound to) the special reflector
material (such as graphite or beryllium), the reactivity is only slightly less than the case with 1%
by volume special reflector material surrounding the fissile region. The differences between the k
values listed are comparable to the convergence conditions used. The addition of graphite in
quantities of greater than 1 kilogram reduced the maximum reactivity of the pipe overpack (see
Figure 4-2). For each analysns the optimum moderation is used (typlcally resulting in an H/Pu
ratio of 1100-1300). A maximum graphite density of 2.3 g/cm?® is used. The addition of either a
polyethylene or water reflector was found to reduce the overall package reactivity.
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Figure 4-2: Case E- 12-inch Pipe Overpack case with Graphite added to the Source Region

The maximum reactivity when the plutonium is bound to beryllium occurs when about 0.1 to 2
kilograms of beryllium is added to the moderated source region with 200 FGE (Pu®®®). As seen in
Figure 4-3 this reactivity increase is small. For each case the optimum moderation is used
(typically resulting in an H/Pu ratio of 1100-1300) with no external moderation. A maximum
beryllium density of 1.85 g/em? is used.
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Figure 4-3: Case E- 12-inch Pipe Overpack case with Beryllium added to the Source Region
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4.1.4 S200-A Component Reactivity - Case E

The maximum reactivity for the S200-A pipe overpack is for an array with HAC dimensions as
listed in Table 4-3. The highest reactivity was found with an H/Pu ratio of 1100 and no
moderation outside of the source volume. For the single unit and NCT cases the maximum
reactivity also occurred with an H/Pu ratio of 1100, only with no external moderation. An H/Pu
ratio of 1100 required a reduction in the beryllium content (to 578 gm) based on the available
space in the S200 container. H/Pu ratios of greater than 1150 also require a reduction in the Pu
content in addition to the removal of the beryllium content; for an H/Pu ratio of 1200 the
maximum plutonium mass is 191 grams and 176.6 grams for an H/Pu ratio of 1300. The
maximum single unit reactivity occurs with moderated (i.e., “Wet”) conditions and the maximum
array activity occurs with minimum external moderation (i.c., “Dry™).

As with in the 6-inch models, the array calculations model an infinite planar array of packages
stacked two high. These arrays are modeled with reflective boundaries on the four sides and the
bottom. The top boundary has a 12-inch water albedo reflection.

Table 4-3: Summary of Criticality Analysis Results for the S200-A Overpack - Case E

Normal Conditions of Transport (NCT)

Number of undamaged packages

calculated to be subcritical ol
Single Unit Maximum k; k;=0.8664
Infinite Array Maximum k, k,=0.8651

Hypothetical Accident Conditions (HAC)

Number of undamaged packages

calculated to be subcritical oo 1 )
Single Unit Maximum k; k=0.8661
Infinite Array Maximum k, ks=0.9115
Upper Subcriticality Limit (USL) 0.9377

i Infinite planar array stacked two high

4.2 Casc F - Pipe Component Reactivity with Greater than 1% by weight Special Material
Reflectors

The maximum reactivity for the 12-inch standard pipe overpack under Case F conditions is for an
array with HAC dimensions as listed in Table 4-4. The highest reactivity for 140 FGE was found
with an H/Pu ratio of 800 (see Figure 4-4) and no moderation outside of the source volume and
100% dense beryllium reflector. The source volumes are place 4 cm from the side and bottom of
the pipe component and surrounded with 100% dense beryllium. The reactivity for centered
source volume and with the source volume touching the sides is less than the case evaluated
(Figure 4-5). The exact optimum spacing was not evaluated. The positioning of the source
volumes is already incredible and further refinement of the source location will not significantly
add to the calculated reactivity.
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As with the other array models, Case F array calculations are modeled as an infinite planar array of
packages stacked two high. The array is modeled with reflective boundaries on the four sides and
the bottom. The top boundary has a 12-inch water albedo reflection.

The 12-inch HAC array case was evaluated with a range of beryllium reflector densities from 0 to
100% (1.85 g/cm’®). Figure 4-6 shows the peak reactivity is at 100% beryllium in the reflector (the |
remaining volume fractions in the reflector were filled with 40% polyethylene and 60% water).

Also shown in Figure 4-6, the addition of beryllium to the source region (with a 100% dense Be
reflector) reduces the overall reactivity of the model. The discontinuity shown in the figure is

when the model switches from a spherical source region to a cylindrical source geometry. These
cases were evaluated for an H/Pu ratio of 800 and moderated with a mixture of 40% polyethylene
and 60% water.

0.94

0.93 [ =

0.92

4

091

—e—HAC Armay
m —s—HACsingle Unit

09 ' —&—NCT Amay
—%—NCT Single Unit

/
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Reactivity plus 2 sigma (ky)
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Figure 4-4: Case F- Special Material Reflector in 12 inch Pipe Overpack k, for 140 FGE
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Table 4-4: Summary of Criticality Analysis Results for the 12-inch Standard Pipe
Overpacks with Special Material Reflectors - Case F

Normal Conditions of Transport (NCT)
Number of undamaged packages +
calculated to be subcritical o
Single Unit Maximum k; ks=0.8844
Infinite Array Maximum k; , k=0.9064
Hypothetical Accident Conditions (HAC)
Number of undamaged packages
calculated to be subcritical ol
Single Unit Maximum k; =0.9082
Infinite Array Maximum k; . ks~=0.9329
Upper Subcriticality Limit (USL) 0.9377

T Infinite planar array stacked two high
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Figure 4-5: Case F- Fissile Source Location within the 12-inch Pipe Overpack
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Beryllium in HAC array model

—¢— Reflector Be Volume
Fraction

;) . ) '\‘\ —=— Be in Source Volume
0.65

0.5 T T T T
0 0.2 0.4 0.6 0.8 1

Be Volume Fraction
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Figure 4-6: Beryllium Volume Fraction in the 12-inch Pipe Overpack Case F Geometry

4.3 Combination/Mixture of Overpacks for Case E Conditions

Based on the previous results, it can be concluded that credible mixtures of different pipe

overpacks conforming to Case E conditions are bounded by the Case E results with the maximum

14 12-inch pipe overpack “Dry array™ reactivity. The reactivity of a'package containing both Case |
F and Case E pipe overpacks has not been evaluated. It can be conservatively observed that any
mixture of pipe overpacks that are loaded at or below the Case F FGE limit (140 FGE) will result

in a package reactivity below the USL, with or without special reflectors.

5.0 Benchmark Analyses

The critical experiment benchmarks obtained from the International Handbook of Evaluated
Criticality Safety Benchmark Experiments (IHECSBE) are listed in Table 5-1. The USL method | |
limit, as calculated by the USLSTATS code, is 0.9377 for the combined beryllium and plutonium-
nitrate benchmarks using a 5% administrative margin. This USL is applicable to thermal systems
with an average (fission) energy group (AEG) in the range 198.25<AEG<238 in the SCALE 238
group structure.

Benchmarks were selected for thermal solutions of plutonium and for beryllium in a thermal
spectra. For beryllium, the only experimental case that met this requirement was U233-SOL-
THERM-015. No cases were found where beryllium and plutonium were present in a
thermal/moderated environment in the same experiment. The benchmark cases are typically fissile
solutions which will account for the optimally moderated fissile regions of this analysis. Some of

A
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the plutonium experiments also contained Plexiglas which is used to validate the polyethylene,
CHa, which is also a hydrocarbon material.

Table 5-1: Experimental Benchmarks

Series

Title

PU-SOL-THERM-001

Water-Reflected 11.5-Inch Diameter Spheres Of Plutonium Nitrate Solutions

PU-SOL-THERM-002

Water-Reflected 12-Inch Diameter Spheres Of Plutonium Nitrate Solutions

PU-SOL-THERM-003

Water-Reflected 13-Inch Diameter Spheres Of Plutonium Nitrate Solutions

PU-SOL-THERM-004

Water-Reflected 14-Inch Diameter Spheres Of Plutonium Nitrate Solutions
0.54% To 3.43% Pu240

PU-SOL-THERM-005

Water-Reflected 14-Inch Diameter Spheres Of Plutonium Nitrate Solutions
4.05% And 4.40% Pu240

PU-SOL-THERM-006

Water-Reflected 15-Inch Diameter Spheres Of Plutonium Nitrate Solutions

PU-SOL-THERM-007

Water-Reflected 11.5-Inch Diameter Spheres Partly Filled with Plutonium
Nitrate Solutions

PU-SOL-THERM-009

Unreflected 48-Inch-Diameter Sphere Of Plutonium Nitrate Solution

PU-SOL-THERM-010

Water-Reflected 9-, 10-, 11-, And 12-Inch-Diameter Cylinders Of Plutonium
Nitrate Solutions

PU-SOL-THERM-011

Bare 16- And 18-Inch-Diameter Spheres Of Plutonium Nitrate Solutions

PU-SOL-THERM-014

Interacting Cylinders of 300-mm Diameter Spheres of Plutonium Nitrate
Solution (115.1gPwL) in Air

PU-SOL-THERM-015

Interacting Cylinders of 300-mm Diameter with Plutonium Nitrate Solution
(152.5gPwL) in Air .

PU-SOL-THERM-016

Interacting Cylinders of 300-mm and 256-mm Diameters with Plutonium Nitrate
Solution (152.5 and 115.1 gPu/L) and Nitric Acid (2n) in Air

PU-SOL-THERM-017

Interacting Cylinders of 256-mm and 300-mm Diameters with Plutonium Nitrate
Solution (115.1 gPw/L) in Air

PU-SOL-THERM-020

Water-Reflected and Water-Cadmium Reflected 14-inch Diameter Spheres of
Plutonium Nitrate Solutions

PU-SOL-THERM-021

Water-Reflected and Bare 15.2-inch Diameter Spheres of Plutonium Nitrate
Solutions

PU-SOL-THERM-024

Slabs of Plutonium Nitrate Solutions Reflected by 1-inch Thick Plexiglas

U233-SOL-THERM-015

Uranyl-Fluoride (““U) Solutions in Spherical Stainless Steel Vessels with
Reflectors of Be, CH2, and Be-CH2 Composites
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5.1 Plutonium Benchmark Results

The cases and results from the 196 plutonium benchmark experiments modeled are listed in Table
5-2. These experiments are solutions of plutonium nitrate. Case labels and experimental k. are
from the IHECSBE documentation [Reference 5]. The Modeled k¢ and AEG were calculated
using the KENO-Va criticality code and the 238 group ENDF-B/5 cross section library in the
SCALE v4.4 code package.

Table 5-2: PU-SOL-THERM Benchmark k. Results

Experiment Combined
Case Label Kee Modeled k.r uncertainty AEG

PU-SOL-THERM-001
CASE 1 1£0.005 1.0078+0.0011 0.00512 212.49+0.008
CASE 2 1+0.005 1.009620.0010 0.005099 209.97+0.010
CASE_3 1£0.005 1.0107+0.0010 0.005099 207.77+0.012
CASE 4 12£0.005 1.004110.0011 0.00512 206.411£0.012
CASE_S 1+0.005 1.006620.0011 0.00512 205.79+0.013
CASE 6 1+0.005 1.0084+0.0010 0.005099 195.7510.020

PU-SOL-THERM-002 :
CASE_1 1£0.0047 1.0069+0.0009 0.004785 . 214.6840.006
CASE 2 1£0.0047 1.0087+0.0010 0.004805 214.4710.006
CASE_3 1£0.0047 1.0069+0.0010 0.004805 213.7910.007
CASE 4 1£0.0047 1.009610.0010 0.004805 - 213.3520.007
CASE_S 1+£0.0047 1.0099+0.0010 0.00480S5 212.9010.007
CASE 6 1£0.0047 1.007420.0011 0.004827 211.9840.008
CASE_7 1£0.0047 1.0107£0.0010 0.004805 211.15+0.009

PU-SOL-THERM-003 '
CASE_1 1£0.0047 1.0074+0.0009 0.004785 216.62+0.005
CASE_2 1£0.0047 1.0070+0.0009 0.004785 216.4410.005
CASE_3 1+£0.0047 1.0103£0.0010 0.004805 216.0740.005
CASE _4 1+£0.0047 1.0083+0.0010 0.004805 215.9410.005
CASE_S 1+£0.0047 1.0097+0.0010 0.004805 215.52+0.006
CASE 6 1+0.0047 1.0094+0.0010 0.004805 214.96+0.006
CASE_7 1+£0.0047 1.0120+0.0011 0.004827 216.49+0.005
CASE_8 1£0.0047 1.0115+0.0010 0.004805 216.33+0.005
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Table §-2: PU-SOL-THERM Benchmark keff Results (continued)

Experiment Combined
- Case Label Kenr Modeled k. uncertainty AEG
' PU-SOL-THERM-004
3 CASE_1 1£0.0047 1.0101£0.0009 0.004785 217.47+0.004
CASE 2 1+0.0047 1.0037£0.001 1 0.004827 217.40£0.004
CASE_3 1+0.0047 1.005240.0011 0.004827 217.2540.004
- CASE 4 1£0.0047 1.0033+0.0009 0.004785 217.03£0.004
CASE_S 130.0047 1.0036+0.0009 0.004785 217.26+0.004
CASE_6 1£0.0047 1.005720.0009 0.004785 217.19£0.004
- CASE_7 1£0.0047 1.0099+0.0009 0.004785 217.04£0.004
CASE_8 1£0.0047 1.00700.0009 0.004785 216.93£0.004
- CASE_9 1£0.0047 1.0049£0.0009 0.004785 216.59£0.005
CASE_10 1£0.0047 1.007120.0010 0.004805 215.88£0.005
CASE_11 1£0.0047 1.00650.0010 0.004805 215.10+0.006
N CASE_12 1£0.0047 1.0071+0.0010 0.004805 217.03+0.004
CASE_13 130.0047 1.0049:0.0010 0.004805 217.0740.004
- PU-SOL-THERM-005
CASE_1 130.0047 1.0075£0.0009 0.004785 217.07£0.004
CASE_2 1£0.0047 1.0069+0.0009 0.004785 216.91+0.005
CASE_3 1£0.0047 1.0082+0.0010 0.004805 216.74+0.005
CASE 4 | 1£0.0047 1.01020.0010 0.004805 216.35£0.005
_ CASE 5 1£0.0047 1.0095+0.0009 0.004785 215.90+0.005
CASE_6 1£0.0047 1.010720.0009 0.004785 215.4640.005
CASE_7 1£0.0047 1.007740.0010 0.004805 215.00+0.006
- CASE_8 1£0.0047 1.004740.0009 0.004785 216.89:£0.005
CASE_9 1£0.0047 1.007620.0009 0.004785 216.68+0.005
_ PU-SOL-THERM-006
CASE_I 1+0.0035 1.006+0.0008 - 0.00359 217.62+0.004
CASE_2 1£0.0035 1.005540.0010 0.00364 217.47+0.004
— CASE_3 130.0035 1.0054+0.0009 0.003614 217.15£0.004
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Table 5-2: PU-SOL-THERM Benchmark keff Results (continued)

Experiment Combined
Case Label Kerr Modeled k. uncertainty AEG
PU-SOL-THERM-007
CASE_I10 1£0.0047 1.0007+0.0030 0.005576 210.39+0.029
CASE 2 1+0.0047 1.0101+0.0029 0.005523 198.83+0.051
CASE 3 1£0.0047 1.0023+0.0028 0.005471 199.48+0.050
CASE_S 1£0.0047 1.01000.0031 0.005630 209.89+0.029
CASE_6 1+0.0047 1.007440.0037 0.005982 209.75+0.030
CASE_7 1£0.0047 1.0040+0.0032 0.005686 209.8240.027
CASE_8 1+0.0047 1.0050+0.0029 0.005523 209.54+0.030
CASE 9 1+0.0047 0.9962+£0.0033 0.005743 209.61+0.030
PU-SOL-THERM-009 .
CASE_I 1£0.0033 1.0192+0.0006 0.003354 219.72+0.002
CASE_2 1+£0.0033 1.021320.0007 0.003373 219.81+0.002
CASE_3 1+£0.0033 1.0215+0.0005 0.003338 219.82+0.002
PU-SOL-THERM-010
CASE_I_11 1+0.0048 1.0138+0.0013 0.004973" 214.1320.007
CASE_1_12 1£0.0048 1.0136+0.0010 0.004903 214.88+0.006
CASE_1 9 1+0.0048 1.0193+0.0009 0.004884 210.08+0.010
CASE_2 11 1+0.0048 1.0152+0.0009 0.004884 214.8940.006
CASE 2 12 120.0048 1.0135+0.0010 0.004903 215.5240.005
CASE 2 9 1+£0.0048 1.0175£0.0010 0.004903 212.3810.008
CASE_3_11 1£0.0048 1.0137+0.001} 0.004924 215.0320.006
CASE 3 12 1+0.0048 1.0209+0.0010 0.004903 216.25+0.005
CASE_3 9 1+0.0048 1.0117£0.0012 0.004948 214.29+0.007
CASE_4 11 1+0.0048 1.0063+0.001 0.004903 215.37+0.005
CASE 4 12 1+0.0048 1.0141£0.0011 0.004924 216.85+0.005
CASE_5_11 1£0.0048 1.006+0.0009 0.004884 215.7410.005
CASE_6_11 1+0.0048 1.017720.0011 0.004924 213.3440.008
CASE_7_11 1£0.0048 1.0059+0.0009 0.004884 214.790.006
A
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Table 5-2: PU-SOL-THERM Benchmark keff Results (continued)

Experiment Combined
- Case Label Keer Modeled kg uncertainty AEG
PU-SOL-THERM-011
CASE_1_1l6 1£0.0052 1.0146+0.0010 0.005295 215.82+0.005
CASE_1_18 1£0.0052 1.0003+0.0009 0.005277 217.691+0.004
CASE_2 16 1£0.0052 1.0204+£0.0011 0.005315 215.63+0.005
— CASE_2 18 1+0.0052 1.0061+0.001 0.005295 217.52+0.004
CASE 3 16 1+£0.0052 1.0221+0.0011 0.005315 215.28+0.005
CASE 3 18 1£0.0052 1.0034+£0.0010 0.005295 217.53+0.004
CASE 4 16 1+0.0052 1.0135+0.0012 0.005337 215.19+0.005
CASE_4_18 120.0052 0.9975+0.0011 0.005315 217.3110.004
— CASE 5 16 1£0.0052 1.011240.0010 0.005295 214.17+0.006
CASE_5_18 11£0.0052 1.009520.0011 0.005315 217.0810.004
CASE 6_18 1£0.0052 1.0063+0.0011 0.005315 216.48+0.005
- CASE_7_18 1£0.0052 1.0068£0.0010 0.005295 217.350.004
PU-SOL-THERM-014

—_ CASE_1 1£0.0032 1.0068+0.0011 0.003334 205.4520.012
CASE_10 1£0.0032 1.0054+0.0010 0.003353 205.49+0.012
CASE_11 1£0.0032 1.0056+0.0012 0.003418 205.5240.012
- CASE_12 1£0.0032 1.0047+0.0011 0.003384 205.52+0.011
CASE_13 1£0.0043 ) 1.0059+0.0010 0.004415 205.4110.012
_ CASE_14 1£0.0043 1.0046£0.0012 0.004464 205.4410.012
CASE_Is 1+0.0043 1.00374£0.0011 0.004438 205.48+0.012
CASE_16 1£0.0043 1.0066+0.0011 0.004438 205.53+0.011
- CASE _17 1£0.0043 1.0048+0.0012 0.004464 205.52+0.012
CASE_18 - 1£0.0043 1.0084+0.0012 0.004464 205.4140.011
CASE_19 1£0.0043 1.0049:0.0010 0.004415 2054710012
- CASE_20 1£0.0043 1.005410.0011 0.004438 205.50:0.011
CASE_21 1£0.0043 1.007410.0011 0.004438 205.5240.011
— CASE_22 1£0.0043 1.0048+0.0010 0.004415 205.51+0.011
CASE_23 1£0.0043 1.0042+0.0011 0.004438 205.49+0.012
CASE_24 1£0.0043 1.0093+0.0010 0.004415 205.3920.011
- CASE_25 1£0.0043 1.003720.0012 0.004464 205.434£0.012
CASE_26 1£0.0043 1.0045+0.0010 0.004415 205.50+0.011
~ CASE_27 1£0.0043 1.0032+0.0009 0.004393 205.50+0.012
CASE_28 1£0.0043 1.0049+0.0012 0.004464 205.5120.011
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Table 5-2: PU-SOL-THERM Benchmark keff Results (continued) '

Experiment Combined

- Case Label Keer Modeled Ky uncertainty AEG
CASE_29 120.0043 1.0042+0.0011 0.004438 205.52:0.011
_ CASE_3 1£0.0032 1.0052+0.0010 0.003353 205.49+0.011
CASE_30 1£0.0043 1.0081+0.0010 0.004415 205.45+0.012
. CASE_31 110.0043 1.0033£0.0011 0.004438 205.4210.012
- CASE_33 1+0.0043 1.0053+0.0010 0.004415 205.4620.011
CASE_34 1£0.0043 1.003740.0011 0.004438 205.49+0.011
_ CASE_4 120.0032 1.00474£0.0011 0.003384 205.47+0.012
CASE_S 1£0.0032 1.0060+0.0011 0.003384 205.51£0.012
CASE_6 1£0.0032 1.0062+0.0011 0.003334 205.5420.012
— CASE_7 1+0.0043 1.0069+0.0010 0.004415 205.44+0.012
CASE_8 1£0.0032 1.0043+£0.0012 0.003418 205.46+0.012
CASE_9 1£0.0032 1.0055+0.0012 0.003418 205.48+0.012

B PU-SOL-THERM-015 '

CASE_1 1+0.0038 1.0068+0.0010 0.003929 201.2510.014
- CASE_10 1£0.0047 * 1.0037+£0.0011 0.004827 201.32+0.014
CASE_11 1£0.0047 1.0052+0.0011 0.004827 201.2140.014
CASE_12 1£0.0047 1.00350.0011 0.004827 201.2540.014
h CASE_13 1£0.0047 1.0064+0.0010 0.004805 201.304£0.014
CASE_14 1£0.0047 1.0063+0.0011 0.004827 . 201.3310.014
— CASE_15 1£0.0047 1.0090+0.0010 0.004805 201.20+0.013
CASE_16 1£0.0047 1.0064+0.0011 0.004827 201.231£0.014
CASE_17 1£0.0047 1.0066+0.0011 0.004827 201.2720.014
- CASE_2 1£0.0038 1.0072+0.0010 0.003929 201.27+0.014
CASE_3 1£0.0038 1.0076+0.0010 0.003929 201.28+0.014
_ CASE_4 1£0.0038 1.0060x0.0011 0.003956 201.3120.014
CASE_S 1£0.0038 1.0082+0.0010 0.003929 201.3240.014
CASE_6 1£0.0038 1.0077+£0.0012 0.003985 201.32+0.014
- CASE_7 1£0.0047 1.00631£0.0010 0.004805 201.21+0.014
CASE_8 1£0.0047 1.006920.0011 0.004827 201.25+0.014
_ CASE 9 1£0.0047 1.0053+£0.0011 0.004827 201.29+0.014
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Table 5-2: PU-SOL-THERM Benchmark keff Results (continued)

Experiment Combined
Case Label K Modeled k.o uncertainty AEG
PU-SOL-THERM-016
CASE _| 1£0.0043 1.0042£0.0011 0.004438 201.24+0.014
CASE_10 1+£0.0033 1.0055+0.0011 0.003479 " 205.54£0.012
CASE_11 1£0.0033 1.0063+0.0011 0.003479 205.53+0.012
CASE_2 1£0.0043 1.0062+0.0010 0.004415 201.26+0.014
CASE_3 1£0.0043 1.005540.0011 0.004438 201.28+0.014
CASE 4 1£0.0043 1.0071+0.0011 0.004438 201.30+0.014
CASE 5 120.0038 1.0065+0.0011 0.003956 205.46£0.012
CASE 6 1£0.0038 1.005540.0012 0.003985 205.47+0.012
CASE_7 1+0.0038 1.0068+0.0013 0.004016 205.50+0.012
CASE_8 1£0.0038 1.0070:0.0011 0.003956 205.51£0.011
CASE 9 1£0.0033 1.0044£0.0011 0.003479 205.62+0.011
PU-SOL-THERM-017
CASE_1 1+0.0038 1.0082+0.0013 0.004016 205.534£0.011
CASE_l10 1£0.0038 1.0055+0.0011 0.003956 205.48+0.012
CASE_11 1£0.0038 1.0040+0.0011 0.003956 " 205.51£0.012
CASE_12 1+0.0038 1.0071+0.0012 0.003985 205.52+0.011
CASE_13 1£0.0038 1.0074+0.0012 0.003985 205.51£0.012
CASE_14 120.0038 1.0043+0.0010 © 0.003929 205.49+0.011
CASE 15 1+0.0038 1.0060+0.0010 0.003929 205.530.012
CASE_I6 1+0.0038 1.0082+0.0011 0.003956 205.52+0.011
CASE_17 14£0.0038 1.0049+0.0011 0.003956 205.51£0.011
CASE_I8 1£0.0038 1.0062+0.0013 0.004016 205.52+0.012
CASE 2 1£0.0038 1.0047+0.0011 0.003956 205.52+0.011
CASE_3 1£0.0038 1.0057+0.0011 0.003956 205.50+0.011
CASE 4 1+0.0038 1.003410.0011 0.003956 205.47£0.011
CASE_5 1£0.0038 1.0070+0.0011 0.003956 205.50+0.012
CASE_6 1£0.0038 1.005120.0010 0.003929 205.49£0.012
CASE_7 1£0.0038 1.0041+0.0012 0.003985 205.48£0.011
CASE_8 1+£0.0038 1.0045+0.0012 0.003985 205.4940.012
CASE_ 9 1£0.0038 1.005310.0011 0.003956 205.50+0.012
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Table 5-2: PU-SOL-THERM Benchmark keff Results (continued)

Experiment Combined
Case Label Kerr Modeled k. uncertainty AEG

PU-SOL-THERM-020
CASE_1 1£0.0059 1.0075+£0.0030 0.006619 215.45:0.016
CASE 2 1+0.0059 1.0106+0.0028 0.006531 215.62+0.016
CASE_3 1£0.0059 1.0065+0.0026 0.006447 216.50+0.014
CASE_5 1+0.0059 1.0102+0.0026 0.006447 214.00£0.018
CASE_6 1£0.0059 1.0144+0.0028 0.006531 213.62+£0.019
CASE_? 1£0.0059 1.0007+£0.0029 0.006574 216.28£0.015
CASE_8 120.0059 1.017240.0033 0.006760 210.67+0.024
CASE 9 1£0.0059 0.9976+0.0031 0.006665 214.01+0.019

PU-SOL-THERM-021
CASE_10 1£0.0025 1.0090+0.0027 0.003680 218.03+0.011
CASE_7 1£0.0032 1.0155£0.0026 0.004123 215.41+0.016
CASE_8 1£0.0065 0.9988+0.0031 0.007201 197.65+£0.050
CASE_9 1£0.0032 1.0137x+0.0027 0.004187 215.10+£0.016

PU-SOL-THERM-024
CASE_1 110.0062 0.9978+0.0021 0.006546 191.66+0.038
CASE_10 1£0.0053 1.00591+0.0019 0.005630 201.29+0.028
CASE_11 1£0.0053 1.0060+0.0020 0.005665 201.41+0.028
CASE_12 1+0.0053 1.0046+0.0020 0.005665 201.45+0.029
CASE_13 1£0.0053 1.0078+0.0020 0.005665 201.43+0.029
CASE_14 1£0.0053 1.0054+0.0019 0.005630 197.7320.034
CASE_15 1£0.0053 1.0037+0.0017 0.005566 197.75+£0.033
CASE_1I6 1£0.0053 1.0005+0.0020 0.005665 197.794£0.033
CASE_17 1£0.0053 1.0000£0.0018 0.005597 197.98:0.031
CASE 138 1£0.0051 1.0103+0.0022 0.005554 212.04£0.014
CASE_19 1+0.0051 1.0095+0.0022 0.005554 212.0820.015
CASE_2 11£0.0062 1.0018+0.0018 0.006456 191.8420.040
CASE_20 1£0.0051 1.0108+0.0019 0.005442 212.0810.014
CASE_21 1£0.0051 1.0087+0.0017 0.005376 2121120013
CASE_22 110.0051 1.0068+0.0017 0.005376 212.14£0.013
CASE 23 120.0051 1.0085+0.0019 0.005442 212.17+0.014
CASE 3 14£0.0062 1.0006+0.0018 0.006456 191.9120.039
CASE_4 1+0.0062 1.0032+0.0019 0.006485 192.0520.041
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The beryllium benchmarks were developed based on the information presented in Reference 5 for
U233-SOL-THERM-015 and are listed in Table 5-3. The U-233 benchmark cases were run for

Table 5-2: PU-SOL-THERM Benchmark keff Results (continued)

Experiment Combined
Case Label Kerr Modeled kg uncertainty AEG
CASE_5 1+£0.0062 0.9997+0.0017 0.006429 192.04+0.042
CASE_6 1£0.0077 0.9967+0.0017 0.007885 173.49£0.059
CASE_7 1£0.0053 1.0084+0.0018 0.005597 201.15£0.027
CASE_8 1£0.0053 1.0081+0.0023 0.005778 201.16+0.028
CASE_9 1£0.0053 1.0097+0.0018 0.005597 201.27+0.027
Beryllium Benchmarks

250 generations with 4000 particles per generation and the first 50 generations skipped.

These experiments have a spherical chamber filled with fuel solution surrounded by beryllium
and/or polyethylene. Impurities in the steel and alteration to the vessel capacity (listed as sources
of uncertainty) were not included. Other sources of uncertainties were not included either because

of the small size or their random naturc.

The following Tables in Reference 5 give specific model parameters that are not repeated hAcr.c:

Table 19. Benchmark Model Outer Radii
Table 20. Atom Densities for 2>U Solution

Table 21. Atom Densities for Type 347 Stainless Steel

5.3 Benchmark Results

The results of the benchmark analyses show that the beryllium benchmarks have a negative bias
while the plutonium-nitrate benchmarks typically have a slight positive bias. The calculated USL-
1=0.9377 is used and is valid over the range of groups 198-238. The calculated AEG values for

the pipe overpack cases are within this range.

USL-1 values for AEG<198 decrease and are not needed or used in this analysis. There are
additional benchmark experiments that would need to be incorporated into the analysis in order to

obtain a USL-1 for AEG<198.

A
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Table 5-3: U233-SOL-THERM-015 Benchmark k. Results

Solution | Sphere | Reflector Experiment Combined
Case Label No. No. Type Ketr. Modeled k4. uncertainty AEG
CASE_1 4 1 Be 1+0.0075 0.9897+0.0012 0.0076 175.00 = 0.033
CASE 2 4 2 Be 1+0.007 0.9843+0.0012 0.0071 173.42 £ 0.034
CASE_3 4 3 Be 120.0068 0.9832+0.0015 0.0070 172.71 £ 0.032
CASE_4 4 3 Be+CH, 1+£0.0041 0.98830.0012 0.0043 181.10 £ 0.033
CASE_S 4 4 Be 1£0.0055 0.984810.0012 0.0056 172,10 = 0.029
CASE_6 4 5 Be 120.0099 0.9763+0.0013 0.0100 171.60 £ 0.031
CASE_7 4 5 CH, 1£0.0070 0.9818+0.0014 0.0071 179.91 + 0.034
CASE_8 4 6 Be 1£0.0067 0.9720+0.0015 0.0069 171.28 + 0.032
CASE_9 4 7 Be 1£0.0050 0.9664+0.0012 0.0051 170.97 + 0.031
CASE_10 4 7 CH, 1+0.0051 0.9836x0.0013 0.0053 174.98 £ 0.032
CASE_11 5 1 Be 1+0.0075 0.9898+0.0012 0.0076 181.42 £ 0.028
CASE_12 5 2 Be 1+0.0069 0.9904+0.0013 0.0070 180.08 + 0.028
CASE_13 5 3 Be 1£0.0069 0.9887+0.0013 0.0070 179.41 £ 0.027
CASE_14 5 3 Be+CH; 1£0.0036 0.9951£0.0015 0.0039 187.09 + 0.029
CASE_15 5 4 Be 1£0.0060 0.9885+0.0012 0.0061 178.84 + 0.029
CASE_16 5 5 Be 1+£0.0043 0.9863+0.0012 0.0045 178.50 = 0.028
CASE_17 5 5 CH: 120.0029 0.9920+0.0013 0.0032 186.13 £ 0.030
CASE_18 5 6 Be 1£0.0056 0.9682+0.0014 0.0058 178.07 £ 0.029
CASE_19 5 7 Be 1£0.0052 0.9735+0.0014 0.0054 177.91 2 0.028
CASE_20 6 1 Be 1£0.0079 0.9914+0.0012 0.0080 193.33 £ 0.022
CASE_21 6 2 Be 1£0.0070 0.9954+0.0014 0.0071 192.15 £ 0.023
CASE_22 6 3 Be 110.0062 0.9950+0.0012 0.0063 191.57 + 0.022
CASE_23 6 4 Be 1+0.0055 0.9920+0.0014 0.0057 191.06 % 0.020
CASE_24 6 5 Be 1200051 0.98891+0.0013 0.00s3 190.82 £ 0.022
CASE_25 6 5 CH, 1£0.0023 0.9932+0.0013 0.0026 196.96 + 0.022
CASE_26 7 3 Be 1£0.0066 0.9898+0.0011 0.0067 204.03 £ 0.015
CASE_27 7 4 Be 1£0.0063 0.9950£0.0010 0.0064 203.61 £ 0.014
CASE_28 7 5 Be 1£0.0058 0.9931+0.0012 0.0059 203.39 £ 0.015
CASE_29 7 6 Be 1£0.0051 0.9927+0.0014 0.0053 203.19+0.014
CASE_30 7 7 Be 1+0.0048 0.9914£0.0011 0.0049 203.05+0.014
CASE_31 7 8 Be 1£0.0055 0.9898+0.0012 0.0056 202.99 2 0.015
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6.0 HalfPACT Applicability

The reactivity of pipe overpacks in a HalfPACT package [Reference 8] will be bounded by the
TRUPACT-II results. The radial spacing for the two packages is identical. Although the
HalfPACT ICV is much shorter, the vertical spacing between the ICVs (e.g., the annular
polyurethane insulation) is the same. Thus the single layer of seven pipe overpack drums (with a
total 1400 FGE limit for Case E and 980 FGE for Case F) in the HalfPACT package will have a
lower reactivity than the TRUPACT-II package with twice the fissile material.

7.0 Summary .

This analysis shows that the reactivity of 6-inch and 12-inch pipe overpacks in TRUPACT-II or
HalfPACT shipping casks is less than 0.933 and less than the USL (of 0.9377). A fissile material
limit of 200 FGE is placed on each pipe component for Case E conditions (less than 1% by weight
special reflector material or the fissile material is distributed and bound to the special material).
For case F conditions (with unrestricted special reflector material in a 6-inch or 12-inch pipe
overpack) the fissile mass limit is 140 FGE. Based on a 2-dimensional infinite array of
undamaged or damaged TRUPACT-II packages, the criticality transport index is 0.0.

8.0 Numerical Results

Table 8-1 through Table 8-16 list the numerical results from KENO for the Case E. Table 8-17
through Table 8-20 list the results for Case F. File names with “HAC” use the reduced drum
dimensions and have the pipe component shifted to the side and bottom. Correspondingly files

with NCT use the nominal drum dimensions and centered in the package. Cases with and “ar” in
the name are for “array” configurations and “su” identifies the single unit results. .

A sample input deck for the limiting case is included in Appendix A: Sample Computer Run.
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Table 8-1: KENO k.« Results from the 6-inch “Dry” Models — Case E

ke Case Name
H/Pu ratio | 6inHACarD 6inHACsuD 6inNCTarD 6inNCTsuD
i 400 0.7660+0.0013 0.6549+0.0012 0.7057+0.0013 0.6292+0.0013
500 0.8073+0.0012 0.6935+0.0012 0.7486+0.0012 0.6687+0.0012
- 600 0.8304+0.0012 0.7099+0.0011 0.7701+0.0012 0.6845+0.0012
700 0.8404+0.0013 0.7151+0.0012 0.7823+0.0013 0.6920+0.0012
800 0.8461+0.0012 0.7177+0.0013 0.78754+0.0012 0.6954+0.0011
- ~ 1900 0.8448+0.0012 0.7142+0.0013 0.7863+0.0011 0.6932+0.0012
1000 0.8409+0.0010 0.7075£0.0010 0.7819+0.0011 0.6852+0.0011
~ 1100 0.8313+0.0010 0.7017+0.0011 0.7766+0.0011 0.6797+0.0011
1200 0.8282+0.0011 0.6908+0.0012 0.768340.0010 0.6712+0.0010
1300 0.8178+0.0010 0.6806+0.0011 0.7619+0.0011 0.6599+0.0010
1400 0.8080+0.0008 0.6708+0.0012 0.7521+0.0011 0.6496+0.0010
1500 0.7989+-0.0009 0.6590+0.0010 0.7455+£0.0009 0.6373+0.0010
1600 0.7879+0.0008 0.6470£0.0010 0.7337+0.0010 0.6281+0.0010
1700 0.7767+£0.0009 0.6355+0.0009 0.7237+0.0010 0.6181+0.0011
Table 8-2: KENO K.t Results from the 6-inch “Wet” Models — Case E
Kerr Case Name )
H/Pu ratio | 6inHACarW 6inHACsuW 6inNCTarWw 6inNCTsuW
400 0.7656+0.0011 0.7643+0.0016 0.7524+0.0014 0.7516+0.0011
500 0.7837+0.0012 0.7833+0.0012 0.7776+0.0012 0.7761+0.0012
- 600 0.7903+0.0012 0.7912+0.0014 0.7840+0.0013 0.7849+0.0012
700 0.7896+0.0011 0.7871x0.0012 0.7857+0.0012 0.7847+0.0012
800 0.7823+0.0013 0.7831x0.0011 0.7790+0.0011 0.7812+0.0012
B 900 0.7737+0.0013 0.7729+0.0013 0.7696+0.001 0.769310.0011
1000 0.7617+0.0013 0.7600+0.0011 0.7586+0.0012 0.7589+0.0012
— 1100 0.7467+0.0010 0.7468+0.0011 0.7445+0.0012 0.7468+0.0012
1200 0.7313+0.0011 0.7332+0.0011 0.7307+0.0012 0.7307+£0.0010
1300 0.7193+0.0011 0.7203+0.0011 0.7184+0.001 0.717520.0010
o 1400 0.7058+0.0009 0.7050+0.0009 0.7008+0.0009 0.7040+0.0010
1500 0.692410.0011 0.6908+0.0010 0.6893+0.0010 0.6893+0.0009
1600 0.6777£0.0010 0.6762+0.0011 0.6771+0.0010 0.6751+0.0010
1700 0.6626+0.0010 0.6617+0.0010 0.6636+0.0011 0.6623+0.0009
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Table 8-3: KENO k.t Results from the 6-inch Polyethylene Dunnage Models — Case E

kg Case Name

H/Pu ratio | 6inHACarP 6inHACsuP 6inNCTarP 6inNCTsuP

400 0.7598+0.0012 0.7605+0.0013 0.7484+0.0012 0.74714+0.0012

500 0.7782+0.0014 0.7786+0.0014 0.7693+0.0011 0.7702+0.0013

600 0.7851+0.0013 0.7850+0.0013 0.7790+0.0013 0.7805%0.0012

700 0.7838+0.0011 0.7829+0.0013 0.7794+0.0010 0.7797+0.0011

800 0.7764+0.0012 0.7774+0.0013 0.7741+0.0013 0.7736+0.0012

900 0.7677+0.0010 0.7671£0.0013 0.7645+0.0010 0.7653+0.0011

1000 0.7544+0.0012 0.7556+0.0010 0.7534+0.0012 0.75424+0.0012

1100 0.7401+0.0012 0.7435+0.0010 0.7403+0.0010 0.7396+0.0012

1200 0.7297+0.0011 0.7282+0.0009 0.726440.0010 0.7266+0.0011

1300 0.7156+0.0011 0.714620.0012 0.712340.0011 0.7143+0.0012

1400 0.7009+0.0010 0.7009+0.0011 0.701240.0011 0.6987+0.0011

1500 0.6871+0.0011 0.6875+0.0011 0.6847+0.0011 0.6874:0.0010

1600 0.6731+0.0010 0.6725+0.0009 0.670340.0010 0.6720+0.0009

1700 0.6600+0.0010 0.6603+0.0010 0.6575+0.0010 0.6595+0.0009

Table 8-4: KENO k.x Results from the 12-inch “Dry” Models — Case E

ke Case Name
H/Pu 12inHACarB 12inHACarD | 12inHACsuD 12inNCTarD 12inNCTsuD
ratio
400 0.76£0.0012 | 0.7511+0.0012 | 0.6367£0.0012 | 0.6944+0.0011 | 0.6130+0.0012
500 0.8093+0.0012 | 0.8046+0.0011 | 0.6856+0.0012 | 0.7438+0.0013 | 0.6635+0.0013
600 0.8448+0.0012 | 0.840520.0011 | 0.7229+0.0012 | 0.7827+0.0012 0.7035+0.0013
700 0.8708+0.0013 | 0.8654+0.0011 | 0.7515+0.0011 } 0.8076+0.0013 | 0.7279+0.0013
800 0.8866+0.0013 | 0.8826+0.0010 | 0.7723+0.0013 | 0.8288+0.0013 | 0.7461+0.0012
900 0.9042+0.0011 | 0.8935+0.0011 | 0.7832+£0.0012 | 0.8409+0.0013 | 0.7618+0.0013
1000 0.90911+0.0011 | 0.9024+0.0011 | 0.7948+0.0011 | 0.8471£0.0012 | 0.7734+0.0012
1100 0.9083+0.0011 | 0.9057+0.0009 | 0.8035+0.0010 | 0.8553+0.0012 | 0.7786+0.0012
1200 0.908+0.001 0.9073+0.0010 | 0.8067+0.0012 ) 0.8589+0.0013 | 0.7835+0.0010
1300 0.9033+0.001 | 0.9045+0.0011 | 0.8038+0.0011 | 0.8606+0.0011 | 0.7881+0.0012
1400 0.9009+0.0011 | 0.9006+0.0011 | 0.8081+0.0011 | 0.8585+0.0012 { 0.7853+0.0011
1500 0.8961+0.001 | 0.8995+0.0009 | 0.8087+0.0011 | 0.8559+0.0011 | 0.7889+0.0012
1600 0.8893+0.0009 | 0.8970+0.0010 | 0.8071+0.0010 | 0.8528%0.0010 | 0.7864+0.0011
1700 0.76+0.0012 | 0.8886+0.0009 | 0.8012+0.0014 | 0.8496+0.0009 | 0.7829+0.0010
A
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Table 8-5: KENO k. Results from the 12-inch “Wet” Models — Case E

Ketr Case Name

H/Pu ratio | 12inHACarWw 12inHACsuW 12inNCTarWw 12inNCTsuW
400 0.8003+0.0012 0.7982+0.0012 0.8001+0.0013 0.7981£0.0011
500 0.8304+0.0013 0.8259+0.0014 0.8246+0.0012 0.8276£0.0013
600 0.8485+0.0012 0.8518+0.0013 0.8438+0.0012 0.8459+0.0014
700 0.8618+0.0013 0.8612+0.0014 0.8620+0.0013 0.8584+0.0012
800 0.8673£0.0012 0.8711£0.0012 0.8661x0.0012 0.8668+0.0011
900 0.8760+0.0011 0.8762%0.0011 0.8720+0.0013 0.8701+0.0011
1000 0.8762+0.0012 0.8735+£0.0013 0.8698+0.0012 0.8710+0.0012
1100 0.8743+0.0011 0.8758+0.0012 0.8687+0.0012 0.8730x0.0011
1200 0.8706+0.0012 0.871120.0013 0.8705+0.0010 0.869410.0011
1300 0.8673+0.0011 0.8656+0.0011 0.8658+0.0012 0.8659+0.0012
1400 0.86460.0011 0.8626+0.0012 0.8596+0.0012 0.8599+0.0011
1500 0.8572+0.0011 0.8591+0.0009 0.8546+0.0012 0.8543+0.0013
1600 0.8478+0.0010 0.8476+0,0011 0.8480+0.0010 0.8462+0.0013
1700 0.8438+0.0010 0.8438+0.0010 0.8417+0.0010 0.8405+0.0011

Table 8-6: KENO k.qr Results from the 12-inch “Wet™ array Model - Case E

Moderator Volume Fraction (cases 12inHACarV and 12inHACarAir) -

|

Ker

H/Pu

ratio 0.9 0.7 0.5 0.3 0.1 0.001
800 | 0.8652+0.0012 | 0.8521x0.0014 | 0.8338+0.0012 | 0.818+0.0012 | 0.8092+0.0012 | 0.8789+0.0013
900 | 0.8673+0.0013 | 0.8549+0.0012 | 0.8401+0.0012 | 0.826+0.0013 | 0.8180+0.0013 | 0.8898+0.0011
1000 | 0.8691+0.0013 | 0.8619+0.0010 | 0.8464%0.0012 | 0.8326+0.0011 | 0.8254+0.0012 | 0.8965+0.0010
1100 | 0.8695+0,0010 | 0.8577+0.0011 | 0.8440+0.0012 | 0.8338+0.0012 | 0.8306+0.0013 | 0.9005+0.0011
1200 } 0.8682+0.0011 | 0.8567+0.0011 | 0.8452+0.0011 | 0.8345+0.0011 | 0.8320+0.001 | 0.9028+0.0010
1300 | 0.8644+0.0010 | 0.853440.0011 ] 0.8443+0.0011 | 0.8359+0.0010 | 0.8340+0.0013 | 0.902320.0009
1400 | 0.8588+0.0010 | 0.8517+0.0010 | 0.8416+0.0010 | 0.8315+0.0010 | 0.8326+0.0012 | 0.8983+0.0009
A
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Table 8-7: KENO k. Results from the 12-inch Overpacks in an HAC Array Variable
Graphite in the Source Region — Case E (void in the remaining pipe volume)

CBare Mass Graphite in Source Region
H/Pu
ratio 0gm 10 gm 100 gm 1000 gm | 10000 gm | 50000 gm | 80000 gm
0.867 0.8675 0.864 0.8516 0.7692 0.6461 0.599
700 | +£0.0011 £0.0012 £0.0013 +0.0011 £0.001 +0.001 +0.0008
0.8956 0.8962 0.8944 0.8848 0.8175 0.6855 0.6305
900 | £0.0012 +0.0012 20.0014 +0.0011 +0.0011 +0.001 +0.0011
0.9043 0.9064 0.9046 0.897 0.8426 0.7086 0.6486
1100 | £0.0011 +0.0013 £0.001 +0.0012 +0.0011 +0.0009 +0.0008
0.9052 0.9073 0.9038 0.8999 0.853 0.7229 0.6579
1300 | +0.001 +0.0012 £0.001 30.001 +0.0011 +0.001 +0.0008
0.8989 0.899 0.8977 0.8932 0.855 0.7292 0.6657
1500 | +0.001 +0.001 +0.001 £0.001 £0.001 +0.0008 +0.0009
0.8893 0.8892 0.8902 0.8845 0.8486 0.7285 0.6665
1700 | £0.0011 +0.001 +0.0009 +0.001 +0.0009 £0.0008 +0.0008
0.8765 0.8746 0.8764 0.8723 0.8149 0.7284 0.665
1900 | +£0.0009 +0.001 £0.0009 +0.0009 +0.0009 +0.0011 +0.0008

Table 8-8: KENO Kk.¢r Results from the 12-inch Overpacks in an HAC Array Variable
Graphite in the Source Region — Case E- additienal details

A

CBarel Mass Graphite in Source Region
H/Pu
ratio 5gm 20 gm 30 gm 50 gm 70 gm
0.8953 0.8942 0.8941 0.8959 0.8921
900 | £0.0012 | #£0.0012 +0.0011 £0.0012 +0.001
0.9016 0.9006 0.9019 0.9019 0.9008
1000 | +0.0012 | +£0.0012 +0.0011 £0.0012 £0.0011
0.9062 0.9047 0.9057 0.9042 0.9046
1100 | 0.0011 +0.0011 +0.001 £0.0013 +0.001
0.906 0.9056 0.9043 0.9076 0.905
1200 | +0.001 +0.001 +0.0011 +0.0011 +0.0011
0.9053 0.905 0.9056 0.9038 0.9041
1300 { +0.0009 | +0.0009 +0.0009 £0.0011 +0.0009
0.9049 0.9022 0.9041 09018 0.902
1400 | £0.0011 +0.0011 £0.0011 £0.001 +0.0012
0.9009 0.9005 0.8974 0.8984 0.898
1500 | +0.0011 £0.0011 +0.001 +0.001 +0.0011
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Table 8-9: KENO k. Results from the 12-inch Overpacks in an HAC Array Variable
Graphite in the Source Region - Case E (Polyethylene in remaining pipe volume)

CPoly Mass Graphite in Source Region
H/Pu
ratio 0gm 10 gm 100 gm 1000 gm | 10000 gm | 50000 gm | 80000 gm
0.8883 0.8893 0.8883 0.8719 0.7902 0.5846 0.5557
700 | £0.0013 +0.0012 +0.0013 +0.0012 +0.0012 +0.0011 +0.0009
0.8993 0.9001 0.9003 0.89 0.818 0.6282 0.5904
900 | £0.0011 +0.0012 £0.0012 +0.0011 +0.0013 +0.0009 +0.0009
0.5002 0.9017 0.8992 0.8927 0.833 0.654 0.6142
1100 ] £0.0011] £0.0012 10.0014 +0.0012 +0.0012 +0.001 +0.0009
0.8943 0.8952 0.8946 0.8877 0.835 0.672 0.6317
1300 | £0.001 +0.001 £0.0011 +0.0012 +0.0011 +0.0009 +0.0008
0.8829 0.8841 0.8833 0.8789 0.8309 0.6836 0.6429
1500 | +£0.0013 +0.0011 +0.001 +0.0012 +0.0011 +0.0009 +0.0008
0.8688 0.8706 0.869 0.8667 0.8219 0.6902 0.6503
1700 | £0.001 +0.0011 +0.0009 +0.0009 +0.001 +0.0011 +0.0008
0.8565 0.8546 | 0.8547 0.8495 0.7756 0.6894 0.6537
1900 | +£0.0009 +0.001 +0.001 +0.001 +0.0009 +0.0008 +0.0007

Table 8-10: KENO k. Results from the 12-inch Overpacks in an HAC Array Variable
Graphite in the Source Region - Case E (Water in remaining pipe volume)

CH20 Mass Gra _hite in Source Region
H/Pu .
ratio 0gm 10 gm 100 pm 1000 gm | 10000 gm | 50000 gm | 80000 gm
0.8813 0.8808 0.8802 0.8659 0.7795 0.586 0.5587
700 | £0.0012 +0.0012 £0.0011 +0.0013 £0.0012 +0.0012 +0.0009
0.8961 0.8965 0.8943 0.8829 0.8112 0.6284 0.5927
900 | £0.0011 +0.001 +0.0013 +0.001 +0.0011 +0.0009 +0.0008
0.8961 0.8565 0.8957 0.8878 0.8259 0.6566 0.6145
1100 | £0.0011 +0.001 +0.0011 +0.0014 +0.0011 £0.001 £0.0008
0.889 0.8885 0.8869 0.8828 0.8324 0.6747 0.6342
1300 | £0.0011 +0.0011 +0.0011 £0.001 +0.001 +0.001 £0.0008
0.8798 0.8799 0.8803 0.8756 0.8272 0.6856 0.6457
1500 | £0.001 +0.0008 +0.001 +0.0009 +0.0009 +0.001 +0.0008
0.8661 0.8672 0.865 0.8634 0.8197 0.691 0.6533
1700 | £0.0009 +0.001 +0.0011 +0.0009 £0.0009 £0.0009 +0.0008
0.8505 0.8514 0.8512 0.8479 0.7765 0.6929 0.656
1900 | £0.0009 +0.0009 +0.001 +0.0011 +0.0009 £0.0009 +0.0008
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Table 8-11: KENO k. Results from the 12-inch Overpacks in an HAC Array Variable
Beryllium in the Source Region — Case E (void in remaining pipe volume)

BeBare Mass Beryllium in Source Region
gﬁ: Ogm 10 gm 100 gm 1000 gm | 10000 gm | 50000 gm | 70000 gm
0.867 0.8657 0.867 0.8665 0.8528 0.7858 0.7463
700 { +0.0011 +0.0011 £0.0012 | 0.0013 | +0.0011 +0.0011 +0.001
0.8956 0.8954 0.8954 0.8942 0.8807 0.799 0.7556
900 | #0.0012 | +0.0011 £0.0011 +0.0011 £0.0012 | #0.0011 | 0.0009
0.9043 0.9052 0.9067 0.9041 0.895 0.8031 0.7579
1100 | +0.0011 +0.0011 £0.0011 +0.0012 | £0.0011 +0.001 +0.0009
0.9052 0.9052 0.906 0.9071 0.8963 0.8036 0.7568
1300 | +0.001 +0.0011 +0.001 +0.0011 +0,001 +0.0009 +0.001
0.8989 0.8997 0.8997 - 0.8998 0.891 0.7971 0.7506
1500 | +0.001 +0.0008 | 20.0011 +0.001 30.001 £0.0009 | +0.0009
0.8893 0.8907 0.8886 0.8893 0.852 0.7902 0.7449
1700 | +0.0011 +0.0009 +).001 £0.001 +0.0011 £0.0007 | +0.0008
0.8765 0.8769 0.8751 0.8766 0.8477 0.7811 0.7367
1900 | +0.0009 | #0.0009 +0.001 +0.0009 | +0.0009 { +0.0008 | =0.0009

Table 8-12: KENO k.t Results from the 12-inch Overpacks in an HAC Array Variable
Beryllium in the Source Region- additional details — Case E (void in remaining pipe volume)

A

PACTEC

BeBarel | Mass Beryllium in Source Region
gﬁ’: 400gm | 800gm | 1500gm | 2000gm | 4000 gm
0.8938 0.895 _ 0.894 0.8904
900§ +0.0011 +0.0012 30.0011 £0,001
0.9009 0.9008 0.9025 0.8995 0.8987
1000 | +0.0012 +0.0011 £0.0012 £0.0011 +0.0011
0.9059 0.9058 0.906 0.9051 -0.9042
1100 | +0.0011 +0.0011 20.001 +0.0012 +0.0012
0.9091 0.908 0.9072 0.9072 0.9026
1200 | 0.001 +0.001 £0.001 40.0011 +0.001
0.9084 0.905 0.9077 0.9054 0.9025
1300 | +0.0012 +0.001 £0.0011 30.001 £0.0011
0.9036 0.9032 0.9031 0.9034 0.9015
1400 | +0.001 +0.001 +0.001 £0.0011 +0.001
0.8985 0.8985 0.9001 0.8973 0.8987
1500 | +0.001 +0.0012 +0.0011 £0.001 £0.001
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Table 8-13: KENO k. Results from the 12-inch Overpacks in an HAC Array Variable
Beryllium in the Source Region — Case E (Polyethylene in remaining pipe volume)

BePoly Mass Beryllium in Source Region
i 0gm 10gm | 100gm | 1000gm | 10000 gm | 50000 gm | 70000 gm
0.8883 0.8884 0.8882 0.8873 0.8652 0.7366 0.7172
700 | +0.0013 30,0012 | £0.0013 +0.0013 +0.0013 +0.001 £0.001
0.8993 0.9001 0.9007 0.8991 0.8808 0.7555 0.7303
900 | +0.0011 +0.0012 +0.0011 +0.0011 +0.0012 +0.0011. .1 =+0.0009
0.9002 0.9012 0.9008 0.9015 0.884 0.7642 0.7381
1100 | 20.0011 +0.0012 | +0.0011 30.0012 | +0.0012 +0.001 +0.001
0.8943 0.8944 0.8934 0.8941 0.8796 0.7694 0.7412
1300 | +0.001 +0.001 +0.0011 +0.001 +0.001 +0.0012 +0.0008
0.8829 0.885 0.8828 0.8824 0.8683 0.7683 0.7433
1500 { +0.0013 +0.0011 £0.0012 | +0.0012 | +0.0011 +0.001 £0.001
0.8688 0.8712 " | 0.8707 0.8702 0.8145 0.7636 0.741
1700 | =0.001 +0.0009 40.0009 £0.001 +0.001 +0.001 +0.0008
0.8565 0.8549 0.8552 0.8522 0.8091 0.7559 0.736
1900 | +0.0009 +0,0009 | £0.0009 | £0.0009 | +0.0009 | +0.0008 +0.001

Table 8-14: KENO k¢ Results from the 12-inch Overpacks in an HAC Array Variable

Beryllium in the Source Region — Case E (Water in remaining pipe volume)

BeH20 Mass Beryllium in Source Region
mwt’io“ 0 gm 10gm | 100gm | 1000gm | 10000 gm | 50000 gm | 70000 gm
0.8813 | 08806 | 08795 | 08804 | 08584 | 07382 | 0.7208
700 | 00012 | 200012 | 20.0012 | 20.0012 | 20.0012 | 20001 | 0.0011
0.8061 | 08952 | 08938 | 0894 | 08762 | 07573 | 0.7341
900 | +0.0011 | +0.0011 | 20.0012 | 200011 | 200011 | £0.001 | :£0.0009
0.8961 0895 | 08979 | 08945 | 08794 | 07687 | -0.7414
1100 | #0.0011 | 00011 | 200011 | 20.0012 | 20001 | s0.001 | 0.0009
0889 | 08913 | 08804 | 08886 | 08768 | 07716 | 0.7439
1300 | +0.0011 | 20001 | 20001 | 200011 | z0.0011 | 20.0008 | +0.0008
08798 | 0877 | 08808 | 08788 | 08645 | 07692 | 0.7439
1500 | +0.001 | 20001 | 20.0011 | #0.0011 | 20.0012 | +0.0009 | £0.0009
08661 | 08672 | 08667 | 08667 | 08152 | 07649 | 0.7414
1700 | 00009 | +0.001 | z0.0011 | 20.0011 | 20001 | 20.0008 | +0.0008
0.8505 | 0.8501 | 08507 | 08519 | 08112 | 07571 | 07353
1900 { 00009 | 20001 | 20001 | £0.0000 | 20.0009 | 0.001 | £0.0007
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Table 8-15: KENO k.rr Results from the S200-A “Dry” Models — Case E

Kefr Case Name
g’tl:: FGE 2ahacarD.3 2ahacsuD.3 2aNCTarD.3 2aNCTsuD.3
700 200 0.8660+0.0012 0.7566+0.0011 0.7735+0.0013 0.7708+0.0011
800 200 0.8880+0.0012 0.7807+0.0011 0.792740.0012 0.7931£0.0010
900 200 0.8991+0.0010 0.7992+0.0012 0.8109+0.0012 0.8089+0.0011
1000 200 0.9075+0.0010 0.8083+0.0010 0.8182+0.0010 0.8190+0.0012
1100* 200 0.9095+0.0010 0.8138+0.0010 0.8247+0.0011 0.8237+0.0011
1200** 191 0.8978+0.0010 0.8041+0.0011 0.8179+0.0011 0.8156+0.0010
1300** | 176.6 0.8777+0.0009 0.7829+0.0010 0.7951+0.0010 0.7949+0.0011

* Reduced Be content to 578 grams due to space limitation, ** No Be and reduced Pu to obtain the H/Pu ratio

Table 8-16: KENO k,}r Results from the S200-A “Wet” Models — Case E _

kcfr Case Name

g’:: FGE 2ahacarW.3 ‘2ahacsuW.3 2aNCTarWw.3 | 2aNCTsuWw.3
700 200 | 0.847120.0011 | 0.8469:0.0011 | 0.8455:0.0012 | 0.8466+0.0011
800 200 | 08583200011 | 0.8577:0.0013 | 0.8566:0.0012 | 0.8600£0.0010
900 200 | 08620600011 | 0862100011 | 0.8617:0.0011 | 0.863820.0011
1000 200 | 0864900010 | 0.8637:0.0012 | 0.8631£0.0010 | ' 0.8640:0.0012
1100° | 200 | 0.8616:0.0012 | .0.862120.0009 | 0.8597£0.0012 | 0.8616£0.0011
1200** | 191 | 0.8499:0.0011 | 0.8515:0.0010 | 0.8512£0.0011 | 0.84970.0010
1300** | 1766 | 0.8304:0.0010 | 0.8310:0.0012 | 0.8289:0.0011 | 0.8303£0.0010

* Reduced Be content to 578 grams due to space limitation, ** No Be and reduced Pu to obtain the H/Pu ratio
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Table 8-17: KENO K.« Results from the 12-inch Overpacks in an HAC Array - Case F (4 cm
spacing, 100% dense reflector)

ket Case Name

H/Pu ratio | HACarr HACsu NCTarr NCTsu

600 0.9266+0.0012 0.9015+0.0012 0.8961+0.0012 0.8766+0.0013
700 0.9292+0.0011 0.9056+0.0013 0.9042+0.0011 0.88201:0.0012
800 0.9305+0.0012 0.9044+0.0011 0.9042+0.0011 0.8820+0.0011
900 0.9294+0.0013 0.9013+0.0011 0.9014+0.0010 0.8816+0.0011
1000 0.9249+0.0012 0.8939+0.0012 0.8983+0.0012 0.8755+0.0010
1100 0.9180+0.0011 0.8879+0.0010 0.8913+0.0011 0.8670+0.0010
1200 0.9102+0.0011 0.8787+0.0011 0.8856+0.001 0.8625+0.0010

Table 8-18: KENO k. Results from the 12-inchOverpacks in an HAC Array - Case F
(H/Pu= 800 variable Be Reflector Yolume Fraction)

ketr Case Name
Be Reflector Volume HACref

Fraction )

1 0.9305:0.0012

) 0.9 0.9101+0.0011 -

0.7 0.8719:0.0011

0.5 0.8376+0.0012

0.3 0.8047+0.0012

0.1 0.7743+0.0013

0 0.761+0.0012

A
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Table 8-19: KENO ki Results from the 12-inch Overpacks in an HAC Array - Case F
(H/Pu= 800 variable Be Mass in Source Volume)

Be Source Be Mass in Case Name
PYr:l:t?;:: vo::;:‘;kg) HACsourBE HACsourCY
Ker Ko
0 0 0.9305+0.0012 na
0.001196 . 0.102 0.9307£0.0012 na
0.011976 1.021 0.9245+0.0012 na
0.05988 5.105 0.891720.0012 na
0.11976 10210 0.85640.0011 na
0.239521 20.420 .0.792540.001 na
0.266108 22.687 0.778240.0011 na
0.299401 25.525 na 0.739310.0009
0.419162 © 35.735 na 0.71030.001
0.538922 45.945 - na 0.6846:0.0009
0.658683 56.155 na 0.6555+0.0009
0.778443 66.365 na 0.6325+0.0008
0.898204 76.575 na 0.609+0.0007
1 85.254 na 0.5844+0.0009

-

Table 8-20: KENO k.« Results from the 12-inch Overpacks in an HAC Array - Case F
(Alternate Source Sphere Locations)

ke Case Name .
H/Pu ratio | HACarr (4cm HACcenter HACasym (side
spacing) {center of pipe) | of pipe)
600 0.9266+0.0012 0.9172+0.0013 0.9055+0.0014
700 0.9292+0.0011 0.9228+0.0012 0.9158+0.0012
800 0.9305+0.0012 0.9247£0.0012 . | 0.9199+0.0011
900 0.9294+0.0013 0.9199+0.001 0.9196+0.0011
1000 0.9249+£0.0012 0.9152+0.0011 0.9182+0.0012
1100 0.918+0.0011 0.9072+0.001 0.9121+0.0012
1200 0.9102+0.0011 0.9011+0.001 0.9055+0.001
A
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Appendix A: Sample Computer Run
HACarr KENO input file for H/Pu ratios of 600, 700, 800 and 900

=CSAS25 PARM=SIZE=800000
HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 600 , poly 40%
238GROUPNDFS MULTI
' moderated source/fissile region material
PU-239 1 Den= 19.84 0.002383008 END
polyethylene 1 0.399046797 END
H20 1 0.598570195 END
*BE 1 0 END
' pipe interior reflector/moderator Be fraction = 100.00% 1
BEBOUND 2 1.0000 END -
' polyethylene 2 0.0000 END
' H20 2 0.0000 END
* Pipe wall, package wall material
ss304 3 1.0000 END
' pipe exteror (Drum interior) Dunnage Water volume fraction = 0% O
no Dunnage 0 0.0000 END
H20 0 0.0000 END

package Annulus moderator Poly fraction = 0% 0%
polyethylene 0 0.0000 END
H20 0 0.0000 END

Material Exterior to package (Water only)
' H20 0 0.0000 END
END COMP
SPHERICAL reflected reflected END
1 8.9082 2 22.8625 3 23.7466 0 26.7952

END ZONE .
HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 600 , poly=0.4 gap=9.4615 pipe mgd
=1

READ PARAMETERS

GEN=255 TME=300 NPG=2500 NSK=35 NBK=4500
END PARAMETERS

L]

READ GEOM

L]

unit 1

SPHERE 1 1 8.9082 origin 1.393 2.4175 -19.4132
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

unit 2 .
SPHERE 1 1 8.9082 origin -1.393 2.4175 -19.4132
zcylinder 2 1 15.6997 2p 32.3216 . .
zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.791%

L]

unit 3

SPHERE 1 1 8.9082 origin 2.7915 0.0 -19.4132

zcylinder 2 1 15.6997 2p 32.3216
zcylinder 3 1 16.2560 34.6076 -32.9566
zcylinder 0 1 25.7174 38.4429 -36.7919
. .

unit 4

SPHERE 1 1 8.9082 origin 0.0000 0.0000 -19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 =-32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

[ ]

unit 5

SPHERE 1 1 8.9082 origin =-2.7915 0.0 ~19.4132

zcylinder 2 1 15.6997 2p 32,3216
zcylinder 3 1 16.2560 34.6076 -32.9566

A
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zcylinder O
L]

unit 6

SPHERE 1 1 8.8082 origin 1.393 -2.4175 ~19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

L]

unit 7

SPHERE 1 1 8.9082 origin -1.393 ~2.4175 -19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.,9566

zcylinder 0 1 25.7174 38.4429 -36.79%19

L]

unit 11

SPHERE 1 1 8.9082 origin 1.393 2.4175 19.4132
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 3B.4429 -36.7919

unit 12

SPHERE 1 1 8.9082 origin -1.393 2.4175 19.4132
2cylinder 2 1 15.6997 2p 32.3216

zcylinder 3 "1 16.2560 34.6076 -32.9566

zcylinder 0 1 25,7174 38.4429 -36.7919

L]

unit 13 .

SPHERE 1 1 8.9082 origin 2.7915 0.0 19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 =32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

L]

unit 14

SPHERE 1 1 8.9082 origin 0.0000 0.0000 19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25,7174 38.4429 -36.7919

1

unit” 15 .
SPHERE 1 1 8,9082 origin -2.7915 0.0 19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0O 1 25.7174 38.4429 -36.7919

L]

unit 16

SPHERE 1 1 8.9082 9origin 1.393 -2.4175 19.4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

L]

unit 17

SPHERE 1 1 8.9082 origin -1.393 -2.4175 19,4132
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder O 1 25,7174 38.4429 -36.7919

L]

1 25.7174 38.4429 -36.7919

global unit 99

zcylinder 0O 1

hole
hole
hole
hole
hole
hole
hole
L]

hole
hole

92.0000 9$5.0000 ~-95.0000
-25.7175 -61.0899 17.0268

25.7175 -61.0899 17.0268

~51.4350 -16.5458 17.0268

0.0000 -16.5458 17.0268

$1.4350 -16.5458 17.0268

-25.7175 27.9982 17.0268

25.7175 27.9982 17.0268

~1OY LN W R

11 -25.7175 -61.0899 -56.2081
12 25.7175 -61.0899 -58.2081
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hole 13 -51.4350 -16.5458 -58.2061

hole 14 0.0000 -16.5458 -58.2081
hole 15 51.4350 -16.5458 -58.2081
hole 16 -25.7175 27.9982 -58.2081
hole 17 25.7175 27.9982 -58.2081
L]

zcylinder 3 1 93,1100 96.2700 -96.2700

zcylinder 0 1 105.8100 108.9700 -108.9700

zcylipder 3 1 106.4050 109.6050 -109.6050

cuboid 0 1 2p 106.4050 2p 106.4050 109.6050 -109.6050
END GEOM

READ BNDS XYF=mir -ZB=mir +ZB=water END BNDS

READ MIXT EPS=0.002 END MIXT

END DATA

' read search
' Optimum concentration pas=8 eps=0.0002

' more alter mix=4 scname=' no Dunnage =-con=-0.9999 +con= 0.00007
' aIF({C20<minmass, ™' no H20", " alter mix=6é scname=h2o")

' alter unit=3 reg=1

' alter unit=4 reg=1

' end search

end
=CSAS25 PARM=SIZE=800000
HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 700 , poly 40%

238GROUPNDFS MULTI
' moderated source/fissile region material
PU-239 1 Den= 19.84 0.002043274 END
polyethylene 1 0.39918269 END
H20 1 0.598774036 END
*BE 1 0 END
* pipe interior reflector/moderator Be fraction = 100.00% 1
BEBOUND 2 1.0000 END
' polyethylene 2 0.0000 END
' H20 2 0.0000 END
' pipe wall, package wall material
ss304 3 1.0000 END -
' pipe exteror (Drum interior) Dunnage Water volume fraction = 0%
' no Dunnage 0 0.0000 END -
' H20 0 0.0000 END .
' package Annulus moderator Poly fraction = 0%
' polyethylene 0 .0.0000 END :
‘ H20 0 0.0000 END
' Material Exterior to package (Water only)
' H20 0 0.0000 END
END COMP
SPHERICAL reflected reflected END
1 9.3769 2 22.8625 3 23.7466 0 26.7952
END ZONE
HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 700 , poly=0.4 gap=9.4615
. fract=0
READ PARAMETERS
GEN=255 TME=300 NPG=2500 NSK=35 NBK=4500
END PARAMETERS
L]

READ GEOM
L}

unit 1 .
SPHERE 1 1 9.3769 origin 1.1591 2.0116 -18.9446
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder © 1 25.7174 38.4429 -36.7919

[

unit 2

SPHERE 1 1 9.3769 origin -1.1591 2.0116 -18.9446
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

A
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zcylinder O
]

unit 3
SPHERE 1 1
zcylinder 2
zcylinder 3
zcylinder 0
1]

unit 4
SPHERE 1 1
zcylinder
zcylinder
zcylinder
L]

oCwN

unit 5
SPHERE 1 1
zcylinder
zcylinder
zcylinder

owN

unit 6
SPHERE 1 1
zcylinder
zcylinder
zcylinder

oOWN

unit 7
SPHERE 1 1
zcylinder
zcylinder
zcylinder
1]

CWN

unit 11
SPHERE 1 1
zcylinder
zcylinder
zcylinder
L]

[=J NN

unit 12
SPHERE 1 1
zcylinder
zcylinder
zcylinder
L]

OoOWwN

unit 13
SPHERE 1 1
zcylinder
zcylinder
zcylinder
.

owNn

unit 14

'SPHERE 1 1
zcylinder 2
zcylinder 3

zcylinder 0 .
L]

unit 15
SPHERE 1 1
zcylinder 2
zcylinder 3
zcylinder 0
1]

unit 16
SPHERE 1 1
zcylinder 2
zcylinder 3
zcylinder O

A

PACTEC

1 25.7174 38.4429 -36.7919

9.3769 origin 2.3228 0.0
1 15.6997 2P 32.3216
1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin 0.0000 0.0000
1 15.6997 2P 32.3216

1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin -2.3228 0.0
1 15.6997 2P 32.3216

1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 ~36.7919

9.3769 origin 1.1591 -2.0116
1 15.6997 2p 32.3216

1 16,2560 34.6076 -~32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin -1.1591 -2.0116

1 15.6997 2P 32.3216
1 16,2560  34.6076 =-32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin 1.1591 2.0116
1 15.6997 2p 32.3216

1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin -1.1591 2.0116
1 15.6997 2p  32.3216

1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin 2.3228 0.0
1 15.6997 2P 32.3216
1 16.2560 34.6076 -32.9566
1 25.7174 3B.4429 -36.7919

9.3769 origin 0.0000 0.0000
1 15.6997 2P 32.3216

1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin -2.3228 0.0
1 15.6997 2P 32.3216

1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

9.3769 origin 1.1591 -2.0116
1 15.6997 2p 32.321¢

1 16,2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

-18.9446

~18.9446

-18.9446

-18.9446

-18.9446

18.9446

18.9446

18.9446

18.9446

18.9446

18.9446
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"’

unit 17

SPHERE 1 1 9.3769 origin -1.1591 -2.0116 18.9446
zcylinder 2 1 15.63997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 =-32,9566

zcylinder 0 1 25.7174 38.4429 -36.7919

L]

global unit 99
zcylinder 0 1 92.0000 95.0000 -95.0000

hole 1 -25.7175 -61.0899 17.0268
hole 2 25.7175 -61.0899 17.0268
hole 3 -51.4350 -16.5458 17.0268
hole 4 0.0000 -16.5458 17.0268
hole 5 51.4350 -16.5458 17.0268
hole 6 -25.7175 27.9982 17.0268
hole 7 25.7175 27.9982 717.0268
o

hole 11 -25.7175 -61.0899 -58.2081

hole 12 25.7175 -61.0899 -58.2081

hole 13 -51.4350 -16.5458 -58.2081

hole 14 0.0000 -16.5458 -58.2081

hole 15 51.4350 -16.5458 -58.2081

hole 16 -25.7175 27.9982 -58.2081

hole 17 25.7175 27.9982 -58.2081

*'0

zcylinder 3 1 93.1100 96.2700 -96.2700
zcylinder 0 1 105.8100 108.%700 -108.9700
zcylinder 3 1 106.4050 109.6050 -109.6050
cuboid O 1 2p 106.4050 2p 106.4050 105.6050 ~109.6050
END GEOM ’
READ BNDS XYF=mir -ZB=mir +ZB=water END BNDS
READ MIXT EPS=0.002 -END MIXT

END DATA

' read search

Optimum concentration pas=8 eps=0.0002

L]

' more alter mix=4 scname=' no Dunnage -con=-0.9999 +con= . 0.00007
' =IF(C20<minmass,”' no H20", " alter mix=6 scname=h20")

1 alter unit=3 reg=1 0 0 -

*  alter unit=4 reg=l 0 0

' end search

end

=CSAS25 PARM=SIZE=800000

HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 800 , poly 40%

23BGROUPNDFS MULTI
*  moderated source/fissile region material
PU-239 1 Den= 19.84 0.001788321 END
polyethylene 1 0.399284671 END
H20 1 0.598927007 END
''BE 1 O END .
' pipe interior reflector/moderator Be fraction = 100.00% 1
BEBOUND 2 1.0000 END
' polyethylene 2 0.0000 END
' H20 2 0.0000 END
' pipe wall, package wall material
$s304 3 1.0000 END . )
* pipe exteror (Drum interior) Dunnage Water volume fraction = 0%
no Dunnage 0 0.0000 END
H20 0 0.0000 END
package Annulus moderator Poly fraction = 0%
polyethylene 0 0.0000 END
H20 0 0.0000 END

Material Exterior to package (Water only)
H20 0 0.0000 END
END COMP
SPHERICAL reflected reflected END
1 9.8028 2 22.8625 3 23.7466 0 26.795

END ZONE .

A

PACTEC Page 60 of 65




Pipe Overpack Criticality Analysis for the TRUPACT-ll Package

Project No. 20308

ED-076, Rev. 3

'HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 800

READ PARAMETERS

GEN=255 TME=300 NPG=2500 NSK=35 NBK=4500
END PARAMETERS

L]

READ GEOM

’

unit 1

SPHERE 1 1 9.8028 origin 0.9466 1.6427

zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7918

unit 2

SPHERE 1 1 9.8028 origin -0.9466 1.6427

zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 ~32.9566

zcylinder O 1 25,7174 38.4429 -36.7%919

1]

unit 3

SPHERE 1 1 9.8028 origin 1.8969 0.0

zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919%

L]

unit 4 .

SPHERE 1 1 9.8028 origin 0.0000 0.0000

zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder O 1 25.7174 38.4429 -36.7°19

unit 5 .

SPHERE 1 1 9.8028 origin ~1.8969%9 0.0

zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder O 1 25.7174 38.4429 -36.7919

L]

unit 6

SPHERE 1 1 9.8028 origin 0.9466 -1.6427

zcylinder 2 1 15.69%7 2P 32.3216

zcylinder 3 1l 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

1

unit 7 )

SPHERE 1 1 9.8028 origin -0.9466 -1.6427

zcylinder - 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

L]

unit 11

SPHERE 1 1 9.8028 origin 0.9466 1.6427

zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder O 1 25.7174 38.4429 -36.7919

[ ]

unit 12

SPHERE 1 1 9.8028B origin -0.9466 1.6427

zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7519

*

unit 13

SPHERE 1 1 9.8028 origin 1.8969 0.0

zcylinder 2 1 15.6997 2P 32.3216

zeylinder 3 1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

zcylinder O
[}

H

PACTEC

, poly=0.4 gap=9.4615
fract=0

-18.5186

~-18.5186

-18.5186

-18.5186

-18.5186

-18.5186

-18.5186

18.5186

18.5186

18.5186
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unit 14
SPHERE 1 1 9.8028 origin 0.0000 0.0000 18.5186

2zcylinder 2 1 15.6997 2P 32.3216
zcylinder 3 1 16.2560 34.6076 -32.9566
zcylinder 0 1 25.7174 38.4429 -36.7919
J -

unit 15

SPHERE 1 1 9.8028 origin -1.8969 0.0 18.5186
zcylinder 2 1 15.6997 2p 32.3216
zcylinder 3 1 16.2560 34.6076 -32.9566
zcylinder 0 1 25.7174 38.4429 -36.7919
*

unit 16

SPHERE 1 1 9.8028 origin 0.9466 -1.6427 18.5186

. zcylinder 2 1 15.6997 2P 32.3216
zcylinder 3 1 16.2560 34.6076 =-32.9566
zcylinder 0 1 25.7174 38.4429 -36.7919
L]
unit 17

SPHERE 1 1 9.8028 origin -0.9466 -1.6427 18.5186
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder € 1 25.7174 38.4429 -36.7919

L

global unit 99
zcylinder O 1l 92.0000 95.0000 -95.0000

hole 1 +25.7175° -61.0899 17.0268
hole 2 25.7175 -61.0899 17.0268
hole 3 -51.4350 -16.5458 17.0268
hole 4 0.0000 -16.5458 17.0268
hole 5 51.4350 -16.5458 17.0268
hole 6 -25.7175 27.9982 17.0268"
hole 7 25.7175 27.9982 17.026€8
o

hole 11 -25.7175 -61.0899 -58.2081
hole 12 25.7175 -61.0899 =-58.2081

hole 13 -51.4350 -16.5458 =-58.2081

hole 14 0.0000 _ -16.5458 =-58.2081 .
hole 15 51.4350 -16.5458 -58.2081 :

hole 16 -25.7175 27.9982 -58.2081

hole 17 25.7175 27.9982 =-58.2081

zcylinder 3 1 93.1100 96.2700 -96.2700

zcylinder O 1 105.8100 108.9700 -108.9700

zcylinder 3 1 106.4050 109.6050 ~-109.6050 .
cuboid 0 1 2p 106.4050 2p 106.4050 109.6050 -109.6050
END GEOM

READ BNDS XYF=mir -ZB=mir +ZB=water END BNDS

READ MIXT EPS=0.002 END MIXT

END DATA

' read search

' Optimum concentration pas=8 eps=0.0002

' more alter mix=4 scname=' no Dunnage -con=-0.9999 +con= 0.00007
' =IF(C20<minmass,”' no H20%, " alter mix=6 scname=h20")

' alter unit=3 reg=1l 0 0

' alter unit=4 reg=1 0 0

' end search

end

=CSAS25 PARM=SI2E=800000

HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 900 , poly 40%

238GROUPNDFES MULTI )

' moderated source/fissile region material

PU-239 1 Den= 19.84 0.001589935 END

polyethylene 1 0.399364026 END

H20 1 0.599046039 END

'BE 1 0 END

' pipe interior reflector/moderator Be fraction = 100.00% 1
BEBOUND 2 1.0000 END

A
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' polyethylene 2 0.0000 END

‘ H20 2 0.0000 END

' Pipe wall, package wall material
88304 3 1.0000 END

' pipe exteror (Drum interior) Dunnage Water volume fraction =

no Dunnage 0 0,0000 END
H20 0 0.0000 END
package Annulus moderator Poly fraction = 0%
polyethylene 0 0.,0000 END
K20 0 0.0000 END
Material Exterior to package (Water only)
H20 0 0.0000 END
END COMP
SPHERICAL reflected reflected END
1 10.1947 2 22.8625 3 23.7466 0 26.7952
END 2Z20NE - -

- @ @ ® @ - -

HAC-Dry-Array-s300-140 gm Pu, offset=max, h/pu= 900 , poly=0.4 gap=9.4615

READ PARAMETERS

GEN=255 TME=300 NPG=2500 NSK=35 NBK=4500
END PARAMETERS

L]

READ GEOM

L]

unit 1

SPHERE 1 1 10.1947 origin 0.751 1.3034 -18.1268
zcylinder 2 1 15.6997 2p ., 32.3216

zcylinder 3 1 16,2560 34.6076 ~32.9566

zcylinder O 1 25.7174 38.4429 -36.7919

unit 2

SPHERE 1 1 10.1947 origin -0.751 1.3034 -18.1268
zcylinder 2 1 15.6997 2P 32,3216

zcylinder 3 1 16.2560 34.6076 =32.9566

zcylinder 0 1 25.7174 3B.4429 -35.7919

’

unit 3

SPHERE 1 1 10.1947 origin 1.505 0.0 -18.1268
zcylinder 2 1 15.69%97 2p 32.3216 ’
zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

’

unit 4

SPHERE 1 1 10.1947 origin 0.0000 0.0000 -18.1268
zcylinder 2 1 15.6997 2p 32.321¢

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919

.

unit 5

SPHERE 1 1 10.1947 9origin -1.505 0.0 -18.1268
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34,6076 -32.9566

zcylinder 0 1 25.7174 38,4429 -36.7919 .

L]

unit 6

SPHERE 1 1 10.1947 origin 0.751 -1.3034 -18.1268
zcylinder 2 1 15.6997 2P 32,3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder O 1 25.7174 38.4429 -36.7919

unit 7

SPHERE 1 1 10.1947 origin -0.751 -1.3034 -18.1268
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566

zcylinder 0 1 25.7174 38.4429 -36.7919%

' .

unit 11

SPHERE 1 1 10.1947 origin 0.751 1.3034 - 18.1268

A
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zcylinder 2 1 15.6997
zcylinder 3
zcylinder 0
L

2P 32.3216
1 16.2560 34.6076 -32.9566
1 25.7174 38.4429 -36.7919

unit 12

SPHERE 1 1 10.1947 origin -0.751 1.3034 18.1268
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 ~32.9566
zcylinder 0 1 25.7174 38.4429 -36.7919

L]

unit 13

SPHERE 1 1 '10.1947 origin 1.505 0.0 18.1268
zcylinder 2 1 15.6997 2P 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566
zcylinder 0 1 25.7174 38.4429 -36.7919

L] -

unit 14

SPHERE 1 1 10.1947 origin 0.0000 0.0000 18.1268
zcylinder 2 1 15.6997 2p 32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566
zcylindex 0 1 25.7174 38.4429 -36.7919

v .

unit 15

SPHERE 1 1 10.1947 origin -1.505 0.0 18.1268
zcylinder 2 1 15.6997 2P 32,3216

zcylinder 3 1 16.2560 34.6076 -32.9566
zcylinder O 1 25.7174 38.4429 -36.7919

’

unit 16

SPHERE 1 1 10.1947 origin 0.751 -1.3034- 18.1268
zcylinder 2 1 15.6997 2P 32.3216 .

zcylinder - 3 1 16.2560 34.6076 -32.9566
zcylinder 0 1 25,7174 38.4429 -36.7919

L]

unit 17

SPHERE 1 1 10.19%47 origin -0.751 -1.3034 18.1268
zcylinder 2 1 15.6997 2p  32.3216

zcylinder 3 1 16.2560 34.6076 -32.9566
zcylinder 0 1 25.7174 3B8.442% -36.7919

global unit 99

zcylinder O 1 92.0000 95.0000 -95.0000

hole 1 -25.7175 ~61.0899 17.0268

hole 2 25,7175 -61.0899 17.0268

hole 3 -51.4350 -16.5458 17.0268

hole 4 0.0000 -16.5458 17.0268

hole 5 51.4350 -16.5458 17.0268

hole 6 =-25.717%5 27.9982 17.0268

hole 7 25.7175 27.9982 17.0268

0

hole 11 =-25.7175 -61.0899 -58.2081
hole 12 25.7175 -61.0899 -58.2081
hole 13 ~51.4350 -16.5458 -58.2081
hole 14 0.0000 -16.5458 -58.2081
hole 15 51.4350 -16.5458 -58.2081
hole 16 -25.7175 27.9982 -58.2081
hole 17 25.7175 27.9982 -58.2081

. .

93.1100 96.2700 -396.2700
105.8100 108.9700 -108.39700
106.4050 109.6050 ~109.6050

zcylinder 3 1
zcylinder © 1
zcylinder 3 1
cuboid 0 1 2p 106.4050
END GEOM

READ BNDS XYF=mir -ZB=mir +2B=water END BNDS
READ MIXT EPS=0.002 END MIXT

END DATA

' read search

' Optimum concentration pas=8 eps=0.0002

A
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' more alter mix=4 scname=' no Dunnage -con=-0.99%9 +con= 0.00007
' =IF(C20<minmass,"' no H20", " alter mix=6 scname=h20")
' alter unit=3 reg=l 0 0
' alter unit=4 reg=l 0 0
' end search
end

A

PACTEC Page 65 of 65




A

UFGTP LONG-TERM OBJECTIVE IMPLEMENTATION
METHODOLOGY

April 2004

Prepared by:
Shaw Environmental & Infrastructure, Inc.

Prepared for:
Washington TRU Solutions LLC




-

Purpose

The purpose of this document is to describe the implementation methodology for the long-term
objective of the Unified Flammable Gas Test Procedure (UFGTP) (Reference 1). The long-term
objective of the UFGTP establishes bounding gas generation properties for specific populations
of waste based on the results of measurement and testing (Reference 1). The UFGTP is designed
to establish the concentration of flammable gases and/or flammable gas generation rates of a
population of test category waste containers intended for shipment in the TRUPACT-II or
HalfPACT packaging. The requirements and technical bases for allowable flammable gas
concentration and gas generation rates are described in the Contact-Handled Transuranic Waste
Authorized Methods for Payload Control (CH-TRAMPAC) (Reference 1).

As stated in the CH-TRAMPAC document (Reference 1), the long-term objective of the UFGTP
is applied to a population of containers with consistent gas generation properties. The long-term
objective of the UFGTP may be implemented once sufficient data (as defined below) have been
collected for containers through measurement and/or testing for a subpopulation of these
containers. If a bounding flammable gas generation rate (FGGR) value for compliance
determination can be established and shown to be below the applicable FGGR limit for the
population, no further need exists to test every container in a population.

Procedure

Required Data and Criteria for Subpopulation

Containers that are identified by process knowledge or other characterization to have similar
properties with respect to gas generation are grouped into populations. The basis for grouping
individual containers into a population shall be documented (e.g., by item description codes
showing all containers are generated from the same waste stream). Within a given population, a
subpopulation size may be determined and subjected to gas generation testing (i.e., measurement
or container gas generation testing). The results of testing the subpopulation may be used to
calculate flammable gas generation properties for the remainder of the population. The
following data for each container of the subpopulation (i.e., that has undergone gas generation
testing or measurement) shall be available:

o Content code and shipping category, from which the maximum allowable flammable
gas generation rate is determined as described in Appendix 2.3 of the CH-TRU
Payload Appendices (Reference 2).

» Date of container closure, date of venting, and date of measurement or testing.

e Methane concentration - The methane concentration of a container in the
subpopulation is obtained as described in Section 5.2.5.3.1, “Determine Compliance
with Methane Screening Limit,” of the CH-TRAMPAC (Reference 1).
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o Flammable gas generation rate (FGGR) - The actual FGGR of a container in the
subpopulation may be obtained by either of two methods:

1. Calculating the FGGR within the innermost layer of confinement using the
measured flammable gas concentration in the container headspace and the
time history of the container as described in Section 5.2.5.3.4, “Determine
Compliance with Flammable Gas Generation Rate Limit,” of the CH-
TRAMPAC (Reference 1).

2. Testing of the container using the methodology documented in Section
5.2.5.4, “Procedure for Testing,” of the CH-TRAMPAC (Reference 1).

« Total gas generation rate (TGGR) - The determination of the TGGR is only required
for certain subpopulations (i.e., for Waste Type IV) for which compliance with the
TGGR cannot be demonstrated through other analysis (Reference 1). Testing of
containers using the methodology documented in Section 5.2.5.4, “Procedure for
Testing,” of the CH-TRAMPAC (Reference 1) yields the TGGR for the container.

Statistics for Required Subpopulation Size

Containers selected for evaluation (i.e., the subpopulation) must be representative of the
population with random or stratified sampling techniques used to avoid any bias in container
selection. The required subpopulation size will be calculated through the following equation
(Reference 3):

Ny

n=
(n —li
S
N
Where,
ng = A conservative subpopulation size for an infinite population for a confidence

level of 95% and a +5% precision level (Reference 3). In this case, the upper

tail of the distribution curve is of interest and, using the formula for ng from
Reference 3, nphas a value of 271.

the required subpopulation size

the true population size

n
N

As shown by the formula, the minimum number of required containers depends on the true
population size. An example demonstrating this methodology for determining FGGR for a waste
population is shown in the Appendix of this document.

Assignment of Properties to a Population

A 95% upper tolerance limit (UTL) (the 95% upper confidence limit of the 95" percentile) of the
methane concentration, FGGR, and TGGR (as applicable) shall be calculated for each
subpopulation. The 95% UTL provides a conservative estimate of the parameters of interest
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compared to other statistical measures (see the example provided in the Appendix of this
document). The 95% UTL shall be calculated using a bootstrapping or comparable non-
parametric technique to account for subpopulations that may not be represented by normal
distributions (Reference 4).

The 95% UTL of the methane concentration, FGGR, and TGGR values will be assigned and
reported for the remainder of the containers in the population in place of actual test results for
use in evaluating compliance with the flammable gas/VOC limits using the methodology
documented in Section 5.2.5, “Unified Flammable Gas Test Procedure,” of the CH-TRAMPAC
(Reference 1).
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Cooperative Extension Service, University of Florida.
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Environmental Applications,” EPA/600/R-97/006, U.S. Environmental Protection Agency,
Environmental Sciences Division, Las Vegas, Nevada.
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Appendix: Example Demonstrating the UFGTP Long-Term Objective
Implementation Methodology

The true population, N, for this example is 108 55-gallon drums from Rocky Flats
Environmental Technology Site (RFETS) with the following data:

o Item description code (IDC) 300
e TRUCON Code RF115A and shipping category 20 0170 0502

The UFGTP Long-Term Objective Implementation Methodology will be applied to the
flammable gas generation rates (FGGRs). The required subpopulation size, n, is calculated as
follows:

27

n-l Sy = 7743

+
108

Rounding up, a subpopulation size of 78 containers is required. Table 1 presents the FGGR
(from full-container testing) for the 78 containers selected as the subpopulation from the true
population of 108 containers.

Using the bootstrapping technique, the 95% UTL of the subpopulation for the FGGR was
calculated as 6.27E-9 mol/sec. For purposes of comparison with the 95% UTL, other statistical
parameters were calculated and are shown in Table 2. The 95% UTL value (6.27E-9 mol/sec)
will be assigned to and reported for the remaining 30 containers of the population in place of
actual test results for use in evaluating compliance with the flammable gas/VOC limit using the
methodology documented in Section 5.2.5, “Unified Flammable Gas Test Procedure,” of the
CH-TRAMPAC (Reference 1).

Table 1. Flammable Gas Generation Rates from
Testing for Subpopulation of 78 Containers

Flammable Gas Generation Rate
Number (mol/sec)

1.72E-09
247E-09
1.13E-09
1.49E-09
2.06E-09
2.26E-09
6.88E-10

~N || |lw i |-
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Flammable Gas Generation Rate

Number (mol/sec)
8 9.49E-10
9 1.05E-09
10 2.49E-09
11 1.57E-09
12 2.29-09
13 6.84E-10
14 341E-09
15 1.54E-09
16 1.91E-09
17 1.30E-09
18 2.23E-09
19 1.44E-09
20 6.49E-10
21 1.92E-09
22 1.45E-09
23 5.23E-09
24 2.12E-09
25 9.95E-10
26 1.85E-09 o
27 8.79E-10
28 4.25E-09
29 8.44E-10
30 3.00E-09
3 3.87E-09
32 6.27E-09
33 3.08E-09
A 2.70E-09
35 2.70E-09
36 2.40E-09
37 1.50E-09
38 3.01E-09
39 4.04E-09
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Flammable Gas Generation Rate

Number (mol/sec)
40 1.05E-09
4 1.68E-09
42 9.29E-10
43 2.05€-09
44 5.58E-10
45 1.66E-09
46 1.07E-09
47 4.49E-10
48 1.93E-09
49 2.49E-09
50 4.36E-09
51 2.85E-09
52 6.04E-10
53 1.40E-10
54 6.07E-10
55 1.39E-08
56 1.45E-10
57 1.45E-09
58 1.14E-09
59 9.43E-10
60 2.32E-09
61 4.50E-10
62 2.90E-10
63 3.23E-10
64 1.68E-09
65 6.73E-10
66 1.35E-09
67 1.73E-10
68 1.41E-09
69 5.03E-10
70 2.50E-09
71 1.29E-09
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Flammable Gas Generation Rate
Number (mol/sec)
72 ' 1.93E-09
73 2.31E-09
74 9.67E-10
75 1.34E-09
76 1.56E-09
77 1.48E-09
78 1.16E-09

mol/sec = moles per second

Table 2. Statistics for the Flammable Gas Generation Rate
for the Subpopulation of 78 Containers

Statistical Flammable Gas Generation Rate
Parameter {mol/sec)

Mean 1.91E-09

Standard Deviation | 1.80E-09

Median 1.62E-09

95th percentile 4.27E-09
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