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EXECUTIVE SUMMARY

INTRODUCTION

There are more than 250 forms of u.s. Department of Energy (DOE)-owned spent nuclear fuel.
Due to the variety of the spent nuclear fuel, the National Spent Nuclear Fuel Program has
designated nine representative fuel groups for disposal criticality analyses based on fuel matrix,
primary fissile isotope, and enrichment. The N reactor fuel has been designated as the
representative fuel for the uranium metal (U-metal) fuel group. The N reactor fuels are
composed of zirconium cladding and a uranium metal fuel matrix. These fuels were comprised
of low-enriched metal (0.947 to 1.25 wt% U-235) and were originally intended to generate
weapons-grade plutonium for national defense. Demonstration that other fuels in this group are
bounded by the N reactor analysis remains for the future before acceptance of these fuel forms.
The results of the analyses performed will be used to develop waste acceptance criteria. The
items that are important to criticality control are identified based on the analysis needs and result
sensitivities. Prior to acceptance of fuel from the U-metal fuel group for disposal, the important
items for the fuel types that are being considered for disposal under the U-metal fuel group must
be demonstrated to satisfy the conditions determined in this report.

The analyses have been performed by following the disposal criticality analysis methodology,
which was documented in the Disposal Criticality Analysis Methodology Topical Report (YMP
2000) submitted to the U.S. Nuclear Regulatory Commission. The methodology includes
analyzing the geochemical and physical processes that can breach the waste package and degrade
the waste forms and other internal components, as well as the structural, thermal, and shielding
analyses, and intact and degraded component criticality analyses. One or more addenda
(validation reports) to the topical report will be required to establish the critical limit for DOE
spent nuclear fuel once sufficient critical benchmarks are identified and verified. The waste
package design for N reactor fuel holds two multi-canister overpacks (MCOs), containing the N
reactor fuel, and two defense high-level waste (DHLW) glass canisters.

The 2-MCO/2-DHLW waste package is based on the Site Recommendation design of waste
packages (Appendix A). The waste package design consists of two concentric cylindrical shells
in which the waste forms will be placed. The outer shell is made of a corrosion resistant nickel
based alloy (Alloy 22). The inner shell is composed of stainless steel 316 NG (nuclear grade).
The waste package design incorporates three lids at the one end of the waste package (one for the
inner shell and two for the outer shell) and two lids at the other end of the waste package (one for
each shell). Carbon steel separation plates (or A-plates) provide separation for the waste
package contents.

This report presents the results of analyzing the 2-MC0I2-DHLW waste package (Figure ES-l)
against various design criteria. Section 2.2 provides the criteria, and Section 2.3 provides the
key assumptions for the various analyses.
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Figure ES-1. Cross-Section View of the 2-MCO/2-DHLW Waste Package in an as-Loaded Position

STRUCTURAL ANALYSIS

ANSYS Version 5.4 and LS-DYNA V950 - finite element analysis computer codes - were used
for the structural analysis of the 2-MCO/2-DHLW waste package (CRWMS M&O 2000b). A
three-dimensional (3-D) finite element representation of this 2-MCO/2-DHLW waste package
was developed to determine the effects of loads on the waste package structural components
(inner and outer shells) due to a waste package tipover design-basis event. The tipover event is
known to be the bounding structural design-basis event. The calculated stress intensities in both
the inner and outer waste package shells is less than the containment structure allowable stress
limit. Hence, there would be no failure of the waste package shells in the event of a tipover.

THERMAL ANALYSIS

The solution method employed was finite element analysis. A 2-D finite element representation
of a 2-MCO/2-DHLW waste package in the repository was developed and solved using the
thermal analysis capabilities of ANSYS Version 5.4. Three calculations, using helium, nitrogen,
or argon as waste package and MCa fill gas, were performed. The thermal analysis was
performed for up to 10,000 years of emplacement using transient solvers.
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The results indicate that the maximum defense high-level waste glass temperature for the 2
MCO/2-0HLW waste package is 289.4 DC, which is less than the System Description Document
(SOD) criterion of 400 DC. The maximum temperature within the MCO is 351.9 DC. The
maximal thermal output of the 2-MCO/2-DHLW waste package is 6632.0 watts, which is less
than the SOD criterion of 11,800 W (CRWMS M&O 2000a, Section 1.2.4.2).

SHIELDING ANALYSIS

The Monte Carlo particle transport code, MCNP Version 4B2 (Briesmeister 1997). was used to
calculate average dose rates on the surfaces of the waste package. Dose rate calculations were
performed for a waste package that contains two 4.5-m (15-ft) -long Hanford defense high-level
waste glass canisters and two Hanford MCOs loaded with N reactor spent nuclear fucl.

The maximum dose rate at the external surfaces of the waste package is 76.87 rem/h (75.08 ±
two standard deviations). This value has been obtained on a radial outer surface segment
adjacent to the defense high-level waste glass canisters. The maximum dose rate on the outer
surfaces of the waste package is about 19 times lower than the imposed limit of 1,450 rem/h
(SOD 1.2.4.1, CRWMS M&O 2000a). The neutron dose rates represent less than four percent of
the gamma dose rates. Therefore, the gamma dose rates dominate the total dose rates.

DEGRADATION AND GEOCHEMISTRY ANALYSES

A principle objective of the geochemistry analysis was to estimate the chemical composition of
the degradation products remaining in a waste package containing N reactor (U-metal) spent
nuclear fuel and high-level waste glass. Particular emphasis was placed on the determination of
the concentration of fissile material. The fissile material of concern was primarily 235 U. and
most of the cases considered had only fresh fuel, which contains the highest concentration of this
isotope. One of the cases (case 9) considered a typical spent fuel, which had some concentration
of the unstable isotopes 23'>pU and 237Np. The ten EQ6 reaction path calculations were carricd out
to span the range of possible system behavior and to assess the specific and coupled cffects of
spent nuclear fuel degradation, steel corrosion, high-level waste glass degradation. drip rate.
Fluids having a composition of J-13 well water were represented as steady-state reactants with
waste package components over time spans of up to 6.35 x 105 years. Corrosion product
accumulation (primarily of iron oxide and smectite) was examined as well. In addition.
concentration of fissile material in the waste package solution was tracked as a function of time
in order to develop a source term for the evaluation of external criticality. This topic is planned
to be covered in a subsequent report.

Cases studied predicted that all of the U in the high-level waste glass (1.10% of the total U in the
waste package) would be lost from the waste package for conditions of average steel. high high
level waste glass degradation rates, and low J-13 well water drip rate simulated by the first stage
of the run. Only 0.02% of the total U in the waste package (from Mark IA spent nuclear fuel
only) was predicted to be lost during the conditions simulated by the second stage, with low
steeL average spent nuclear fuel degradation rates, and low J-13 well water drip rate.

TDR-EDC-NU-000004 REV 00 IX January 200 I



Cases simulating conditions of high steel, average fuel, and low glass degradation rates, with a
low J-13 drip rate, predicted total V losses from the waste package of close to one percent.

The case assuming a decayed composition for N reactor Mark IA spent nuclear fuel predicted a
very low total loss of V (0.02%), a high total loss of Np (~83%), and a low total loss of Pu
« 2%).

INTACT AND DEGRADED COMPONENT CRITICALITY ANALYSES

The results of three-dimensional Monte Carlo criticality calculations for all anticipated intact
and degraded-mode configurations show that the requirement of keff +20' (effective neutron
multiplication factor + 2 standard deviations) values less than or equal to the interim critical limit
of 0.93 is satisfied for the N reactor codisposal package (CRWMS M&O 2000f). No neutron
absorber material is required as long as the enrichment and the V-metal mass for codisposal are
within the specified limits as described in Section 2 of this report.

The highest keff values resulted from the configurations assuming that the MCOs components
degrade before the fuel elements and the fuel elements degrade into spherical shaped particles of
uniform size. The size of the sphere depends on the thickness of the fuel element. However,
these configurations are incredible because the degradation rate of the V-metal is five orders of
magnitude higher than the steel. Thus, the degraded fuel elements will degrade to a sludge soon
after V-metal is exposed to water rather than degrade to small pieces of V-metal distributed
throughout a MCO.

CONCLUSIONS

In summary, the structural, shielding, and thermal design criteria are met for a waste package
containing two defense high-level waste canisters and two MCOs loaded with N reactor spent
nuclear fuel. Each waste package falls below the interim critical limit of 0.93 without any
neutron absorber present in the MCO. With this design, there will be approximately 517 to 665
MCOs loaded with N reactor spent nuclear fuel. This corresponds to between 259 and 333 waste
packages (DOE 2000b, p. 37).
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1 INTRODUCTION AND BACKGROUND

There are more than 250 forms of V.S. Department of Energy (DOE)-owned spent nuclear fuel.
Due to the variety of the spent nuclear fuel, the National Spent Nuclear Fuel Program has
designated nine representative fuel groups for disposal criticality analyses based on fuel matrix,
primary fissile isotope, and enrichment. The N reactor fuel has been designated as the
representative fuel (DOE 2000b) for the uranium metal (V-metal) fuel matrix. Demonstration
that other fuels in this group are bounded by the N reactor analysis remains for the future before
acceptance of these fuel forms. As part of the criticality licensing strategy, the National Spent
Nuclear Fuel Program has provided a reviewed data report (DOE 2000b) with traceable data for
the representative fuel type. The results of the analyses performed by using the information from
this reviewed data report will be used to develop waste acceptance criteria which must be met by
all fuel forms within the V-metal fuel group. The items that are important to criticality control
are identified based on analysis needs and result sensitivities. Prior to acceptance of the fuel
from the V-metal fuel group for disposal, the important items of the fuel types that are being
considered for disposal under the V-metal fuel group must be demonstrated to satisfy the
conditions set in Section 8.7, Items Important to Criticality Control and Acceptance.

The N reactor is one of several graphite-moderated reactors built at the DOE's Hanford site.
Over the years beginning with the Manhattan Project, these reactors were operated mainly to
produce plutonium for national defense and, to a lesser degree, for both research and power
production. The N reactor fuel elements consist of two basic design variants, both of which use
two concentric tubes of V-metal co-extruded with Zircaloy-2 cladding. The N reactor fuel
elements consist of slightly enriched uranium metal, 0.947 wt% V-235 and 0.947 to 1.25 wt% V
235 in Mark IV and Mark IA fuels, respectively.

The criticality analyses have been performed according to the Disposal Criticality Analysis
Methodology Topical Report, submitted to the U.S. Nuclear Regulatory Commission (YMP
2000). The methodology includes analyzing the geochemical and physical processes that can
breach the waste package and degrade the waste forms as well as the intact and degraded
component criticality analyses. Addenda to the topical report will be required to establish the
critical limit for the DOE spent nuclear fuel types once sufficient critical benchmarks are
identified and run. In this report, a conservative and simplified bounding approach is employed
to designate an interim critical limit.

This report also provides structural, thermal, and shielding analyses of the waste package, to
ensure that the repository waste acceptance criteria have been met.

In this technical report, there are numerous references to "codisposal container" and "waste
package." Since the use of these two terms may be confusing, a definition of the terms is
included here:

"(Co)disposal container" means the container shells, spacing structures and baskets, shielding
integral to the container, packing contained within the container, and other absorbent materials
designed to be placed internal to the container or immediately surrounding the disposal container
(i.e., attached to the outer surface of the disposal container). The disposal container is designed
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to contain spent nuclear fuel and high-level waste, but exists only until the outer weld is
complete and accepted. The disposal container does not include the waste form or the encasing
containers or canisters (e.g., high-level waste pour canisters, DOE spent nuclear fuel codisposal
canisters, multi-canister overpack [MCO], etc.).

"Waste package" means the waste form and any containers (i.e., disposal container shells and
other canisters), spacing structures or baskets, shielding integral to the container, packing
contained within the container, and other absorbent materials immediately surrounding an
individual waste container placed internally to the container or attached to the outer surface of
the disposal container. The waste package begins its existence when the outer lid weld of the
disposal container is complete and accepted.

"2-MCO/2-DHLW waste package" is the waste package that can accommodate two N reactor
MCOs (containing the spent nuclear fuel) and two 15-ft- (4.5-m-) long high-level waste glass
canisters (Appendix A).

1.1 OBJECTIVE

The objective of this technical report is to provide sufficient detail to establish the technical
viability for disposing of U-metal (N reactor) spent nuclear fuel in the potential monitored
geologic repository at Yucca Mountain. This report sets limits and establishes values that if and
when these limits are met by a specific fuel type under the U-metal fuel group, the results for that
fuel will be bounded by the results reported in this technical report.

Section 2, Design Inputs, describes the design basis and identifies requirements and assumptions.
Analytical results to demonstrate the adequacy of the design and evaluate the feasibility of
codisposing the U-metal (N reactor) spent nuclear fuel in the monitored geologic repository are
presented in Section 3 for Structural Analysis, Section 4 for Thermal Analysis, Section 5 for
Shielding Analysis, Section 6 for Degradation and Geochemistry Analyses, and Section 7 for
Intact and Degraded Component Criticality Analyses. For purposes of this report, these five
items may be collectively designated as waste package performance. Section 8, Conclusions,
provides the connections between the design criteria and analytical results to establish technical
viability. In addition, Section 8 gives recommendations regarding any additional needs for
analysis or documentation. References are given in Section 8. Appendix A provides the
sketches for the 2-MCO/2-DHLW waste package. Appendix B provides the sketch for the 2
MCOI2-DHLW waste package weld configuration as referenced in Appendix A (p. A-3).

This technical report summarizes and analyzes the results of the detailed calculations that were
performed in evaluating the codisposal viability of U-metal (N reactor) fuel. These calculation
documents and the section of this technical report in which they are summarized and analyzed
are shown in Table 1-1. The information provided by the sketches appended to this technical
report (Appendices A and B) is that of the potential design for the type of waste package
considered in the detailed calculations supporting this technical report.

1.2 SCOPE

This technical report, Evaluation of Codisposal Viability for V-Metal (N Reactor) DOE-Owned
Fuel, evaluates the performance of N reactor spent nuclear fuel in the 2-MCO/2-DHLW waste
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package. The N reactor is the representative fuel for the V-metal fuel group. The remaining
fuels in the same group must be demonstrated to be bounded by the values obtained from the
reviewed characteristic report (DOE 2000b), which is based on the N reactor spent nuclear fuel.
The subjects of external criticality and probability of criticality will be covered in a subsequent
report. However, it should be noted that since this report shows that there is no possibility of
criticality for N reactor spent nuclear fuel in the current waste package design, there is no need
for a probability calculation.

Table 1-1. List of Supporting Documents

Summarized!
Discipline Document TItle Analyzed in Reference

Structural Tip-Over of the 2-MC0I2-DHLW Waste Package Section 3 CRWMSM&O
on Unyielding Surface. (2000b)

Thermal Thermal Evaluation of the 2-MC0I2-DHLW Waste Section 4 CRWMSM&O
Package. (2000c)

Shielding Dose Rate Calculation for the 2-MCOI2-DHLW Section 5 CRWMSM&O
Waste Package. (2000d)

Degradation and EQ6 Calculations for Chemical Degradation ofN CRWMSM&OReactor (U-metal) Spent Nuclear Fuel Waste Section 6Geochemistry Packages (2000e)

Intact and Degraded Intact and Degraded Component Criticality Section 7 CRWMSM&O
Component Criticality Calculations ofN Reactor Spent Nuclear Fuel. (200Of)

1.3 QUALITY ASSURANCE

This technical report was prepared in accordance with AP-3.11 Q, Technical Reports. The
responsible manager for DOE Fuel Analysis has obtained and reviewed the technical work plan
(CRWMS M&O 200Om) in accordance with AP-2.21 Q, Quality Determinations and Planning
for Scientific, Engineering, and Regulatory Compliance Activities. The activity evaluation
(Addendum A of CRWMS M&O 2000m) concluded that the development of this report is
subject to the DOE Office of Civilian Radioactive Waste Management Quality Assurance
Requirements and Description (QARD) controls (DOE 2000a). The information provided in this
report is to be indirectly used in the evaluation of the codisposal viability of V-metal fuel. AP
SV.IQ, Control ofthe Electronic Management ofInformation, does not apply because there are
no electronic data associated with this report. However, electronic data were developed in the
calculations (CRWMS M&O 2000b, CRWMS M&O 2000c, CRWMS M&O 2000d, CRWMS
M&O 2000e, CRWMS M&O 2000f) supporting this technical report. The control of the
electronic management of data for these calculations was accomplished in accordance with AP
SV.IQ as specified in CRWMS M&O 2000m.

There is no determination of importance evaluation developed in accordance with Nevada Line
Procedure, NLP-2-0, Determination ofImportance Evaluations, since the report does not involve
any field activity.

This technical report is based in part on unqualified data. However, the unqualified data is only
used to determine the bounding values and items that are important to criticality control for the
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fuel group by establishing the limits based on the representative fuel type (N reactor) for this
group (V-metal). Hence, the input values used for evaluation of codisposal viability of V-metal
(N reactor) spent nuclear fuel do not constitute data that have to be qualified in this application.
They merely establish the bounds for acceptance (Assumption 2.3.6.1). Since the input values
are not relied upon directly to address safety and waste isolation issues, and since the design
inputs do not affect a system characteristic that is critical for satisfactory performance, according
to the governing procedure (AP-3.11Q, Technical Reports), the data do not need to be controlled
as to-be-verified (AP-3.15Q, Managing Technical Product Inputs). However, prior to
acceptance of the fuel for disposal, the items that are identified as important to criticality control
and acceptance in Section 8.7 must be qualified by any means identified in the Quality
Assurance Requirements and Description document (DOE 2000a) (e.g., experiment, non
destructive test, chemical assay, qualification under a program subject to the QARD
requirements).
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2 DESIGN INPUTS

The data that were obtained from the following sources are considered accepted data: ASTM
B 575-97, Standard Specification for Low-Carbon Nickel-Molybdenum-Chromium, Low
Carbon Nickel-Chromium-Molybdenum, Low-Carbon Nickel-Chromium-Molybdenum
Copper and Low-Carbon Nickel-Chromium-Molybdenum-Tungsten Alloy Plate, Sheet, and
Strip; ASTM A 516/A 516M - 90, Standard Specification for Pressure Vessel Plates, Carbon
Steel, for Moderate- and Lower-Temperature Service; ASTM G 1-90, Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens; ASTM A 240/A 240M-99b,
Standard Specification for Heat-Resisting Chromium and Chromium-Nickel Stainless Steel
Plate, Sheet, and Strip for Pressure Vessels; ASTM A 20/A 20M-99a, Standard Specification
for General Requirements for Steel Plates for Pressure Vessels; ASTM B 811-97, Standard
Specification for Wrought Zirconium Alloy Seamless Tubes for Nuclear Reactor Fuel
Cladding; and ASME 1995,1995 ASME Boiler and Pressure Vessel Code,' ASTM A 276-91a,
Standard Specification for Stainless and Heat-Resisting Steel Bars and Shapes, ASM 1961;
ASM 1967; Hollingsworth and Hunsicker 1987; Incropera and DeWitt 1996; Benedict at al.
1981. These references are standards or handbooks, and due to the nature of these sources,
the data in them are established facts and are, therefore, considered accepted (as explained in
CRWMS M&O 2000c, p. 12).

The number of digits in the values cited herein may be the result of a calculation or may
reflect the input from another source; consequently, the number of digits should not be
interpreted as an indication of accuracy. In the following tables, three to four digits after the
decimal place have been retained to reduce the round-off errors in subsequent calculations.

2.1 DESIGN PARAMETERS

Each of the following subsections either describes the design of the waste package or
identifies the basis of major parameters.

2.1.1 Codisposal Waste Package

The codisposal waste package for N reactor contains two defense high-level waste (DHLW)
canisters and two multi-canister overpacks (MCO) loaded with N reactor spent nuclear fuel. It
should be noted that this waste package differs from that used for the other DOE spent nuclear
fuel types, which have five DHLW canisters surrounding the single DOE spent nuclear fuel
canister. The following are the principal reasons for this difference: (l) Although the MCO
has the same basic shell diameter as the DHLW canisters, it also has a slightly larger diameter
collar at one end, which would make for a very tight fit in the standard-diameter waste
package if five canisters were used. (2) The two DOE spent nuclear fuel canisters are placed
in opposition so that the four-canister configuration is balanced around the cylinder axis. This
latter capability is important if the closure weld is implemented by rotating the waste package
on a turntable. It should be noted, however, that a side-by-side placement is also considered
because that could occur from a misload, and that will be seen to lead to the degraded
configuration of highest kerr. Such misload configurations are discussed in Sections 6 and 7.
The 2-MC0/2-DHLW spent nuclear fuel waste package design is based on the enhanced
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design alternative II (EDA II, Wilkins 1999, see also Appendix A). The shells materials of
the waste package are typical of those used for commercial spent nuclear fuel waste packages.
The waste package design consists of two concentric cylindrical shells. The inner shell is
composed of 50 mm of stainless steel 316 NG (nuclear grade) and serves as a corrosion
resistant material. The outer shell is composed of 25 mm of high-nickel alloy ASTM B 575
(Alloy 22). The outside diameter of the waste package is 1,734 mm and the length of the
inside cavity is 4,617 mm (Appendix A, p. A-I), which is designed to accommodate two
Hanford 15-foot high-level waste glass canisters. The lid of the inner shell is 105 mm thick.
The outer shell flat bottom lid is 25 mm thick and the outer shell flat closure lid is 10 mm
thick. There are two 10-mm-thick carbon steel plates (made of ASTM A 516 Grade 70, and
called separation plates) that divide the waste package in four quarters as shown in Figure 2-1.
The two N reactor MeOs are placed on a 5-mm-thick carbon steel (ASTM A 516 Grade 70)
support cylinder with a diameter of 600 mm topped by a 5-mm fuel support plate made of
carbon steel (Appendix A, p. A-3). Table 2-1 summarizes the dimensions and materials ofthe
waste package.

Table 2-1. Codisposal Waste Package Dimensions and Material Specifications

Component Material Parameter Dimension (mm)

Outer shell ASTM B 575 (Alloy 22) Thickness 25
Outer diameter 1734

Inner shell 316 NG stainless steel Thickness 50
Inner cavity length 4617

Inner shell lid 316 NG stainless steel Thickness 105
Extended outer shell lid ASTM B 575 (Alloy 22) Thickness 25

Outer shell flat closure lid ASTM B 575 (Alloy 22) Thickness 10
Outer diameter 600

Fuel support cylinder ASTM A 516 Grade 70 Inner diameter 590
Length 270

Waste separation plates ASTM A 516 Grade 70 Thickness 10
Fuel support plate ASTM A 516 Grade 70 Thickness 5
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Waste package outer shell

Waste package inner shell

DHLW canister

Mea

Waste separation plates

Figure 2-1. Cross-Section View of the 2-MCO/2-DHLW Waste Package in an as-Loaded Position

2.1.2 High-Level Waste Glass Pour Canisters

There is no long Savannah River Site high-level waste glass canister. Therefore, the Hanford
IS-foot high-level waste glass canister (Figure 2-2) is used in the N reactor waste package.
Since the specific composition of the Hanford high-level waste glass has not yet been
specified, it can only be assumed to be the same as the Savannah River Site glass composition
is not known at this time, the Savannah River Site glass composition is used in all analyses
(Table 2-14). The Hanford IS-foot high-level waste glass canister is 4,572-mm long stainless
steel Type 304L canister with an outer diameter of 610 mm (24.00 in.) (Taylor 1997 and
CRWMS M&O 2000a, p. 10). The wall thickness is 10.5 mm. These parameters are the
same as the SRS canister, except that it is longer. The maximum loaded canister weight is
4,200 kg and the fill volume is 87%. The heat generation from a single Hanford IS-foot high
level waste glass canister is 2,540 W (Table 2-6). The geometry and material specifications
for high-level waste glass canisters are given in Table 2-2.
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Figure 2-2. High-Level Waste Glass Pour Canister

Table 2-2. Geometry and Material Specifications for High-Level Waste Glass Canisters

Component Material Parameter Value
Outer diameter 610mm
Wall thickness 10.5 mm

Hanford 15-ft Stainless Steel 304L Length 4,572mm
canister Total weight of canister and 4,200 kgglass

Fill volume of glass in canister 87%

SOURCES: Taylor (1997), CRWMS M&O (2000a, p.10)

2.1.3 N Reactor Spent Nuclear Fuel

Detailed infonnation on N reactor fuel and Meo design used in this report was obtained from
the National Spent Nuclear Fuel Program and is documented in the report, N Reactor (U
metal) Fuel Characteristics for Disposal Criticality Analysis (DOE 2000b). The N reactor
core was fueled with slightly enriched (0.947 wt%, and 0.947 to 1.25 wt% U-235 in Mark IV
and Mark IA fuels, respectively) uranium metal cladded with Zircaloy-2. Differences in the
enrichment were selected based on the intended mode of reactor operation, i.e., plutonium or
power production.

The N reactor fuel elements consist of the two basic design variants, both of which use two
concentric tubes of uranium metal co-extruded with Zircaloy-2 cladding. Lengths and
diameters vary slightly by fuel type; these differences are described in the following text.
There is a special case of twelve Mark IA fuel elements that are the same maximum length as
the longest Mark IV fuels, i.e., 66.3 em (26.1 in.).

The data contained in Table 2-3 is representative of the fuel "envelope" as it may affect
packaging strategies (DOE 2000b).
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2.1.3.1 Mark IV Fuel Details

Mark IV fuel elements (Figure 2-3) used two concentric tubes of uranium metal co-extruded
into Zircaloy-2 cladding. The uranium enrichment for both layers was specified to be 0.947
wt% U-235, yielding an average uranium weight of 22.7 kg (50 lb.) per element. These fuels
had an outer diameter of 6.147 cm (2.42 in.) and lengths varied (to facilitate reactor fuel
loading configurations) as follows: 44, 59, 62, and 66 cm (17.4, 23.2, 24.6, and 26.1 in.). The
Mark IV fuel inner and outer elements have Zircaloy-2 end caps with an axial length of 0.48
cm (0.19 in.) on each end. Table 2-3 gives the dimensions and material composition of the
fuel elements.
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Table 2-3. N Reactor Fresh Fuel Elements Description

Mark IV Mark IA

0.947 and 1.25% enriched for the
Pre-irradiation enrichment of U-235 0.947% enriched inner and outer of the fuel element

respectively

Type-length codea E S A C M T F

Length, cm (in.) 66 62 59 44 53b 50 38
(26.1) (24.6) (23.2) (17.4) (20.9) (19.6) (14.9)

Element Diameter, mm (in.)

1. Outer of outer fuel element 61.47 (2.42) 60.96 (2.40)

2. Inner of outer fuel element 43.18 (1.70) 44.96 (1.77)

3. Outer of inner fuel element 32.51 (1.28) 31.75 (1.25)

4. Inner of inner fuel element 12.19 (0.48) 11.18 (0.44)

Cladding weight, kg (Ib)

1. Outer element 1.094 1.041 0.991 0.791 0.882 0.832 0.659
(2.41) (2.29) (2.18) (1.74) (1.94) (1.83) (1.45)

2. Inner element 0.550 0.523 0.500 0.400 0.536 0.509 0.405
(1.21 ) (1.15) (1.10) (0.88) (1.18) (1.12) (0.89)

Weight of uranium in outer fuel element

1. 0.947% U-235, kg 16.0 15.0 14.2 10.5
(lb.) (35.2) (33.1 ) (31.2) (23.1 ) - -- - - - - - -

2. 1.25% U-235, kg 11.1 10.4 7.9
(lb.) - - - - - - - - - - - - (24.4) (22.9) (17.3)

Uranium isotopics (0.947 wt%) (1.25 wt%)

U-235 0.9470 1.2500

U-236 0.0392 0.0392

U-238 99.0138 98.7108

Weight of uranium in inner fuel
element kg 7.5 7.0 6.6 5.0 5.5 5.1 3.9
@ 0.947% U-235, (lb.) (16.5) (15.5) (14.6) (10.9) (12.1) (11.3) (8.6)

Maximum weight of a fuel element,
kg 25.15 23.65 22.31 16.65 18.01 16.89 12.84
(lb.) (55.32) (52.04) (49.08) (36.62) (39.62) (37.15) (28.24)

Weighted average of uranium in a 22.73 (50.0) 16.32 (35.9)fuel element, kg (Ib)

Ratio of Zircaloy-2 to uranium, kg/MT 140 141.6 143.2 154.1 171.0 172.5 180.7

NOTES: aLetter code differentiates the various lengths of Mark IV or Mark fA fuel elements, i.e., a type "E"
element is 26.1 inches long. .
~here are 12 Mark IA elements that have an overall length of 66.3 cm; they will be dealt with as
a special case fuel loading in a Mark IV fuel basket.

SOURCE: DOE (2000b, p. 11)
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Figure 2-3. Characteristic N Reactor Fuel Types (see Table 2-3 for other lengths)
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The construction of the N Reactor fuel elements includes the use of annular cylinders of co
extruded uranium with Zircaloy cladding. This method of construction ultimately lead to the
use of concentric tubes filled with uranium metal alloy and an inner and outer cladding with
attendant end caps. There is variability in the cladding thickness that is dependent not only on
which tube is being examined but which fuel type. Table 2-4 provides a summary of
calculated thickness based on specified dimensions of the fuel elements.

Table 2-4. Calculated Cladding Thickness for Mark IA and Mark IV Fuel Elements

Mark IV (em, [inches]) Mark IA (em, [inches])
Outer layer - outer tube 0.0640 (0.0252) 0.0635 (0.0250)
Inner layer - outer tube 0.0505 (0.0199) 0.0555 (0.0219)
Outer layer· inner tube 0.0765 (0.0301) 0.1015 (0.0400)
Inner layer - inner tube 0.0510 (0.0201) 0.0635 (0.0250)

End cap thickness 0.4830 (0.1900) 0.4830 (0.1900)

SOURCE: DOE (2000b, p. 13)

2.1.3.2 Mark IA Fuel Details

The Mark IA fuels (Figure 2-3) are differentiated from the Mark IV fuel elements in that the
outer concentric tube of uranium metal consists of 1.25 wt% enriched in U-235; the inner
concentric tube still consists of a 0.947 wt% uranium enrichment. These fuels have a slightly
smaller diameter of 6.096 em (2.40 in.) than the Mark IV fuels, and their U-metal weight of
16.3 kg (35.9 lbs.) is somewhat less than that found in the average Mark IV elements. Fuel
lengths varied by the following values: 38, 50, or 53 em (14.9, 19.6, and 20.9 in.). An
exception to these quoted lengths must include twelve Mark IA elements that measure 66.3
em (26.1 in.) long; a separate analysis has analyzed loading these special case fuels in a Mark
IV basket configuration because of the added length. The Mark IA fuel element inner and
outer elements have Zircaloy-2 end caps with an axial length of 0.483 em (0.190 in.) on each
end.

Both Mark IV and Mark IA fuels were co-located in the N reactor during operation, with the
more highly-enriched Mark IA elements functioning as the seed or driver fuel.

2.1.4 N Reactor Multi-Canister Overpack

Development of the MCO grew out of the Tri-Party Agreement between the State of
Washington-Department of Ecology; U.S. Environmental Protection Agency, Region 10; and
the DOE. Part of the agreement mandated removal of spent reactor fuels from the wet-storage
environment in the K-Basins because of the potential environmental concerns posed with
continued wet-storage (DOE 2000b).

The MCO was initially developed as an interim dry-storage container for the various N
reactor fuels. With an evolutionary design, it may also end up being used as the package for
transport and disposal in the repository.
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Current wet storage of the N reactor fuels required a package design that must allow for both
underwater loading of the fuel elements and in situ drying of the MCO and its contents after
loading.

One canister design has been proposed for use in the packaging, transport, and disposal of the
N reactor fuels. The canister design (Figure 2-4) includes a nominal length of 4198.37 mm
(165.29 in.) and a maximum outer diameter of 642.9 mm (25.31 in.) Beyond these basic
dimensions, fuel-specific internals have been designed for each canister based on the known
maximum lengths of the fuels (Mark IV or IA) contained therein.

2.1.4.1 Multi-Canister Overpack Design Features

The MCOs are constructed out of 304L stainless steel (ASTM A 240/A 240M-99b and Table
2-11) having an outside diameter 60.92 cm (23.985 in.) and a wall thickness of 1.27 cm (0.5
in.) (Figure 2-5). The top portion of the MCO has a slightly larger diameter (64.29 cm [25.31
in.]) than the overall tube body in order to accommodate the top mechanical closure device.
The overall length of the MCO is 422.707 cm (166.42 in.) with an inner cavity height to the
top of the stacked baskets of 356.545 cm (140.372 in.). The bottom plate has a thickness of
5.11 cm (2.01 in.). There is a mctal structure that adds another 57.91 cm (22.80 in.) to the top
of the Mca above the basket that might best be approximated as a solid, 304L stainless steel
shield plug (DOE 2000b. p. 23).

In addition, a central process post constructed out of 304L stainless steel is present in the
MCOs. This central post is associated with the stacked baskets, and each post is drilled to
facilitate water rcmoval from the bottom of the MCO after underwater loading. In the case of
the Mark IV fuel baskets, the post outer diameter is 7.20 cm (2.835 in.) with a 1.37 em (0.54
in.) thick wall. The Mark IA fuel and scrap baskets use a 16.83 cm (6.625 in.) post diameter
and a 4.458 cm (1.755 in.[max.]) drilled hole in the center for a 6.18 cm (2.435 in.) wall
thickness.

It is important to distinguish between what constitutes intact versus scrap material when
discussing Mea basket loading. The following generic guidelines are to be used for
differentiating material segregation between baskets.

Scrap cans "...consist of material with a maximum dimension as small as 1/4 inch. but can
also consist of pieces as large as entire fuel elements which do not tit in bottom plate sockets
of the fuel basket" (DOE 2000b, p. 23).
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Figure 2-4. Multi-Canister Overpack (depicted with four intact and one scrap Mark IV baskets)
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Loading Arrangement for Mark IV Fuel in MCa Container

24 in.
(61 em)

------- ---_ .._-----------_._---_._-----~._._""-------

r-- Center post
2.835 in. (7.20 em) SS post
0.542 in. (1.378 em) wall thickness

Loading Arrangement for Mark IA Fuel in Mea Container

24 in.
(61 em)

SOURCE: DOE (2000b, p. 25)

Center post
Machined barstoek
0.0.6.625 in. (16.828 em)
w/1.755 in. (4.458 em) driU through

Figure 2-5. Example of Loading Arrangements in MCOs
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"Intact" fuels, suitable for loading in MCO fuel baskets, are defined as material that is "...
loaded to form fuel element pairs, at least one end of the outer element fits within the hole
machined in the plate of the fuel basket, and the inner element fits within the outer element.
Both elements must seat within the fuel basket holes such that the top of either element does
not exceed the fuel basket height. Fuel element segments may be stacked (outer segments on
intact inner or inner segments in intact outer) to form element pairs in a fuel basket position.
The height of stacked segments can not exceed the length of intact element supporting the
segment stack." (DOE 2000b, p. 26)

2.1.4.2 MeO Basket for Mark IV

The Mark IV fuel consists of an inner element with a pre-irradiation enrichment of 0.947%
and an outer element with a pre-irradiation enrichment of 0.947%. The length of the Mark IV
fuel ranges from 44 cm (17.4-in) to 66 cm (26.1 in.). Analyses should be based on the 66 cm
(26.1 in.) long elements. The pertinent dimensions and weights comprising the Mark IV
elements are given in DOE (2000b).

The proposed configuration consists of fifty-four Mark IV elements per basket (Figure 2-5)
loaded in an upright position. Five baskets containing Mark IV spent nuclear fuel are then
placed into an MCO. Previous criticality safety calculations (DOE 2000b, p. 26) allow two of
the five baskets within the MCO to contain scrap or degraded Mark IV fuel. Heat transfer
considerations indicate that a maximum of two scrap baskets may be loaded in an MCO and
that they must be placed into the MCO as top and bottom baskets. The Mark IV scrap baskets
are limited to a maximum of 980 kg and use a 0.95% enrichment value. Scrap basket design
does not limit the mass of scrap in a basket; the scrap limits are based on spills of the baskets
in the K Basins where there is sludge containing fissile material on the floor.

The Mark IV basket is an annular type basket constructed of 304L stainless steel (Figure 2-6,
Table 2-11). The fifty-four elements are housed in the annular section (Figure 2-5). The
center post is comprised of a 7.201 cm (2.835 in.) outside diameter stainless steel, with a wall
thickness of 1.378 cm (0.54 in.). There are six, 304L stainless steel, round-bar support rods of
3.33 cm (1.3125 in.) diameter equally spaced around the outer periphery of the basket. These
rods aid in distributing the axial load of the fuel/scrap baskets when the MCO is in the vertical
position.

The basket used to house intact Mark IV fuel elements has an outer shell that extends
approximately 35.56 cm (-14 in.), the height ofthe bucket. The outside shell is constructed of
18-gauge (0.048 in.) 304L stainless steel. The outer diameter of the outer shell is 57.468 cm
(22.625-in. diameter). Each of the baskets, for intact elements, contains an aluminum spacer
guide at the bottom ofthe basket. This spacer is approximately 6.35 cm (2.5 in.) thick axially
and arranges the Mark IV elements in the triangular pitch configuration at a typical center-to
center pitch of 6.99 cm (2.75 in.) shown in Figure 2-5. The inside height of the basket is
67.30 cm (26.496 in.) with an overall outer height of 70.86 cm (27.897 in.). The perforated
plate at the base of the basket is 3.05 cm (1.20 in.) thick.
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The Mark IV scrap basket is also an annular type basket constructed primarily of 304L
stainless steel (Figure 2-7). The Mark IV scrap material is housed in the annular section. The
center post is comprised of a 7.201 cm (2.835 in.) outside diameter stainless steel pipe with a
wall thickness of 1.378 cm (0.54 in.) and an outer shell comprised of 18-gauge (0.048 in.)
stainless steel sheet metal. The outer diameter of the outer shell is equal to 57.468 cm (22.625
in.). The basket bottom plate is constructed from 3.05 cm (1.20 in.) thick stainless steel with
1.27-cm (0.5-in.) drain holes drilled through. The scrap baskets do not contain the aluminum
element spacer guide at the bottom of the basket. The scrap baskets are divided equally into
six compartments separated by six, full-height copper plates (ASM 1961, p. 1010) that are
0.318 cm (0.125 in.) thick. The center of these assembled, truncated arcs forms a hexagon
with a 17.78 cm (7.0 in.) dimension across the flats (see Figure 2-10 for example of the scrap
basket structure). The outer dimensional height of the shroud (in cross section) is 19.84 cm
(7.81 in.). The outer shroud height is 69.09 cm (27.20 in.).
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Figure 2-6. Mark IV Spent Nuclear Fuel Intact Elements Storage
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Figure 2-7. Mark IV Spent Nuclear Fuel Scrap Elements Storage Basket

2.1.4.3 MeO Basket for Mark IA Fuels

The basket is an annular type basket constructed of 304L stainless steel (Figure 2-8). The
center post is machined stainless steel barstock (actual dimension of 16.828 cm [6.625 in.]),
and the wall thickness is 6.19 cm (2.4375 in). The outer wall of the basket is comprised of
18-gauge stainless steel sheet metal with the inner diameter of the outer shell equal to 57.468
cm (22.625 in.). The forty-eight elements are housed in the annular section. The overall outer
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height basket is 58.882 cm (23.182 in.). The basket bottom plate is constructed from 3.05 cm
(1.20 in.) thick stainless steel with drain holes drilled through. Each of the baskets contains an
aluminum spacer guide at the bottom of the basket. This spacer is approximately 6.35 cm (2.5
in.) thick and arranges the elements in the triangular pitch configuration at a typical center-to
center pitch of6.99 cm (2.75 in.) as shown in Figure 2-5.

The scrap baskets do not have the aluminum spacer element guide located at the bottom
(Figure 2-9). Scrap consists of various sized pieces and sections from Mark IA elements that
have structurally failed. The scrap baskets (Figure 2-10) are divided into six individual
compartments consisting of 0.318 cm (0.125 in.) thick copper plate material (ASM 1961, p.
1010). Each compartment occupies a 60° arc (six segments) within the canister. Six
trapezoidal posts (equally spaced radially on the outer periphery of the basket) provide
structural support and a small degree of standoff (58.882 cm [23.182 in.]) height from the
basket shroud (56.642 cm [22.30 in.]). The basket shroud element is shaped like a truncated
(on the pointed end) piece of pie. The 60° arc is formed on a 28.410 cm (11.185 in.) outer
radius and an overall height from the outside of the radius to the outside of the flat truncation
of 17.475 cm (6.88 in.). The flat-to-flat inside dimension of the hex shape formed by the
joined surfaces of the scrap shrouds measures 22.54 cm (8.875 in.). A trapezoid piece of
304L stainless steel bar stock is centered within each compartment on the outer radius. The
following trapezoid cross-section dimensions (maximums) include a 3.734 cm (1.47 in.)
height, 3.175 cm (1.25 in.) short base, a projected 7.960 cm (3.134 in.) long base wi 0.635 cm
(0.25 in.) radius on those comers. The thickness of the bottom plate of the basket is 3.05 cm
(1.20 in.). The overall outer diameter of each basket is 57.468 cm (22.625 in.). The Mark IA
scrap baskets are limited to a maximum loading to 575 kg and used a 1.25% enrichment
value.
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Figure 2-8. Mark IA Spent Nuclear Fuel Intact Elements Storage Basket
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Figure 2-9. Mark IA Spent Nuclear Fuel Scrap Material Storage Basket
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Figure 2-10. Isometric Mark IA Spent Nuclear Fuel Scrap Material Storage Basket
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2.1.5 Structural

A two-dimensional finite element representation of the 2-MC0I2-DHLW waste package was
developed to determine the effects of loads on the structural components due to a tipover
design basis event. Calculations of maximum stress intensity for each waste package
handling accident scenario (horizontal drop, vertical drop, and tipover design basis event)
showed that the bounding dynamic load is obtained from a tipover case in which the rotating
end of the waste package experiences the highest impact load. Therefore, the structural
evaluations presented in this technical report are bounding for all handling-accident scenarios.
The finite element representation was developed using the dimensions provided in DOE
(2000b).

2.1.6 Thermal

The surface temperature history of the 2-MCO/2-DHLW waste package is given in Table 2-5.
Values, relative to the top, side, and bottom of the waste package, were taken from
Attachment VI of CRWMS M&O (2000g).

The boundaries conditions for the thermal analysis are as follow:

• The spacing between the waste packages is 0.1 m (CRWMS M&O 2000j, p. 2-18)

• The repository will be ventilated for 50 years after initial emplacement and the time
allowed for emplacement will be 25 years (CRWMS M&O 2000j, p. 2-23). To
conservatively account for both parameters, the least amount of ventilation a given
waste package will receive is approximated as 25 years

• There is no backfill (Stroupe, 2000).
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Table 2-5. Upper Bound of Waste Package Surface Temperature

Time after Waste Package Bottom Waste Package Side Waste Package Top
Emplacement (years) Temperature (OC) Temperature (OC) Temperature (OC)

0.0 57.2 62.9 64.7
0.1 83.7 80.6 79.9
0.2 88.2 85.0 84.3
0.3 90.9 87.8 87.1
0.4 93.0 89.8 89.1
0.5 94.6 91.5 90.8
0.6 96.0 92.9 92.2
0.7 97.2 94.1 93.4
0.8 98.3 95.2 94.5
0.9 99.2 96.1 95.5
1 100.1 97.0 96.3
2 105.4 102.4 101.7
3 108.0 105.0 104.4
4 109.5 106.6 106.0
5 110.4 107.6 107.1
6 111.0 108.2 107.6
7 111.2 108.5 108.0
8 111.3 108.7 108.1
9 111.2 108.7 108.1
10 111.1 108.6 108.0
15 109.3 106.9 106.5
20 106.7 104.5 104.1
25 103.9 101.9 101.5
30 226.6 221.9 220.3
35 238.5 234.3 232.8
45 234.2 230.5 229.2
55 224.2 220.8 219.6
65 214.2 211.1 210.0
75 204.7 201.9 200.9
85 196.5 193.9 192.9
95 189.7 187.3 186.4
105 184.8 182.5 181.6
125 176.9 174.8 174.0
225 152.4 150.9 150.4
325 142.1 140.9 140.4
425 136.6 135.5 135.1
525 131.7 130.8 130.5
625 127.7 126.9 126.6
725 124.2 123.5 123.2
825 121.2 120.6 120.3
925 118.6 118.0 117.7
1025 116.5 116.0 115.8
2025 98.7 98.4 98.2
3025 92.2 92.0 91.9
4025 87.3 87.1 87.0
5025 83.7 83.5 83.4
6025 80.5 80.3 80.2
7025 78.1 77.9 77.8
8025 76.0 75.8 75.8
9025 73.5 73.3 73.2

10025 71.3 71.2 71.1
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Table 2-6 lists the heat output of each waste package component. The Hanford long defense
high-level waste heat output history was derived from the Hanford regular high-level waste
heat output and scaled up by a factor of2.916. This factor is based on the ratio of initial heat
output from the Hanford long canister (Taylor 1997) to that of Hanford regular canister
(CRWMS M&O 1997b, Attachment LI). For simplicity if thermal analysis, only the Mark IV
fuel element is considered (Assumption 2.3.2.1). It is also assumed that the heat output of
each fuel element remains at the value estimated for time of emplacement (Assumption
2.3.2.6). Both these assumptions are conservative. The heat output per spent fuel element is
taken to be 776 watts (DOE 2000b, p. 16).

Table 2-6. Heat Output History

Time after Emplacement Per Defense High-Level PerMCO Per Waste Package
(years) Waste Canister (W) (W) (W)

0.00 2540.0 776.0 6632.0
0.10 2461.6 776.0 6475.1
0.20 2389.8 776.0 6331.7
0.30 2323.9 776.0 6199.9
0.40 2263.6 776.0 6079.2
0.50 2208.2 776.0 5968.4
0.60 2157.2 776.0 5866.4
0.70 2109.9 776.0 5771.9
0.80 2066.8 776.0 5685.6
0.90 2026.9 776.0 5605.7
1.0 1989.8 776.0 5531.7
2.0 1739.7 776.0 5031.4
3.0 1609.6 776.0 4771.3
4.0 1530.3 776.0 4612.7
5.0 1473.8 776.0 4499.6
6.0 1428.3 776.0 4408.6
7.0 1388.9 776.0 4329.9
8.0 1353.7 776.0 4259.3
9.0 1320.4 776.0 4192.9
10 1288.9 776.0 4129.9
20 1024.8 776.0 3601.6
30 819.0 776.0 3189.9
40 657.2 776.0 2866.3
50 529.5 776.0 2610.9
60 429.2 776.0 2410.3
70 349.9 776.0 2251.7
80 287.5 776.0 2126.9
90 237.9 776.0 2027.8
100 199.1 776.0 1950.3
200 61.8 776.0 1675.6
300 41.7 776.0 1635.4
400 33.2 776.0 1618.5
500 27.4 776.0 1606.8
600 22.4 776.0 1596.9
700 18.4 776.0 1588.7
800 15.2 776.0 1582.3
900 12.5 776.0 1577.1
1000 10.2 776.0 1572.4
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The thermal conductivity of the high-level waste glass canisters is conservatively
approximated as that of borosilicate glass, while the properties of density and specific heat are
conservatively approximated as those of Pyrex glass at 300 K (Assumption 2.3.2.4).

2.1.7 Shielding Source Term

Table 2-7 presents the maximum gamma source term per MCO, which is provided in DOE
(2000b, p. 39). The maximum neutron source intensity per MCO is 1.17E+07 neutrons/s
(DOE 2000b, p. 41).

Table 2-7. Maximum Gamma Source Term per Mea

Upper Energy Boundary Average Group Energy Gamma Intensity per Mea
(MeV) (MeV) (photons/s)
0.02 1.50E-02 1.75E+15

0.03 2.50E-02 3.87E+14

0.05 3.75E-02 4.21E+14

0.07 5.75E-02 3.46E+14

0.10 8.50E-02 1.95E+14

0.15 1.25E-01 1.48E+14

0.30 2.25E-01 1.66E+14

0.45 3.75E-01 8.64E+13

0.70 6.62E-01 2.81E+15

1.00 8.50E-01 1.04E+14

1.50 1.25E+OO 4.33E+13

2.00 1.75E+OO 1.29E+12

2.50 2.25E+OO 9.42E+10

3.00 2.75E+OO 4.67E+09

4.00 3.50E+OO 6.04E+08

6.00 5.00E+OO 3.71E+05

8.00 7.00E+OO 4.23E+04

14.00 1.10E+01 4.84E+03

Total 6.45E+15

SOURCE: DOE (2000b. p. 39)

Table 2-8 presents the gamma and neutron sources per 3-m-Iong defense high-level waste
glass canister. These source terms have been scaled up to the 4.5-m- (15-ft-) long glass
canister. The scaling factor is 3.67/2.17=1.69 (Taylor 1997), which gives a gamma and a
neutron intensity per 4.5-m- (15-ft-) long canister of 6.22E+15 photons/s and 1.39E+08
neutrons/s, respectively.
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Table 2-8. Gamma and Neutron Sources per 3-m-Long Defense High-Level Waste Glass Canister

Gamma Source per Defense High-Level Waste Neutron Source per Defense High-Level Waste
Glass Canister Glass Canister

Upper Energy Intensity (photons/s)
Upper Energy

Intensity (neutrons/s)Boundary (MeV) Boundary (MeV)
0.05 1.32E+15 0.10 1.97E+05

0.10 3.96E+14 0.40 1.89E+06

0.20 3.10E+14 0.90 6.34E+06

0.30 8.74E+13 1.40 6.92E+06

0.40 6.39E+13 1.85 6.12E+06

0.60 8.83E+13 3.00 2.61E+07

0.80 1.35E+15 6.43 3.42E+07

1.00 2.13E+13 20.00 3.07E+05

1.33 2.96E+13

1.66 6.42E+12

2.00 5.14E+11

2.50 2.94E+12

3.00 2.04E+10

4.00 2.28E+09

5.00 5.25E+05

6.50 2.11E+05

8.00 4.13E+04

10.00 8.75E+03

Total 3.68E+15 8.21E+07

SOURCE: CRWMS M&O (1999c, Attachment VIII, p. 1, and Attachment IX, p. 1)

2.1.8 Material Compositions

The chemical compositions of the materials used in the analyses are given in Table 2-9
through Table 2-13. The composition of the high-level waste glass shown in Table 2-14 is
based on the assumption that both 3-m and 4.5-m (15-ft) canisters have the same glass
composition (Assumption 2.3.4.7).
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Table 2-9. Chemical Composition of ASTM B 575 (Alloy 22) (Unified Numbering System rUNS]
N06022)

Element Composition (wt"lo) Value Used (wt%)
Carbon (C) 0.015 (max) 0.015

Manganese (Mn) 0.50 (max) 0.50
Silicon (Si) 0.08 (max) 0.08

Chromium (Cr) 20.0 - 22.5 21.25
Molybdenum (Mo) 12.5 - 14.5 13.5

Cobalt (Co) 2.50 (max) 2.50
Tungsten 0N) 2.5 - 3.5 3.0
Vanadium (II) 0.35 (max) 0.35

Iron (Fe) 2.0 - 6.0 4.0
Phosphorus (P) 0.02 (max) 0.02

Sulfur (S) 0.02 (max) 0.02
Nickel (Ni) Balance 54.765

Density = 8.69 glcm3

SOURCE: ASTM B 575-97 (p. 2)

Table 2-10. Chemical Composition of ASTM A 516 Grade 70 Carbon Steel (UNS K02700)

Element Composition- (wt"lo) Value Used (wt%)
Carbon (C) 0.27 (max) 0.27

Manganese (Mn) 0.79-1.30 1.045
Phosphorus (P) 0.035 (max) 0.035

Sulfur (S) 0.035 (max) 0.035
Silicon (Si) 0.13-0.45 0.29
Iron (Fe) Balance 98.325

Densitl = 7.85 g/cm3

SOURCES: a ASTM A 516/A 516M - 90 (Table 1)
bASTM A 20/A 20M-99a (p. 9)

Table 2-11. Chemical Composition of Stainless Steel Type 304L (UNS S30403)

Element Composition- (wt"lo) Value Used (wt%)
Carbon (C) 0.03 (max) 0.03

Manganese (Mn) 2.00 (max) 2.00
Phosphorus (P) 0.045 (max) 0.045

Sulfur (S) 0.03 (max) 0.03
Silicon (Si) 0.75 (max) 0.75

Chromium (Cr) 18.00 - 20.00 19.00
Nickel (Ni) 8.00 - 12.00 10.00

Nitrogen (N) 0.10 0.10
Iron (Fe) Balance 68.045

Densityb = 7.94 g/cm3

SOURCES: a ASTM A 240/A 240M-99b (p. 3)
bASTM G 1-90 (Table X1)

TDR-EDC-NU-000004 REV 00 2-25 January 2001



Table 2-12. Chemical Composition of Stainless Steel Type 316L (UNS S31603)

Element Compositiona (wt%) Value Used (wt%)
Carbon (C) 0.03 (max) 0.02

Manganese (Mn) 2.00 (max) 2.00
Phosphorus (P) 0.045 (max) 0.045

Sulfur (S) 0.03 (max) 0.03
Silicon (Si) 1.00 (max) 1.0

Chromium (Cr) 16.00 - 18.00 17.00
Nickel (Ni) 10.00 - 14.00 12.00

Molybdenum (Mo) 2.00 - 3.00 2.50
Nitrogen (N) 0.10 (max) 0.08

Iron (Fe) Balance 65.325

Densitl = 7.98 g/cm3

SOURCES: a ASTM A 276-91 a, (p.2)
b ASTM G 1-90 (Table X1)

Table 2-13. Chemical Composition of Zircaloy-2 (UNS R60802)

Element Composition (wt %). Value Used (wt %)
Sn 1.20-1.70 1.45
Fe 0.07-0.20 0.135
Cr 0.05-0.15 0.10
Ni 0.03-0.08 0.055
0 0.09-0.16 0.125
Zr Balance 98.135

Densityu =6.55 g/cm"

SOURCES: a ASTM B 811-97 (Table 2)
b ASM International 1967 (p.1)
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Table 2-14. Chemical Composition of Savannah River Site High-Level Waste Glass

Element/Isotope Composition- (wt %) Element/Isotope Compositiona (wt %)
0 4.4770E+01 Ni 7.3490E-01

U-234 3.2794E-04 Pb 6.0961E-02
U-235 4.3514E-03 Si 2.1888E+01
U-236 1.0415E-03 Th 1.8559E-01
U-238 1.8666E+00 Ti 5.9676E-01
Pu-238 5.1819E-03 Zn 6.4636E-02
Pu-239 1.2412E-02 8-10 5.9176E-01
Pu-240 2.2773E-03 8-11 2.6189E+00
Pu-241 9.6857E-04 Li-6 9.5955E-02
Pu-242 1.9168E-04 Li-7 1.3804E+00
Cs-133 4.0948E-02 F 3.1852E-02
Cs-135 5.1615E-03 Cu 1.5264E-01
8a-137 1.1267E-01 Fe 7.3907E+00

AI 2.3318E+00 K 2.9887E+00
S 1.2945E-01 Mg 8.2475E-01

Ca 6.6188E-01 Mn 1.5577E+00
P 1.4059E-02 Na 8.6284E+00
Cr 8.2567E-02 CI 1.1591E-01
Ag 5.0282E-02

DensityD at 25°C =2.85 g/cm'>

SOURCES: a CRWMS (1999d, p. 7)
b The average glass density is 2.65 g/cm3 (CRWMS M&O 20000). Stout and Leider (1991.

p. 2.2.1.1-4) gives an upper limit of the glass density of 2.85 g/cm3

2.1.9 Degradation and Geochemistry

This section identifies the degradation rate of the principal alloys, the chemical composition
of J-13 well water, and the drip rate of J-13 well water into a waste package. These rates are
used in Section 6, Degradation and Geochemistry Analyses.

2.1.9.1 Physical and Chemical Form ofN Reactor Waste Package

It is convenient to consider the N reactor spent nuclear fuel waste package as several
structural components, specifically:

• The outer shell composed of corrosion resistant material (Alloy 22)

• The inner shell composed of 316L stainless steel

• Two perpendicular A516 carbon steel A-plates that intersect to form four vertical
compartments separating the two glass pour canisters and the two MCOs inside the
waste package

• Two MCa fuel support cylinders composed of A516 carbon steel
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• Two glass pour canisters, the 304L stainless steel containers of the solidified high
level waste glass

• Two MCOs composed of 304L stainless steel

• Baskets of the MCOs, constructed of 304 L stainless steel, and Aluminum (AlII 00)
spacers which hold the fuel elements in place

• The N reactor (V-metal) Mark IA or Mark IV spent nuclear fuel elements.

Table 2-14 gives the composition of the high-level waste glass used in the calculations
(CRWMS M&O 1999d, p. 7). The composition in CRWMS M&O (1999d) was simplified to
produce the values listed in Table 2-15. Minor elements or elements with questionable
thermodynamic data were removed (Ag, Cr, Cs, Cu, Li, Mn, Ni, Pb, Th, Ti, Zn), and shorter
half-life Pu isotopes were "predecayed" to longer half-life U isotopes: Pu-242 was converted
to U-238; Pu-241 was converted to Np-237, which was converted to U-233; Pu-240 was
converted to U-236; Pu-239 was converted to U-235; and Pu-238 was converted to U-234.
Small amounts of neutron absorbers (Ag, Th, Zn) were removed in the simplified glass
composition. This approach is conservative for internal criticality analyses.
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Table 2-15. High-Level Waste Glass Compositiona and Degradation Rate Constants

Moles/100g High"Level Waste
Element Weight Percent Glassb

0 4.2605E+01 2.7039E+00
U 1.8612E+00 7.8186E-03

Sa 1.4718E-01 1.0751E-03
AI 2.3285E+OO 8.6298E-02
S 1.2849E-01 4.0071E-03

Ca 6.5021E-01 1.6224E-02
P 1.5136E-02 4.8866E-04
Si 2.1808E+01 7.7649E-01
S 3.1486E+OO 2.9124E-01
F 3.1565E-02 1.6615E-03
Fe 9.6172E+OO 1.7221E-01
K 2.9347E+OO 7.5059E-02

Mg 8.1001E-01 3.3327E-02
Na 1.3259E+01 5.7672E-01

Total 1.0000E+02 4.7465E+OO
Total Rate ConstantC = kllH+].Q·4 + k2[H+t6 (mol/cm2.s)d

Moderate Rate Constant (k1) 8.85753E-19 liter/cmL·s
High Rate Constant (k1) 1.07560E-17 liter/cmL·s

Moderate Rate Constant (k2) 7.97555E-13Iiter/cmL ·s
High Rate Constant (k2) 4.87424E-12Iiter/cmL ·s

SOURCES: aSimplified composition based on CRWMS M&O (1999d, p. 7) as calculated in
CRWMS M&O (2000e, Attachment II)

cCRWMS M&O (2000h, Section 6.2.3.3, Equations 7 and 8); CRWMS M&O
(2000e, Attachment II ["NReactor.xls: sheet "Rates"])

NOTES: tJrhis is the composition added to "dataO.ymp" for the pseudo-mineral, GlassSRL.
dOne mole = 100g high-level waste glass. The molecular weight of all WP

components was set to 100 g to simplify inputs to EQ6.

As was shown in Sections 5.3.2 and 5.3.3 ofCRWMS M&O (199ge), EQ6 estimates ofU loss
from the waste package are not greatly affected by substantial variations in the composition of
the high-level waste glass. The actual high-level waste glass composition used in the glass
pour canister may vary significantly from these values, since the sources of the high-level
waste glass and melting processes are not currently fixed. For example, compositions
proposed for Savannah River Site high-level waste glass vary by a factor of ~6 in U30 8
content, from 0.53 to 3.16 weight percent (DOE 1992, p. 3.3-15, Table 3.3.8.). The Si and
alkali metal contents (Na, Li, and K) of the high-level waste glass have perhaps the most
significant bearing on EQ6 calculations. The amount of Si in the high-level waste glass
strongly controls the amount of clay that forms in the waste package, and the Si activity
controls the presence of insoluble uranium phases such as soddyite ([U02hSi04"2H20),
sodium boltwoodite (NaU02Si030H"1.5H20), or a-uranophane (Ca[U02Si030Hh·5H20).
As the high-level waste glass degrades in an EQ6 run, the alkali metal content of the corrosion
products increases and the pH rises. The Si and alkali metal contents in Table 2-15 are typical
for proposed DOE high-level waste glasses (CRWMS M&O 1999d).
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A pH-dependent rate for high-level waste glass degradation was derived from CRWMS M&O
(2000h, Section 6.2.3.3, Equations 7 and 8), and normalized CRWMS M&O (2000e,
Attachment II). The first rate mechanism (described with k,) in Table 2-15 is dominant at pH
values above 7, while the second rate mechanism (described with k2) is dominant at pH values
below 7. The high glass degradation rate constants in Table 2-15 are those predicted at 50°C,
while the moderate rate constants are those derived for degradation at 25 °C (CRWMS M&O
2000h, Section 6.2.3.3, Equations 7 and 8).

Table 2-16 provides molar volume, density, initial moles, reaction rate constants, and surface
area for all of the materials in the N reactor codisposal waste package that were considered in
the calculation. The molar volume is the molecular weight divided by the density. For each
EQ6 special reactant, the molecular weight is assumed to be 100 g/mol, which makes the
calculation less complicated and has no effect on the results. The initial moles and the surface
area in Table 2-16 are normalized values based on one liter of water, rather than the total
initial void volume in the waste package (i.e., 4268.479 liters). The details of the void volume
calculation are provided in CRWMS M&O (2000e, Attachment II).

The degradation rates in Table 2-16 are average or high degradation. The true reaction rate is
obtained by multiplying rk by sk to get moVs. Inspection of the rates shows that for a
comparable surface area, the A516 carbon steel is expected to degrade much more rapidly
than the stainless steels (316L and 304L). In addition, the stainless steels contain significant
amounts of Cr and/or Mo and, under the assumption of complete oxidation, should produce
more acid, per volume, than the carbon steel.

The A-plates are composed of A 516 carbon steel and serve two purposes: they center, hold in
place, and separate the MCOs and glass pour canisters. They prevent them from transmitting
undue stress to each other in the event of a fall (tipover) of the entire waste package. The
MCO support cylinders and support plates are also constructed of A 516. In a breach
scenario, these A 516 waste package components will be exposed to water and corrosion
before the rest of the waste package, and they are expected to degrade within a few hundred to
a few thousand years. The oxidation of iron in the A 516 into hematite (Fe203) or goethite
(FeOOH) can significantly reduce the void space in the waste package soon after it is
breached (CRWMS M&O 1998a, p. 20).
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Table 2-16. Properties of Materials in the N Reactor Spent Nuclear Fuel Codisposal Waste Package

ric" 5k"
Rate Constant (mol/cm"'·s)

Waste Package Component Average High Surface Area (cm2
)

High-level waste glass (see Table 2-15) (see Table 2-15) 729.5
Mark IA Fuel (outer elements) 2.0255E-9c Not Applicable (N/A) 233.3
Mark IA Fuel (inner elements) 2.0255E-9c N/A 93.03
Mark IV Fuel (inner and outer elements) 2.0255E-9c N/A 384.1
Mark IA Fuel (outer elements- decayed) 2.0255E-9c N/A 232.2
Mark IA Fuel (inner elements- decayed) 2.0255E-9c N/A 92.57
MCO canister and baskets 2.516E-14d 8.656E-128 124.2
MCO canister and baskets 2.516E-14d 8.656E-128 114.1
MCO top 2.516E-14d 8.656E-128 8.523
Glass pour canister 2.516E-14d 8.656E-128 82.06
A-plates and MCO stands 1.798E-11f N/A 78.33
Enhanced Design Alternative II Liner 2.529E-14d 5.056E-138 63.06
AI spacers 2.536E-139 N/A 35.29
AI spacers 2.536E-139 N/A 33.22

NOTES: a rk equals the reaction rate (g/cm2·s) divided by 100 g/mol. These rate constants must be multiplied
by the normalized surface area (sk) in cm2 of each WP component to calculate the actual
degradation rate in 100-g molls of that component

b sk equals total surface area divided by 4268.479 liters of void volume in the WP

SOURCES: cCRWMS M&O (2000i, Section 6.3.7, Table 1) estimates an expected degradation rate of 175,000
mg/m2·d, which is converted to 100g-mollcm2·s in "Nreactor.xls," sheet "Rates" (CRWMS M&O
2000e, Attachment II)

d This rate constant was converted to rk in 100g-mol/cm2·s from a corrosion rate of 0.1 Ilm/year
(CRWMS M&O 1997a, pp. 11-13) in CRWMS (2000e, Attachment II)

8 Rates were calculated in CRWMS (2000e, Attachment II)
f Values from McCright (1998, Section 2-2) were used to derive a corrosion rate of 72 Ilm/year
CRWMS M&O (2000e, Attachment II). This rate was converted to rk in 1oog-mollcm2·s in
CRWMS M&O (2000e, Attachment II)

9 Rate from Hollingsworth and Hunsicker (1987, p. 603) was converted to rk in 100g-mollcm2·s in
CRWMS M&O (2000e, Attachment II)

2.1.9.2 Chemical Composition of J-13 Well Water

It was assumed that the water composition entering the waste package would be the same as
for water from well J-13 (Assumptions 2.3.4.1 and 2.3.4.2). This water has been analyzed
repeatedly over a span of at least two decades (DTN: M00006J13WTRCM.000; Harrar et al.
1990). The composition of J-13 well water as used in this calculation has been adjusted
slightly. Table 2-17 and Table 2-18 contain the EQ3NR input file constraints for J-13 well
water composition and the EQ6 input file elemental molal composition for J-13 well water
used for this calculation.
The "Basis Species" column of Table 2-17 lists the chemical species names recognized by
EQ3NR and EQ6. Since some of the components of J-13 well water, as analyzed (DTN:
M00006J13WTRCM.000; Harrar et al. 1990), are in a different chemical form than the
species listed in this column, these components must be substituted or "switched" with the
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basis species for input into EQ6 and are listed in the "Basis Switch" column. Basis species
listed as "Trace" in the "Basis Switch" column are not found in J-13 well water, (DTN:
M00006113WTRCM.000; Harrar et al. 1990), but are in the composition of other waste
package components and must be input at a minimum concentration for numerical stability in
EQ6 calculations.

Table 2-17. EQ3NR Input File Constraints for J-13 Well Water Composition

Basis Species Basis Switch Concentration Units
redox -o.r log f02
Na+ 4.580E+01 w mg/L
Si02(aq) 6.097E+01 w mg/L
Ca++ 1.300E+01 w mg/L
K+ 5.040E+00" mg/L
Mg++ 2.010E+00" mg/L
Li+ 4.800E-02" mg/L
H+ 8.1" pH
HC03- C02(g) _3w log fC02
02(aq) 5.600E+OO mg/L
F- 2.180E+OO" mg/L
CI- 7. 140E+OOw mg/L
N03- NH3(aq) 8.780E+OO" mg/L
S04-- 1.840E+01" mg/L
B(OH)J(aq) 7.660E-01" mg/L
AI+++ Diaspore 0 Mineral
Mn++ Pyrolusite 0 Mineral
Fe++ Goethite 0 Mineral
HP04-- 1.210E-01" mg/L
Ba++ Trace 1.000E-16 Molalityd
Cr04-- Trace 1.000E-16 Molality"
Cu++ Trace 1.000E-16 Molality"
M004-- Trace 1.000E-16 Molalityd
Ni++ Trace 1.000E-16 Molalityd
Np++++u Trace 1.000E-16 Molality"
Pu++++u Trace 1.000E-16 Molality"
U02++ Trace 1.000E-16 Molalityd
DTN. M00006J13WfRCM.000

NOTES: sA trace concentration (1.0E-16 molal) is added for elements that are not in J-13 well water as
analyzed but are in the composition of the WP components, to ensure numerical stability in
EQ3/6 runs

bOnly included for Case 9 in Table 6-2
eAtmospheric oxygen concentration

SOURCE: dHarrar et al. (1990)
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Table 2-18. EQ6 Input File Elemental Molal Composition for J-13 Well Water

DTN. M00006J13WfRCM.000

Element Mole/kg Element Mole/kg
0 5.55E+01 Mg 8.27E-058

AI 2.55E-08 Mn 3.05E-16
S 1.24E-05 Mo 1.00E-16
Sa 1.00E-16 N 1.42E-048

Ca 3.24E-048 Na 1.99E-038

CI 2.01E-048 Ni 1.00E-16
Cr 1.00E-16 S 1.92E-048

Cu 1.00E-16 Si 1.02E-038

F 1.15E-048 U 1.00E-16
Fe 3.60E-12 K 1.29E-048

H 1.11E+02 Li 6.92E-06
Np 1.00E-16 C 2.09E-038

Pu 1.00E-16 P 1.26E-06
d.

SOURCE: Harrar et al. (1990)

2.1.9.3 Drip Rate of J-13 Well Water into a Waste Package

The rates at which water drips onto a waste package and flows through it are represented as
being equal. The drip rate is taken from a correlation between percolation rate and drip rate
(CRWMS M&O 1998b, Figure 2-112, Tables 2-55 and 2-56). Specifically, percolation rates
of 40 mm/year and 8 mm/year correlate with drip rates onto the waste package of 0.15
m3/year and 0.015 m3/year, respectively. The choice of these particular percolation and drip
rates is discussed in detail in CRWMS M&O (1998c, Section 5.1.1.3, p. 19).

Only two drip rates were used in this calculation (0.0015 and 0.015 m3/y); whereas, other
calculations also used two higher drip rates (0.15 and 0.5 m3/y) (CRWMS M&O 1998a;
CRWMS M&O 199ge). Since there are no neutron absorbers in the N reactor waste package,
there was no need to use higher drip rates to try to increase the neutron absorber loss at higher
drip rates. In addition, after running the cases with the lower two drip rates, the results
indicated that nearly 100% of the uranium was retained in the waste package. Therefore, for
the purposes of internal criticality, there was no benefit to running with higher drip rates.

2.2 FUNCTIONS AND DESIGN CRITERIA

The design criteria are based on the Defense High Level Waste Disposal Container System
Description Document (CRWMS M&O 2000a), hereafter referred to as the SDD. In this
subsection, the key waste package design criteria from the SDD are identified for the
following areas: structural, thermal, shielding, criticality within a breached but otherwise
intact waste package, degradation and geochemistry, and criticality of a degraded waste
package and waste form. These criteria are subject to verification. SDD paragraph numbers
are identified below as SDD X.X.X.X.
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The disposal container accommodates two Handford Site (long) high-level waste canisters and
N reactor spent nuclear fuel as required by SDDs 1.2.1.1 and 1.2.1.2.

The disposal container consists of two cylinders; an inner cylinder that is stainless stell (alloy
316) with a minimal thickness of 5 cm, and an outer cylinder that is alloy 22 material with a
minimal thickness of 2 cm (see Section 2.1.1).

(S.D.D. 1.2.1.4)

2.2.1 Structural

2.2.1.1 The disposal container/waste package shall prevent the breach of the waste form
canister during normal handling operations.

(SDD 1.2.1.8)

2.2.1.2 During the preclosure period, the disposal container/waste package, shall be
designed to withstand (while in a vertical orientation) a drop from a height of 2 m
(6.6 ft) onto a flat, unyielding surface without breaching.

(SDD 1.2.2.1.3)

2.2.1.3 During the preclosure period, the disposal container/waste package, shall be
designed to withstand (while in a horizontal orientation) a drop from a height of 2.4
m (7.9 ft) onto a flat, unyielding surface without breaching.

(SDD 1.2.2.1.4)

2.2.1.4 During the preclosure period, the waste package shall be designed to withstand a tip
over from a vertical position with slap down onto a flat, unyielding surface without
breaching.

(SDD 1.2.2.1.6)

2.2.1.5 The waste package shall be designed to withstand transfer, emplacement, and
retrieval operations without breaching.

(SDD 1.2.1.18)

2.2.1.6 The disposal container shall be designed in accordance with the applicable sections
of "1995 ASME Boiler and Pressure Vessel Code" (Section III, Division 1,
Subsection NB-1995).

(SDD 1.2.6.2)
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Calculations of maximum potential energy for each handling accident scenario (horizontal
drop, vertical drop, and tipover design-basis events) show that the bounding dynamic load is
obtained from a tipover case in which the waste package experiences the highest impact load
with maximum rotational velocity of 1.89 rad/sec (CRWMS M&O 2000b, p. 14). This
equates to a maximum velocity ofthe rotating top end of the waste package of 9.86 m/sec (v =
r'ro, where r is the length of the waste package and ro is the rotational velocity in rad/sec).
The maximum velocities of the waste package for 2.4 m horizontal and 2.0 m vertical drops
are approximately 6.86 m/sec (v = J2. g .h , where g is the gravitational acceleration and h is
height) and 6.26 m/sec, respectively. Therefore, tipover structural evaluations are bounding
for all waste package handling accident scenarios.

The tipover design-basis event may only take place during a waste package transfer operation
from vertical to horizontal position Gust after waste package closure) or horizontal to vertical
position (upon retrieval). Section 3, Structural Analysis, demonstrates that the waste package
will not breach under such a handling-accident scenario.

2.2.2 Thermal

2.2.2.1 The waste package shall maintain the temperature of HLW glass below 400 degrees
C (752 degrees F) under normal conditions, and below 460 degrees C (860 degrees
F) for short-term exposure to fire, as specified by Criterion 1.2.2.1.11.

(SDD 1.2.1.6)

2.2.2.2 The waste package shall be designed to have a maxImum thermal output of
11,800 W.

(SDD 1.2.4.2)

2.2.3 Shielding

Waste package design shall reduce the dose rate at all external surfaces of a waste package to
1,450 rem/h or less. This criterion identifies a disposal container interface with the Disposal
Container Handling System, the Waste Emplacement/Retrieval System, and the Performance
Confirmation Emplacement Drift Monitoring System.

(SDD 1.2.4.1)

2.2.4 Degradation and Geochemistry

There are no degradation and geochemistry criteria in the SDD to address.

2.2.5 Intact and Degraded Criticality

During the preclosure period, the disposal container/waste package shall be designed such that
the effective multiplication factor (kelf) is less than or equal to 0.95 under assumed accident
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conditions considering allowance for the bias in the method of calculation and the uncertainty
in the experiments used to validate the method of calculation.

(SDD 1.2.2.1.12)

As stated in Section 8.5, the results from the intact waste-package criticality analysis show
that the requirement of kelf plus bias and uncertainty be less than or equal to 0.95 is satisfied.
Criteria 1.2.2.1.13 and 1.2.2.1.14 are not considered because the frequency of criticality
occurrence and the associated consequence are not within the scope of this report.

2.3 ASSUMPTIONS

In the course of developing this report, assumptions were made regarding the waste package
structural, thermal, shielding, intact criticality, degradation and geochemistry, and degraded
component criticality analyses. The list of the major assumptions that are essential to this
technical report is provided below.

2.3.1 Structural

The assumptions in this section are used throughout Section 3.

2.3.1.1 The target surface was conservatively assumed to be unyielding with a large elastic
modulus for the target surface material compared to the waste package materials. The
rationale for this assumption was that a bounding set of results was required in terms
of stresses, and it was known that the use of an unyielding surface with high stiffness
ensures slightly higher stresses in the waste package.

2.3.1.2 The exact geometry of the Mca internals was simplified for the purpose of this
calculation in such a way that its total mass, 8746.4 kg minus the mass of the external
shell, was assumed to be distributed equally as mass elements along the nodes of the
inner wall of the Meo. This assumption is conservative because the mass elements
along the inner shell have inertial effects that will increase the deformation of the
MCa shell wall and cause tensional stresses at the point of contact of the MCa.
These tensional stresses are more critical than compressive stresses that may occur
from the modeling of the Mca internals. The rationale for this conservative
assumption was to provide the set of bounding results, while simplifying the finite
element representation.

2.3.1.3 The exact geometry of the defense high-level waste glass canister was simplified for
the purpose of this calculation in such a way that its total mass, 4200 kg, was assumed
to be distributed within a cylinder with uniform mass density. The rationale for this
conservative assumption was to provide the set of bounding results, while simplifying
the finite element representation.
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2.3.2 Thermal

The assumptions in this section are used throughout Section 4.

2.3.2.1 The MCO analyzed in this calculation is assumed to contain intact Mark IV-fuel
elements only. The rationale for this assumption is that the MCO-heat generation is
higher (resulting in more conservative temperatures) for Mark IV than for Mark IA
elements (DOE 2000b, p. 16). Moreover, since the scrap baskets contain less uranium
than the intact ones (DOE 2000b, pp. 11 and 26) they generate less heat (under the
reasonable assumption that all fuel elements have experienced approximately the
same burnup).

2.3.2.2 The 2-MCO/2-DHLW waste package is assumed to contain two Hanford long
glassified high-level waste canisters. The heat-output history of these canisters is
projected from the heat output history of the Savannah River Site regular-length high
level waste canister with a conversion factor stated in Section 5.3 of CRWMS M&O
(1999f, p. 23). The rationale for this assumption is that the decay rate for these
specific canisters is unknown; thus, using a decay rate based on the thermal output of
the Hanford regular-length high-level waste canister is intended to capture the major
heat contributor of these canisters.

2.3.2.3 It is assumed that a 2-D finite element representation of a cross section at the
midsection of one intact Mark IV basket will be the hottest portion of the waste
package. Inherent to this assumption is the fact that axial heat transfer does not
significantly affect the solution (i.e., the flow of heat in the radial direction is
assumed to dominate the solution). The rationale for this assumption is that the metal
thermal conductivity and heat generation distributions are such that axial heat transfer
is very small or negligible at the midsection.

2.3.2.4 The thermal conductivity of the high-level waste glass canisters is assumed to be
equal to that of borosilicate glass, calculated mid-range between temperatures of
100°C and 500 °C (Benedict et al. 1981, p. 584). The density and specific heat of the
high-level waste glass are assumed equal to those of Pyrex glass at 300 K (Incropera
and DeWitt 1996, Table A.3). The rationale for this assumption is that, according to
CRWMS M&O (1999d, p. 7), the weight percent of heavy metal present in the high
level waste glass is negligible.

2.3.2.5 Representing only conduction and radiation heat transfer inside the waste package is
assumed to provide conservative results for this calculation. The rationale for this
assumption is the following. The fill gas placed inside the waste package will allow a
natural convective heat transfer to exist; however, since only a few small enclosed
basket cavities exist and the temperature gradient in the enclosure is not significant,
the gas circulation is small. Thus, the problem may be represented with only the
dominant heat transfer modes with a negligible or conservative impact upon the
results.
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2.3.2.6 The heat output of the MCO filled with Mark IV fuels is assumed to be constant for
the entire period of emplacement. This assumption is conservative since the heat
output will actually decay further during this period. Therefore, the temperatures will
actually be lower than those given in Table 2-5 and in Section 4. This assumption is
also necessitated because the only thermal output available is based on a radionuclide
inventory estimate at time of emplacement (DOE 2000b, p. 16). The full decay curve
of Mark IV fuels is not available.

2.3.2.7 Fill gas properties at atmospheric pressure are assumed to be representative of the
conditions that exist within the waste package. The rationale for this assumption is
that a one-atmosphere-fill pressure at ambient temperature is representative of
industry standard for storage casks. The highest pressure to which storage casks are
filled is approximately 1.5 atmosphere because a higher pressure would not provide
any benefits (CRWMS M&O 1995, p. 10). Even though the internal pressure of the
waste package will increase due to the temperature rise, the thermal conductivity of
most gases is pressure-independent (Bird et al. 1960, p. 255). Thus, using the thermal
conductivity at one atmosphere is reasonable.

2.3.2.8 The Zircaloy-2 cladding of the Mark IV fuel pins is assumed completely oxidized.
The rationale for this assumption is the following. The emissivity of the cladding
depends on the thickness of the oxide layer (Hagrman 1981, p. 230). Because the
state of the oxide layer is not known, and since the cladding thicknesses are small
(between 0.5 and 0.8 mrn according to DOE 2000b, p. 13), it is reasonable (and
slightly conservative) to assume that all the cladding is oxidized.

2.3.2.9 A 2-mm gap is assumed between the extremities of the A-plates and the waste
package inner shell. The rationale for this assumption is that the manufacturing
tolerances can be therewith taken into account.

2.3.2.10 A 4-mrn gap is assumed between the waste package inner and outer shells. The
rationale for this assumption is the following. The loose fit cylinder within a cylinder
construction requires that the surfaces of the inner reinforcement shell and outer shell
be machined. Loose fit is defined as a gap of up to 4-mrn between the cylinders
(CRWMS M&O 20001, Section 8.1.8).

2.3.2.11 The calculation assumes a surface temperature history of the 2-MCO/2-DHLW waste
package based on the results of a three-dimensional thermal analysis (CRWMS M&O
2000g, Attachment VI). In this calculation, the temperature history obtained for a 21
pressurized water reactor (PWR) waste package was selected. The rationale for this
assumption is that the temperatures obtained for the 21-PWR waste package are
bounding the temperatures expected on the waste package surface (CRWMS M&O
2000g, pp. 50 and 51).

2.3.2.12 The fill gas within the waste package is assumed to be the same as the one located
within the MCO. Within the waste package, the fill gas located between the inner and
outer shells is assumed to be the same as the one surrounding the two MCOs and the
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two defense high-level waste canisters. The rationale for this assumption is to develop
the most conservative evaluation.

2.3.3 Shielding

The assumptions in this section are used throughout Section 5.

2.3.3.1 The geometry of the 4.5-m- (l5-ft-) long Hanford high-level waste canister is
represented as a cylinder of nominal length, wall thickness, and outer diameter. The
rationale for this assumption is that radiation transport in the upper part of the canister
is not affected by the canister shape because this portion of the canister is empty and
the wall thickness is maintained.

2.3.3.2 It is supposed that Savannah River Site Design-Basis Glass fills the Hanford 4.5-m
(l5-ft-) long canisters. The rationale for this assumption is that this glass form
provides conservative (higher) dose rates.

2.3.3.3 The axial peaking factor for the N reactor spent nuclear fuel is not available. An axial
peaking factor of two is assumed to bound the axial source distribution of the N
reactor spent nuclear fuel. The rationale for this assumption is that this value provides
conservative (higher) dose rates. However, the calculations show that the surface dose
rates next to the MCOs are lower than those next to the defense high-level waste glass
canisters. Therefore, the maximum dose rate on the waste package external surfaces is
not sensitive to the axial peaking factor value of the N reactor spent nuclear fuel.
Hence, this assumption does not require further confirmation.

2.3.3.4 The neutron spectrum of the N reactor spent nuclear fuel is not available. A Watt
fission neutron spectrum, which characterizes the pre-irradiated fuel, is assumed for
the neutron spectrum of the N reactor spent nuclear fuel. The rationale for this
assumption is that the dose rate evaluation is not sensitive to the neutron spectrum
because the neutron dose rates have a negligible contribution to the total dose rates.
Therefore, this assumption does not require further confirmation.

2.3.3.5 The material compositions used in this calculation have elements with allowable
ranges of weight percentages. For elements with weight percent range, the midpoint
value is used, and the weight percent of the most abundant element is adjusted. The
rationale for this assumption is that small weight variations for the affected elements
do not affect the accuracy of dose results, as long as the total weight is maintained.

2.3.4 Degradation and Geochemistry

The assumptions in this section are used throughout Section 6.

2.3.4.1 It is assumed that an aqueous solution fills all voids within waste packages, and that
the solutions that drip into the waste package will have the major ion composition of J
13 well water as given in DTN: M00006J13WTRCM.OOO, and that minor components
in the solution can be approximated by Harrar et al. (1990, Tables 4.1 and 4.2) for
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6.35 X 105 years. The basis for the first part of this assumption is that it provides the
maximum degradation rates of waste package components with the potential for
precipitation of radionuclides within the waste package or the flushing of
radionuclides from the waste package and is, therefore, conservative. The basis for the
second part and third part of the assumption is that the groundwater composition is
controlled largely by transport through the host rock, over pathways of hundreds of
meters, and the host rock composition is not expected to change substantially over 106

years. For a few thousand years after waste emplacement, the composition may differ
because of perturbations resulting from reactions with engineered materials and from
the thermal pulse. These are not taken into account in this calculation because the
corrosion resistant material and corrosion allowance inner liner are not expected to
breach until after that perturbed period. Therefore, the early perturbation is not
relevant to the calculations reported in this report. See Assumption 2.3.4.2.

2.3.4.2 The assumption that the water entering the waste package can be approximated by the
1-13 well water implicitly assumes that any effects of contact with the engineered
materials in the drift will be minimal after a few thousand years. This assumption is
justified by recent evaluations of codisposal waste packages (CRWMS M&O 1998a)
which show that degradation of the waste package materials (specifically, high-level
waste glass and steel) overwhelms the native chemistry of the incoming water (Figures
5-2 through 5-20 of CRWMS M&O 1998a show pH variations of 3 to lOin waste
package).

2.3.4.3 It is assumed that water may circulate freely enough in the partially degraded waste
package that all degraded solid products may react with each other through the
aqueous solution medium. The basis for this assumption is that this provides one
bound for the extent of chemical interactions within the waste package.

2.3.4.4 In general, it is assumed that chromium and molybdenum will oxidize fully to
chromate (or dichromate) and molybdate, respectively. This assumption is based on
the available thermodynamic data, which indicate that in the presence of air, the
chromium and molybdenum would both oxidize to the VI valence state. Laboratory
observation of the corrosion of Cr and Mo containing steels and alloys, however,
indicates that any such oxidation would be extremely slow. In fact, oxidation to the VI
state may not occur at a significant rate with respect to the time frame of interest, or
there may exist stable Cr(lll) solids that substantially lower aqueous Cr concentration.
For the present analyses, the assumption is made that, over the times of concern,
oxidation will occur. The rationale for this assumption is that by allowing the Cr and
Mo to oxidize, the pH of the system will be lowered allowing for the removal of
neutron absorbers. This is conservative for internal criticality since most of the Pu and
V would be left behind.

2.3.4.5 It is assumed that sufficient decay heat is retained within the waste package over times
of interest to cause convective circulation and mixing of the water inside the waste
package. The analysis that serves as the basis for this assumption is discussed in
CRWMS M&O (1996, Attachment VI).
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2.3.4.6 Even though up to two scrap baskets containing broken or damaged N reactor spent
nuclear fuel rods may be loaded inside an MCO (DOE 2000b, Section 4.4.1), it is
assumed that each MCO contained either six baskets of Mark IA or five baskets of
Mark IV intact N reactor spent nuclear fuel rods (DOE 2000b, Table 4-1). The basis
for this assumption is that these two cases represent the highest V loading of the two
MCOs in a waste package and are, therefore, conservative with respect to internal
criticality.

2.3.4.7 It is assumed that the glass composition for the 3-m long high-level waste canister is
identical to the glass composition for the 4.5-m- (15-ft-) long high-level waste
canister. The basis for this assumption is that the composition is given in weight
percent, which does not depends on the length of the canister.

2.3.4.8 It is assumed that precipitated solids remain in place and are not mechanically eroded
or entrained as colloids in the advected water. The rationale for this assumption is that
since dissolved fissile material (V) may be absorbed on colloids (clays, iron oxides) or
may be precipitated as colloids during waste package degradation, it is conservative,
for internal criticality, to assume that all precipitated solids, including mobile colloids,
will be deposited inside the waste package rather than transported out of the waste
package.

2.3.5 Intact and Degraded Component Criticality

The assumption in this section is used throughout Section 7.

2.3.5.1 For the degraded component criticality calculations, it is assumed that the iron in the
stainless steel degrades to goethite (FeOOH) rather than hematite (Fe20)). The basis
of this assumption is that it is conservative to consider goethite rather than hematite
since hydrogen (moderator) is a component of goethite. All the other constituents of
steel are neglected since they are neutron absorbers, and, hence, their absence provides
a conservative (higher) value for the keff of the system.

2.3.6 General

2.3.6.1 The assumption is that the limits for V-metal fuel group, which are established by the
technical information related to the N reactor spent nuclear fuel (DOE 2000b), the
MCO (DOE 2000b), and glass pour canister (DOE 1992) are bounding. The rationale
for this assumption is that it was designated by the DOE spent nuclear fuel grouping in
support of criticality and related calculations. The burden is placed on the custodian of
the spent nuclear fuel to demonstrate, before acceptance of spent nuclear fuel by the
CRWMS that spent nuclear fuel characteristics identified as important to criticality
control or other analyses herein are not exceeded. This assumption is used in Sections
2 through 7.
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2.3.6.2 It is assumed that the high-level waste glass composition is as given in CRWMS M&O
(1999d, p.7) and that the density of the high-level waste glass is 2.85 g/cm3 (Stout and
Leider, p. 2.2.1.1-4). The rationale for this assumption is that the references cited
above are the most recent and comprehensive sources available to provide this
information. but further confirmation is required. This assumption is used in Sections
2 through 7.

2.4 BIAS AND UNCERTAINTY IN CRITICALITY CALCULATIONS

The purpose of this section is to document the MCNP (Monte Carlo particle transport code,
Version 4B2, used in the criticality and shielding analysis supporting this document)
evaluations of laboratory critical experiments performed as part of the Disposal Criticality
Analysis Methodology program. Only laboratory critical experiments relevant to N reactor
fuel are studied. Laboratory Critical Experiment results listed in this section are given in
CRWMS M&O (1 999g) for the low enriched systems typical of N reactor fuel and for the 100v
enriched solution systems. The objective of this analysis is to quantify the ability of the
MCNP Version 4B2 code system to accurately calculate the effective neutron multiplication
factor (ken) for various configurations. MCNP is set to use continuous-energy cross sections
processed from the evaluated nuclear data files ENDF/B-V (Briesmeister 1997, Appendix G).
These cross section libraries are part of the MCNP code system that has been obtained from
the Software Configuration Management in accordance with appropriate procedures. Each of
the critical core configurations is simulated, and the results reported from the MCNP
calculations are the combined average values of kerf from the three estimates (collision,
absorption. and track length) and the standard deviation (cr) of these results listed in the final
summary in the MCNP output. When MCNP underpredicts the experimental ken. the
experimental uncertainty is added to the uncertainty at 95% confidence from the MeNP
calculation to obtain the bias. This bias along with the 5% margin (see Section 2.2.5) is used
to determine the interim critical limit for all MCNP calculations of thc waste package \vith N
reactor spent nuclear fuel in the MCOs.

2.4.1 Benchmarks Related to Intact Waste Package Configurations

Several critical experiments with low enriched fuel elements are relevant for the N reactor fuel
with respect to intact criticality analyses.

Three cases, which analyze a latticc of actual N reactor Mark IA fuel elemcnts. were
evaluated in CRWMS M&O (1999g). The Mark IA experiments werc performed for threc
different lattice pitches resulting in three experimental values to achicve a kerf of unity. The
lattice pitches and corresponding critical number of fuel elements are listed in Table 5.1.1.2-1
of CRWMS M&O (1 999g). In this set of experiments the number of fuel elements was
extrapolated to critical. CRWMS M&O (1999g, Table 6.1.2-1) shows that MCNP
overestimated the criticality of such systems.
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2.4.2 Benchmarks Related to Degraded Waste Package Configurations

Critical experiments with low enriched solutions are described in detail in Wittekind (1992).
This set of experiments is comprised of twelve cases that look at U03-H20 critical solutions.
The U03-H20 experiments differed by varying enrichment and the hydrogen to uranium ratio.
The U03-H20 sets of experiments were simulated as homogeneous spheres and the infinite
neutron multiplication factor was calculated with MCNP. Table 5.1.1.3-1 of CRWMS M&O
(1999g) contains a description of the U03-H20 experiments. The maximum bias for this set of
experiments is 0.0 11 (CRWMS M&O 1999g, Tables 6.5.1-1 and 6.5.1-2).

2.4.3 Critical Limit

The worst-case bias, calculated from the MCNP simulations of the experiments described in
Sections 2.4.1 and 2.4.2. is 0.011. This bias includes the bias in the method of calculation and
the uncertainty in the experiments. Based on this bias, a conservative interim critical limit is
determined to be 0.93 after allowance for a 5 percent margin, for the bias in the method of
calculation, and the uncertainty in the experiments used to validate the method of calculation.
This interim critical limit will be used until the addendum to the topical report is prepared to
establish the tinal critical limit.
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3 STRUCTURAL ANALYSIS

3.1 USE OF COMPUTER SOFTWARE

The finite element analysis computer codes used for this evaluation are ANSYS Version (V) 5.4
and Livermore Software Technology Corporation (LSTC) LS-DYNA V950. The information
regarding these codes and their uses for the structural analysis is documented in CRWMS M&O
(2000b).

3.2 DESIGN ANALYSIS

Finite element solutions resulted from structural analyses for the components of the 2-MCO/2
DHLW waste package. A detailed description of the finite element representations, the method
of solution, and the results are provided in CRWMS M&O (2000b). The results presented here,
in terms of maximum stress intensities, were compared to the design criteria obtained from the
1995 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code
(BPVC), Section III, Subsection NB (ASME 1995) (see Section 2.2.1.6), so that conclusions can
be drawn regarding the structural performance of the 2-MCO/2-DHLW waste package design
and the MCO. The results of the calculation meet the criteria specified in Table 3-1. The
structural performance ofthe defense high-level waste canister is not evaluated in this report.

The design approach for determining the adequacy of a structural component is based on the
stress limits given in the 1995 ASME BPVC. Su is defined as the ultimate tensile strength of the
materials and is compared to the design stress intensity of the materials. Table 3-1 summarizes
design criteria as obtained from appropriate sections of the 1995 ASME BPVC.

Table 3-1. Containment Structure Allowable Stress-Limit Criteria

Containment Structure Allowable Stresses
Accident Conditions

Category (ASME 1995, Division 1, Appendix F, Article F-1341.2)
Primary membrane stress intensity O.7Su

Maximum primary stress intensity O.9Su

3.3 CALCULATIONS AND RESULTS

3.3.1 Description of the Finite Element Representation

A full three-dimensional finite element representation of the waste package was developed in
ANSYS V5.4 by using the dimensions provided in Appendix A. The finite element
representation was created with the largest possible radial gap of 4 mm between the inner and
outer shells (CRWMS M&O 20001, Section 8.1.8). The initial orientation of the inner shell
maintains this 4-mm gap around the circumference of the shell. This gap results in a slightly
lower total mass of the waste package than that listed in Appendix A, which shows a nominal
O-mm radial gap between the inner and outer shells, but the difference is small, and the impact
was anticipated to be negligible. The internal structure of the waste package was simplified in
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several ways. First, the A-plate dividers were created as shell elements with an assigned
thickness of 10 mm. Next, the internals of the Mca were reduced to mass elements uniformly
distributed along the inner walls of the Mca (Assumption 2.3.1.2). Finally, the structure of the
defense high-level waste glass canisters was reduced to cylinders of uniform mass density
(Assumption 2.3.1.3). The total mass and geometric dimensions of the defense high-level waste
canister define the density. The benefit of using this approach was to reduce the computer
execution time while preserving all features of the problem relevant to the structural calculation.

Figure 3-1. Tipover Orientation (cross-sectional view - case 1)

Figure 3-2. Tipover Orientation (cross-sectional view - case 2)

The Mcas and defense high-level waste glass canisters were placed in the waste package such
that they were diagonally across from each other (Figures 3-1 and 3-2). This configuration will
have the center of gravity lie on the axis of the cylinder (except for movement tolerance within
the cells of the basket). In this way the waste package will be as close as possible to balanced
with respect to rotations about the cylinder axis. The tipover calculation was performed for two
different initial configurations. This was done to find the most critical tipover orientation of the
two limiting configurations. The first was oriented such that one MCa and one defense high
level waste were at the bottom and the same on top, with the vertical a-plate divider being
perpendicular to the unyielding surface (Figure 3-1). The second was oriented such that one
Mca was directly at the bottom of the waste package and the defense high-level waste canisters
were at the sides (Figure 3-2).
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The target surface was conservatively assumed to be unyielding with a large elastic modulus
(Assumption 2.3.1.1).

The initial tipover angle was reduced to 0.1 0
, and the waste package was given an initial angular

velocity corresponding to the rigid-body motion of the waste package. This configuration
reduces the computer execution time while preserving all features of the problem relevant to the
structural calculation.

The finite element representation was then used in LS-DYNA V950 to perform the transient
dynamic analysis for the 2-MCO/2-DHLW waste package tipover design basis event.

3.3.2 Results of Structural Calculations

The structural response of the waste package to tipover accident loads was reported using
maximum stress values and displacements obtained from the finite element solution to the
problem. The results show that the maximum stress intensities occurred in the first case for each
part, except for the upper trunnion collar sleeve, and all components had stresses greater than
their corresponding yield strengths. The maximum stress intensities were in the upper trunnion
collar sleeve with a magnitude of 532 MPa, which exceeded seven tenths of the ultimate tensiie
strength but was less than the ultimate tensile strength of Alloy 22, 690 MPa (CRWMS M&O
2000b, Section 5.1). However, the upper trunnion collar sleeve was not part of the containment
barrier. It acted as an impact limiter for the containment barrier in this case. The maximum
stress intensity in the outer shell had a magnitude of 429 MPa, which was less than seven tenths
of the ultimate tensile strength of Alloy 22.

The maximum stress intensity in the inner shell was 325 MPa, which was less than the seven
tenths of the ultimate tensile strength of316NG stainless steel, 515 MPa (CRWMS M&O 2000b,
Section 5.1).

For the A-plate dividers, the maximum stress intensity was 437 MPa, which exceeded seven
tenths of the ultimate tensile strength of 516 carbon steel, 483 MPa (CRWMS M&O 2000b,
Section 5.1). However, the A-plate dividers are not part of the containment barrier and only
separate the MCa and defense high-level waste canisters.

The maximum stress intensity in the MCO outer shell occurred in the MCO placed in the bottom
and had a magnitude of 226 MPa, which was less than seven tenths of the ultimate tensile
strength of304L stainless steel, 485 MPa (CRWMS M&O 2000b, Section 5.1).

The results also show that the cavity of the entire package (between the MCOs and the DHLW
canister) is significantly decreased as the A-plate dividers are bent under the load. However, the
bending of the A-plate dividers is concentrated at the top of the waste package and does not
appear to be a hindrance to the removal of the MCOs or defense high-level waste glass canisters.
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3.4 SUMMARY

The results given show that the containment of the MCO is sufficient, and clearance between the
inner A-plate dividers in diameter of the waste package canister will be adequate in the case of a
tipover design basis event. Hence, there will be no breach of the waste package or MCO, and
there will not be a great enough interference from the A-plate dividers to prevent removal of the
MCOs and defense high-level waste glass canisters from the waste package for emplacement
inside another waste package. Therefore, there will be no criticality induced by a tipover event.

The ultimate strengths of the materials of the waste package and MCOs are given in Section 3.3.
A comparison of these values reveals that all stresses, except for in the A-plate dividers, are less
than the stress limit given in the 1995 ASME BPVC of 70% of the ultimate tensile strength of
the material. Therefore, it is concluded that the performance of the 2-MCO/2-DHLW waste
package internal design is structurally acceptable when exposed to a tipover event and therefore
meet the SDD 1.2.2.1.6 (Section 2.2.1.4) as long as the MCOs loaded mass limit (9298.7 kg and
7906.4 kg for MCOs loaded with Mark IV and Mark lA, respectively) and the high-level waste
canisters mass limit (4200kg) are not exceed.
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4 THERMAL ANALYSIS

4.1 USE OF COMPUTER SOFTWARE

The finite element analysis computer code used for this evaluation is ANSYS Version (V) 5.4.
The information regarding the code and its use for the thermal analysis is documented in
CRWMS M&O (2000c).

4.2 THERMAL DESIGN ANALYSIS

A detailed description of the finite element representations, the method of solution, and the
results are provided in CRWMS M&O (2000c). Two geometrical configurations, corresponding
to different relative positions of MCOs and defense high-level waste canisters, were investigated,
as displayed in Figure 4-1. The configuration shown on the left will be referred to as
configuration 1 and the one on the right as configuration 2. Although the waste package will be
loaded as shown in configuration 2 (see Appendix A, p. 1), the thermal analysis was also
conducted for a waste package loaded as shown in configuration 1. Since configuration 2 is the
nominal design, configuration 1 should be viewed as resulting only from misload, and is
evaluated here only for conservatism. Different fill gases for the MCOs were also investigated.
These are helium, nitrogen, and argon.

o DHLW Canister

• MCa

Figure 4-1. 2-MCO/2-DHLW Waste Package Configurations

Figure 4-2 displays a cross-sectional view of the 2-MCO/2-DHLW waste package. The
dimensions of the structures are given in Section 2.

Figure 4-3 displays a view of the MCO containing intact Mark IV fuel elements. A total of 54
fuel elements are included in each basket (DOE 2000b, p. 25). The dimensions of the Mark IV
fuel elements come from DOE (2000b, pp. 11 and 13). The dimensions of the MCOs come from
DOE (2000b, p. 23).
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2-MCO/2-DHLW Waste Package

Figure 4-2. Cross-Sectional View of the 2-MCO/2-DHLW Waste Package for the Thermal Analysis

Mark IV Fuel in Mca Container

Figure 4-3. Cross Section of the MCO

Section 2.1.8 lists the materials used in this calculation with their ASME and Unified Numbering
System designations. The 2-MCO/2-DHLW waste package materials are listed in Appendix A
(p. A-3). The MCO materials come from DOE (2000b, p. 23). The materials of the high-level
waste canisters come from DOE (1992). The waste material is assumed to be borosilicate glass
(Assumption 2.3.2.4). The materials of the Mark IV fuel elements come from DOE (2000b, p.
10).
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4.3 CALCULATIONS AND RESULTS

Tables 4-1 and 4-2 provide the upper bound estimate of the peak temperatures obtained within
the high-level waste canisters and within the MCOs for the different fill gases (argon, nitrogen,
and helium). As explained in Section 2.1.6, the temperature calculations take no credit for the
decay of the heat in the spent fuel, so the results should be interpreted as the upper bound of the
temperatures. For this reason, the time of occurrence of the peak temperature will actually be
sooner than indicated. However, at no time will the temperature be greater than that given in
Table 2.5 or Figures 4-4 and 4-5.

Table 4-1. Peak Temperatures and Time of Occurrence for Each DOE Spent Nuclear Fuel Canister Fill
Gas - Configuration 1

DOE Spent Nuclear Fuel Canister Fill Gas
Waste Package Metric Helium Nitrogen Argon

Peak Fuel Temperature ("C) 322.9 349.1 351.9

Time of Peak Fuel Temperature (years) 40 40 40

Peak High-Level Waste Glass Temperature ("C) 276.1 284.9 286.3

Time of Peak High-Level Waste Glass Temperature (years) 40 40 40

Table 4-2. Peak Temperatures and Time of Occurrence for Each DOE Spent Nuclear Fuel Canister Fill
Gas - Configuration 2

DOE Spent Nuclear Fuel Canister Fill Gas
Waste Package Metric Helium Nitrogen Argon

Peak Fuel Temperature (OC) 320.5 346.6 349.3

Time of Peak Fuel Temperature (years) 40 40 40

Peak High-Level Waste Glass Temperature (0C) 279.0 288.0 289.4

Time of Peak High-Level Waste Glass Temperature (years) 40 40 40

Figures 4-4 and 4-5 display the peak temperatures obtained within the high-level waste canisters
and within the MCOs for the different fill gases (argon, nitrogen, and helium).
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Figure 4-5. Peak Temperatures - Configuration 2
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4.4 SUMMARY

The results indicate that the maximum defense high-level waste glass temperature for
2-MC0/2-DHLW waste package is 289.4 °C (Argon as a filler gas and waste package in
configuration 2 - see Table 4-2), which is less than the SDD criterion of400°C (Section 2.2.2.1).
The maximum temperature within the MCO is 351.9 °C (Argon as a filler gas and waste package
in configuration 1 - see Table 4-1). The maximal thermal output of the 2-MCO/2-DHLW waste
package is 6632 W (CRWMS M&O 2000c, Table 5-3), which is less than the SDD criterion of
11,800 W (Section 2.2.2.2).
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5 SHIELDING ANALYSIS

5.1 USE OF COMPUTER SOFTWARE

The Monte Carlo particle transport code, MCNP, Version 4B2 (Briesmeister 1997), is used to
calculate average dose rates on the surface of the waste package. The information regarding the
code and its use for the shielding analysis is documented in CRWMS M&O (2000d).

5.2 DESIGN ANALYSIS

The Monte Carlo method for solving the integral radiation transport equation, which is
implemented in the MCNP computer program, is used to calculate radiation dose rates for the
waste packages. MCNP uses continuous-energy cross sections processed from the evaluated
nuclear data files ENDF/B-V (Briesmeister 1997, Appendix G). These cross-section libraries are
part of the qualified MCNP code system. The flux averaged over a surface is tallied and the
neutron and gamma flux-to-dose rate conversion factors (Briesmeister 1997, Appendix H) are
applied to obtain surface dose rates.

5.3 CALCULATIONS AND RESULTS

The details of the calculations and the results are provided in CRWMS M&O (2000d). The
calculation provides dose rates at the external surfaces of a waste package that contains two 4.5
m (15-ft) -long Hanford defense high-level waste glass canisters and two Hanford MCO. Each
MCO is loaded with intact N reactor spent nuclear fuel Mark IA. Because an MCO loaded with
Mark IA fuels is less self-shielded than an MCO loaded with Mark IV fuels, i.e., density of the
MCO loaded with Mark IA fuel is lower than that of MCO loaded with Mark IV fuel (DOE
2000b, p. 33), the calculation provides conservative (higher) dose rate evaluations.

A horizontal cross section of the waste package geometric representation in MCNP calculations
is shown in Figure 5-1. This figure also shows the angular segments of the radial surfaces, each
90-degree wide, used in surface dose-rate calculations. Figure 5-2 shows the radial and axial
segments used in dose rate tallies. Segments 1 and 2, each 46.825-cm long, are segments of the
radial surfaces between the top plane of glass and the top plane of waste package cavity.
Segments 3 through 7, each 68.11-cm long, are radial surface segments between the bottom
plane of the MCO and the top plane of defense high-level waste glass. Segment 8 is between the
bottom of the waste package cavity and the bottom of MCOs. Each waste package axial surface
is divided into two segments by a circle of 36.4-cm diameter.

TDR-EDC-NU-000004 REV 00 5-1 January 2001



b

a

a

b

Figure 5-1. Horizontal Cross Sections of MCNP Geometry Representation and the Angular Segments
Used in Dose Rate Calculations
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Figure 5-2. Radial and Axial Surfaces and Segments of the Waste Package Used in Dose Rate
Calculations
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Tables 5-1 and 5-2 present the total radial and axial dose rates (and the corresponding standard
deviations) averaged over waste package radial and axial surface segments, respectively. The
dose rates in rern/h and rad/h are practically the same due to the insignificant contribution (less
than four percent) of the neutron dose rate to the total dose rate (CRWMS M&a 2000d,
Attachment III).

In case of canister misplacement, with the high-level waste glass canister occupying successive
positions inside the waste package (configuration 1 of Figure 4-1), the bounding surface dose
rates are less than twice of those of segment b shown in Table 5-1, which is below the value
imposed by the design criterion of 1,450 rern/h (Section 2.2.3, SDD 1.2.4.1).

Table 5-1. Dose Rates on Waste Package Outer Radial Surface

Segmentab Segment bC

Dose Rate Standard Deviation Dose Rate Standard Deviation
Axial LocationS (rem/h) (rem/h) (rem/h) (rem/h)

Segment 1 0.5920 0.0679 1.9578 0.1290
Segment 2 11.0123 0.3582 17.5959 0.4953
Segment 3 28.3893 0.4761 67.3416 0.8206
Segment 4 30.7318 0.5122 72.2033 0.8509
Segment 5 30.3483 0.4997 75.0814 0.8924
Segment 6 28.8816 0.4698 72.0221 0.8488
Segment 7 27.2182 0.4699 70.9662 0.8506
Segment 8 12.0523 0.5201 58.4442 1.2260

SOURCE: CRWMS M&O (2000d, Table 15)
NOTES: a See Figure 5-2 for segment locations.

b Segment a is adjacent to an MCO (see Figure 5-1 for segment location).
C Segment b is adjacent to a high-level waste glass canister (see Figure 5-1 for segment location).

Table 5-2. Dose Rates on Segments of Waste Package Axial Surfaces

Axial Location Segment Dose Rate (rem/h) Standard Deviation (rem/h)

Bottom surface of the WP
Segment 9 1.1907 0.1657
Segment 10 1.7729 0.0544

Top surface of the WP
Segment 9 0.2513 0.0680

Segment 10 0.2709 0.0208

SOURCE: CRWMS M&O (2000d, Table 18)
NOTE: See Figure 5-2 for segment locations.

The gamma source spectra of an MCa and a high-level waste glass canister are similar, and the
gamma-source intensity of an MCa is higher than that of a defense high-level waste glass
canister (see Tables 2-7 and 2-8). However, because of radiation self-shielding inside an MCa
due to higher-density materials, the dose rate at the external surface of the waste package
adjacent to the glass canisters is higher than the dose rate at the external surface of the waste
package adjacent to MCas (see Section 2.1.8).

TDR-EDC-NU-000004 REV 00 5-4 January 2001



5.4 SUMMARY

The maximum dose rate at the external surfaces of the waste package is 75.08 ± 1.78 rem/h,
which is below the value imposed by the design criterion of 1,450 rem/h (Section 2.2.3, SDD
1.2.4.1). The location of the maximum surface dose rate is a segment of the waste package
radial surface adjacent to a defense high-level waste glass canister. The maximum surface dose
rate on a segment of the waste package radial surface adjacent to an Mea canister is 30.73 ±
1.02 rem/h. The dose rates on the bottom and top waste package surfaces are about 40 times and
250 times, respectively, lower than the maximum surface dose rate. The neutron dose rates
represent less than four percent of the gamma dose rates. Therefore, the gamma dose rates
dominate the total dose rates.
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6 DEGRADATION AND GEOCHEMISTRY ANALYSES

6.1 USE OF COMPUTER SOFTWARE

The EQ3/6 geochemistry software package, Version 7.2B, is used for this evaluation. The
information regarding the code and its use for the degradation and geochemistry analysis is
documented in CRWMS M&O (2000e).

6.2 DESIGN ANALYSIS

6.2.1 Systematic Investigation of Degradation Scenarios and Configurations

Degradation scenarios comprise a combination of features, events, and processes that result in
degraded configurations to be evaluated for criticality. A configuration is defined by a set of
parameters characterizing the amount and physical arrangement, at a specific location, of the
materials that can significantly affect criticality (e.g., fissile materials, neutron absorbing
materials, reflecting materials, and moderators). The variety of possible configurations is best
understood by grouping them into classes. A configuration class is a set of similar
configurations whose composition and geometry is defined by specific parameters that
distinguish one class from another. Within a configuration class, the values of configuration
parameters may vary over a given range.

A master scenario list and set of configuration classes relating to internal criticality is given in
the Disposal Criticality Analysis Methodology Topical Report (YMP 2000, pp. 3-12 through
3-14) and also shown in Figures 6-1 and 6-2. This list was developed by a process that involved
workshops and peer review. The comprehensive evaluation of disposal criticality for any waste
form must include variations of the standard scenarios and configurations to ensure that no
credible degradation scenario is neglected. All of the scenarios that can lead to criticality begin
with the breaching of the waste package, followed by entry of the water, which eventually leads
to degradation of the spent nuclear fuel and/or other internal components of the waste package.

The standard scenarios for internal criticality divide into two groups:

1. When the waste package is breached only on the top, water flowing into the waste
package collects and fills the waste package. This ponding provides water for
moderation to potentially increase the probability of criticality. Further, after a few
hundred years of steady dripping, the water can overflow through the hole on the top of
the waste package and flush out any dissolved degradation products.

2. When the waste package breach occurs on the bottom as well as the top, the water can
flow through the waste package. This group of scenarios allows the soluble degradation
products to be removed more quickly but does not directly provide water for
moderation. Criticality is possible, however, if the waste package fills with corrosion
products that can retain water and/or plug any holes in the bottom of the waste package
while fissile material is retained.
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The standard scenarios for the first group shown in Figure 6-1, which have the waste package
breached only at the top, are designated IP-1, -2, and -3 (IP stands for internal to the package)
according to whether the waste form degrades before the other waste package internal
components, at approximately the same time (but not necessarily at the same rate) or later than
the waste package internal components. The standard scenarios for the second group shown in
Figure 6-2, which have the waste package breached at both the top and the bottom, are
designated IP-4, -5, or -6 based on the same criteria. The internal criticality configurations
resulting from these scenarios fall into six configuration classes described below (YMP 2000, pp.
3-13 through 3-14). It should be noted that the waste package studied in this technical report has
no added neutron absorbers, and no credit is taken for spent nuclear fuel burnup (or fission
product neutron absorbers).

1. Basket is degraded but waste form is relatively intact and sits on the bottom of the waste
package (or the MCO) surrounded by, and/or beneath, the basket corrosion products (see
Figure 6-3). This configuration class is reached from scenario IP-3.

2. Both basket and waste form are degraded (see Figure 6-4). The sludge at the bottom of
the waste package is a mixture consisting of fissile material, corrosion products, and iron
oxides and may contain clay. It is more complex than for configuration class 1 and is
determined by geochemical calculations as described in Section 6.3. This configuration
class is most directly reached from standard scenario IP-2 in which all the waste package
components degrade at the same time. However, after many tens of thousands of years
the scenarios IP-l and IP-3, in which the waste form degrades before or after the other
components, also lead to this configuration.

3. Fissile material is moved some distance from the neutron absorber, but both remain in
the waste package (see Figure 6-5). This configuration class can be reached from IP-l.
Strictly speaking, there is no added neutron absorber in the N reactor co-disposal waste
package. However, the configurations with fissile material displaced from the internal
supporting structures are found to increase the keff. Therefore, for purposes of this
configuration classification system, the iron in the carbon steel supporting structure can
be considered to be an added neutron absorber.

4. Fissile material accumulates at the bottom of the waste package (or the MCO), together
with moderator provided by water trapped in clay (see Figure 6-6). The clay
composition is determined by geochemical calculation, as described in Section 6.3. This
configuration class can be reached by any of the scenarios, although IP-2 and IP-5 lead
to this configuration by the most direct path; the only requirement is that there be a large
amount of glass in the waste package (as in the codisposal waste package) to form the
clay.

5. Fissile material is incorporated into the clay, similar to configuration class 4, but with
the fissile material not at the bottom of the waste package (see Figure 6-7). Generally,
the mixture is spread throughout most of the waste package volume but could vary in
composition so that the fissile material is confined to one or more layers within the clay.
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Generally, the variations of this configuration are less reactive than for configuration
class 4; therefore, they are grouped together, rather than separated according to where
the fissile layer occurs or whether the mixture is entirely homogeneous. This
configuration class can be reached by either standard scenario IP-1 or IP-4.

6. Fissile material is degraded and spread into a more reactive configuration (Figure 6-8).
This configuration class can be reached by scenario IP-1.

The report titled Generic Degradation Scenario and Configuration Analysis for DOE Codisposal
Waste Package (CRWMS M&O 1999h) serves as the basis for the specific degraded waste
package criticality analysis to be performed for any type of DOE spent nuclear fuel that will be
codisposed with the high-level waste in a codisposal waste package. Starting from these
guidelines, a set of degradation scenarios and resultant configurations has been developed for the
codisposal waste package containing N reactor spent nuclear fuel. The following brief
description focuses on the correspondence between different classes of configurations and their
refinements. This approach allows a systematic treatment of the degraded internal criticality
analysis, taking into account all possible configurations with potential for internal criticality. In
Sections 6.2.1.1 through 6.2.1.6, the scenarios and the resulting configuration classes that are
applicable to the 2-MC0/2-DHLW waste package with N reactor fuel in the MCO are discussed.
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Figure 6-1. Internal Criticality Master Scenarios, Part 1
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6.2.1.1 Most Likely Scenario for N Reactor Spent Nuclear Fuel

The parameters that need to be considered to develop the most likely or probable degradation
scenario/configuration for the N reactor spent nuclear fuel are: the materials of the components
associated with the waste package, the Mea and the spent nuclear fuel, thickness of the
materials, and the associated corrosion rates. The sequence of degradation can then be
developed, and the most probable degradation scenario/configuration can be identified by using
these parameters, which are discussed below.

Corrosion Rates-The material corrosion rates are presented in Section 2.1.9, Table 2-16 of this
report. The carbon steel (Type A 516) degrades more rapidly than the stainless steel Type 304L.
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The corrosion rate of Zircaloy-2 (Zr-2) cladding is conservatively selected as 0.0079 ~m/year

(3.1 mils in 10,000 years) (HiBner et aI., 1998, Table 1). When compared to the corrosion rates
of stainless steel, Zr-2 can be considered inert. However, when spent nuclear fuel degrades, no
credit is taken for the resistance of Zr-2. Moreover, the cladding is likely to be breached as some
of the fuel elements have been damaged. As indicated in Table 2-16 of Section 2.1.9, the
corrosion rate of the spent nuclear fuel (V-metal) is highest among all of the materials listed.

Most Probable Degradation Path-Based on the corrosion rates and the material thickness
given in Table 6-1, the most probable degradation path for the waste package, the MCa, and the
N reactor spent nuclear fuel follows the following sequence:

1. Waste package is penetrated and flooded internally. Water has not yet penetrated the
Mca.

2. The waste package separation plates and MCa support cylinder degrade first because of
the high corrosion rate of A516 carbon steel. Degraded steel product (iron oxide)
accumulates at the bottom of the waste package.

3. High-level waste glass canister shell and glass degrade. Degraded glass clay product
accumulates at the bottom of the waste package. After this, there are two possible
degradation paths:

3a. MCa stays intact. Intact MCa with intact spent nuclear fuel fall and are surrounded
by the clay material near the bottom of the waste package.

3b. Mca starts to degrade.

4. Following 3b above, MCa shell is penetrated but remains intact and MCa interior is
flooded.

5. Components internal to the Mca are in contact with water. These components include
the spent nuclear fuel basket structure, the center post, and the spent nuclear fuel
elements.

6. Spent nuclear fuel starts to degrade due to its high corrosion rate. For conservatism,
credit is not taken for the protection of the Zr-2 cladding material. After this, there are
two possible paths.

6a. Baskets and center posts stay intact. In this case, spent nuclear fuel degrades in place
and is trapped inside the baskets.

6b. Baskets and center posts degrade. In this case, degraded spent nuclear fuel and iron
oxide mix together in a pile and are trapped inside and at the bottom of the Mcas.
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7. MCa shell starts to degrade. The degraded iron oxide mixes with the degraded glass clay
at the bottom of the waste package. The degraded spent nuclear fuel elements fall out
and scatter on top of the clay/iron oxide mixture.

Given a very long period of time, it is postulated that everything will degrade including cladding
and fuel. All the internal components of the waste package will then be represented as a sludge.
This corresponds to degradation scenario group IP-2. The degraded spent nuclear fuel and other
degradation products could mix and pile up near the bottom of waste package. However, there is
no mechanism to cause complete and uniform mixing of all the degradation products inside the
waste package.

Table 6-1. Materials and Thicknesses

Components Material Thickness (mm)
Waste package separation plate A516 Carbon Steel 10
Waste package support cylinder A516 Carbon Steel 5

High-level waste glass shell 304L Stainless Steel 10.5
High-level waste glass Glass N/A

MCO shell 304L Stainless Steel 12.7

MCO center post 304L Stainless Steel 61.9 (for larger hollow cylinder)
Spent nuclear fuel basket shell 304L Stainless Steel 1.22

Spent nuclear fuel basket bottom plate 304L Stainless Steel 3.048

Spent nuclear fuel cladding Zircaloy-2 Varies depending on fuel type but
generally very thin

SOURCE: Section 2 of this technical report.

Most Probable Degradation Scenario/Configuration According to the analysis in Generic
Degradation Scenario and Configuration Analysis for DOE Codisposal Waste Package
(CRWMS M&a 1999h), the above degradation sequences match with the degradation
scenario/configurations of IP-I-A to IP-I-C (equivalent to IP-2). The details of these
degradation scenario/configurations are discussed in Section 7.4.1. The most likely scenario
begins with the localized degradation of the canisters inside the waste package followed by the
degradation of the spent nuclear fuel once the MCa is breached and followed by the degradation
of the entire MCa. The degradation scenario of IP-3, i.e., spent nuclear fuel degrades slower
than the other materials, is not probable, since the corrosion rate of the N reactor spent nuclear
fuel is the highest among all of the materials. However, for completeness, configurations
associated with scenario group IP-3 have been analyzed as presented in Sections 6.2.1.3 through
6.2.1.5.

The final degraded configurations that are used for criticality calculations in Sections 7.4 and 7.5
are characterized by location of the fissile material and possible displacement from any material
that can act as neutron absorber. The assignment of such locations has been consistent with a
conservative interpretation of possible physical processes. At this time, there is no detailed
calculation of transport processes to support this. Such a calculation could significantly reduce
the conservatism in the present method, and, consequently, reduce the resulting kerr. However,
such a calculation would require considerable resources and still not resolve the issue of
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alternative physical pathways for such transport processes. Since none of the likely degraded
configurations are found to be critical, the additional effort of the more detailed calculations is
not necessary.

Since none of the configurations have been found to be critical, there have been no probability
calculations. Nevertheless the configurations described in Sections 6.2.1.2 are believed to be the
most likely, since the N-reactor SNF is the most rapidly degrading material in the waste package.

6.2.1.2 Degraded Spent Nuclear Fuel with Nearly Intact MCO and Waste Package Shells

In this case, the spent nuclear fuel could be partially or fully degraded. As a variation, the other
internal components of MCa could also be degraded. This configuration is a variation of
configuration class 6 and can be reached from standard scenario IP-l. The results of criticality
calculations for this configuration are given in Section 7.4.1.

6.2.1.3 Spent Nuclear Fuel Degrades After Degradation ofMCO Basket

In this case, the spent nuclear fuel is intact and the degradation scenarios and configuration
classes are applied to the Mca and its contents including the baskets and the center post. As a
variation, there could be partial degradation of the Mca internals and partial-to-full degradation
of the spent nuclear fuel. This configuration is a variation of configuration class 1 and can be
reached from standard scenario IP-3. The results of the criticality calculations for this
configuration are given in Section 7.4.2.

6.2.1.4 Nearly Intact MCO and Degraded Waste Package Internals

In this case, the concepts of scenario and configuration are applied to the entire waste package.
The fuel element and the Mca shell retain their initial configuration. This configuration is a
variation of configuration class 1 and can be reached from standard scenario IP-3. The results of
the criticality calculations for this configuration are given in Section 7.5.1

6.2.1.5 Degraded MCO and Waste Package Internals, Intact Spent Nuclear Fuel

In this case, the degradation scenario and configuration are applied to the entire waste package.
The MCa and waste package internals including the high-level waste glass canisters are
degraded. The fuel elements are intact. This configuration is a variation of configuration class 1
and can be reached from standard scenario IP-3. The results of the criticality calculations for this
configuration are given in Section 7.5.1.

6.2.1.6 Completely Degraded MCO and Waste Package Internals

In this case, the degradation scenario and configuration are applied to the entire waste package
including the spent nuclear fuel. Degradation products from the Mca and the waste package
and their contents mix uniformly inside the waste package. This configuration is a variation of
configuration class 2 and can be reached from standard scenario IP-l, IP-2, or IP-3. The results
of the criticality calculations for this configuration are given in Section 7.5.2.
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6.2.2 Basic Design Approach for Geochemistry Analysis

The method used for this analysis involves eight steps as described below:

• Use the basic EQ3/6 capability to trace the progress of reactions as the chemistry
evolves, including estimating the concentrations of material remaining in solution as
well as the composition of precipitated solids. EQ3 is used to determine a starting fluid
composition for EQ6 calculations; it does not simulate reaction progress.

• Evaluate available data on the range of dissolution rates for the materials involved, to
be used as material/species input for each time step.

• Use the "solid-centered flow-through" mode in EQ6. In this mode, an increment of
aqueous "feed" solution is added continuously to the waste-package system, and a like
volume of the existing solution is removed. This mode simulates a continuously stirred
tank reactor.

• Determine the concentrations of fissile materials in solution as a function of time.

• Calculate the amount of fissile material released from the waste package as a function
of time (which, thereby, reduces the chance of criticality within the waste package).

• Calculate the composition and amounts of solids (precipitated minerals or corrosion
products and unreacted package materials).

6.3 CALCULATIONS AND RESULTS

The calculations begin using selected representative values from known ranges for composition,
amounts, and reaction rates of the various components of the waste package. Surface areas are
calculated based on the initial package geometry. The input to EQ6 consists of the composition
of J-13 well water, together with a rate of dripping into the waste package (Section 2.1.9.3),
which is also the flow rate out of the waste package. In some cases, the degradation of the waste
package is divided into stages (e.g., degradation of the high-level waste glass before breach of
the MCO canister and exposure of the fuel and its basket material to the water). The EQ6
outputs include the compositions and amounts of solid products and the solution composition.
Summary of the results is presented in Section 6.3.1 below. The calculation process is presented
in more detail in CRWMS M&O (2000e).

6.3.1 Results ofEQ6 Runs

The EQ6 codes were used to run the 10 cases summarized in Table 6-2. In general, each case
could be classified as single- or two-stage. Cases 1-9 are single stage, and involve simultaneous
exposure of the spent nuclear fuel to aqueous degradation from and the waste package materials
to J-13 well water. Although the spent nuclear fuel rods are clad with zirconium, for a
conservative approach, it was assumed that cladding is fully breached immediately after contact
with water. Cases I through 8, and case 10 have used fresh fuel for the waste form
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characteristics. This is a simplifying initial condition and is conservative with respect to
criticality. Case 9 used the characteristics of a typical burnup for this fuel type. Case lOis
divided into two stages. For the first stage the canisters containing the spent nuclear fuel
(MCO's) are assumed to not be breached, so that only the high-level waste glass is degrading.
Thus there is no spent nuclear fuel degradation during the high pH period (which prevails during
the degradation of the alkali glass). Such a constraint is conservative because uranium is most
soluble at high pH, and any loss of uranium reduces the potential for criticality.

Table 6-2. Summary of EQ6 Cases Run

% Fuel Surface Fuel Type %U %Np % Pu
Case File Namesb Area Exposed Mark IV Mark IA LossB LossB LossB pH Range-

1 N40h1111 100 " 0.03 N.D.~ N.D. 5.54 - 6.68
2 N40h2111 100 " 0.75 N.D. N.D. 3.74 -8.21
3 N40h1112 100 " 0.12 N.D. N.D. 5.58 -7.06
4 N10h1111 100 " 0.02 N.D. N.D. 5.53 -6.68
5 N10h2111 100 " 0.98 N.D. N.D. 3.81 - 8.21
6 N10h1112 100 " 0.16 N.D. N.D. 5.57 -7.06
7 N10#1111 10 " 0.02 N.D. N.D. 5.53 -6.68
8 N10&1111 0 " 0.00 N.D. N.D. 5.52 -7.88
9'" N10h1211 100 " 0.02 82.81 1.58 5.83 - 6.12

10 N10A1201 0 .J 1.10 N.D. N.D. 5.77 -9.9
N10B1011 100 0.02 N.D. N.D. 5.77 - 6.16

NOTES: B U, Pu, and Np losses are a percentage of total moles of U, Pu, and Np in spent nuclear fuel and high
level waste glass. Pu and Np are only relevant to case 9, because the other cases use only fresh fuel.

b Explanation of special symbols in root file names:
The 4th character of the file name indicates:

Note: Hematite not suppressed for these runs.
h = normal run without any special conditions.
# = 100% fuel moles and 10% fuel surface area exposed to corrosion.
& = 100% fuel moles and 0% fuel surface area exposed to corrosion.
A =First stage of a two-stage run.
B =Second stage of a two-stage run.

The fifth character of the file name either 1 for an average corrosion rate of the steel and 2 for a high
corrosion rate of the steel (see Table 2-16) .
The sixth character of the file name is 1, 2, or 0, with 1 and 2 corresponding to the moderate and high
glass corrosion rates listed in Table 2-15, and 0 corresponding to no high-level waste glass present in
the EQ6 run.
The seventh character of the file name is 1 or 0, with 1 corresponding to spent nuclear fuel dissolution
rate in Table 2-16, and 0 corresponding to no spent nuclear fuel present in the EQ6 run.
The last digit in the block encodes the choice of J-13 flush rate, with 1 and 2 corresponding to 0.0015
m3/year and 0.015 m3/year, respectively.

C Not determined.
d Case 9 was run with the decayed fuel compositions from Table 3-8 of DOE 2000b.

SOURCE: ·CRWMS M&O (2000e, Section 5)

The following general observations can be made from the data in Table 6-2.

1. Predicted total losses of U from the waste package were less than 2% for all of the cases
shown in Table 6-2. This is much less than the other waste forms analyzed thus far. The
following are the principal distinctions responsible for such low loss of uranium. (1) The
pH is kept from achieving high values (pH = 10 or greater) by the large amount of
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stainless steel inside the waste package. (2) The total uranium in the waste package is
much larger than for previously analyzed waste packages. This means that whatever
uranium is lost will be a much smaller fraction of the total.

2. For the first stage of the two stage run, Case 10, the high pH (nearly 10) lead to a high
solubility for uranium, so that all of the U in the high-level waste glass (1.10% of the
total U in the waste package) would be lost from the waste package for conditions of
average steel, high high-level waste glass degradation rates, and low J-13 drip rate
simulated by the first stage of the run. For the second stage of case 10, the pH remains
close to neutral, so only 0.02% of the total U in the waste package (which by this time is
only from Mark IA spent nuclear fuel) was predicted to be lost.

3. After case 10, the largest uranium losses were for cases 2 and 5. Both these cases
simulated conditions of high steel degradation rate, average fuel degradation rate, and
low glass degradation rates, with a low drip rate. While the pH maxima shown for these
cases in Table 6-2 are not high enough for high uranium solubility, they do account for
what little uranium loss is predicted, as is explained together with the time history
description of these cases given below.

4. Case 9 was the only case using a waste form composition characteristic of spent fuel. In
particular, it was the only case to have any plutonium or neptunium present in the waste
form. As with the other cases, there was very little uranium loss because the pH never
moved far from neutral. For the same reason, there was very little loss of plutonium.
There was a large loss of neptunium, because of its generally greater solubility. While
neptunium is slightly fissile, its cross section is so small that it does not playa significant
role in criticality calculations. This case did demonstrate that the presence of fission
products and actinides has little effect on the loss of the significant fissile elements.

Details of the time dependent behavior of the degradation processes are given in CRWMS M&O
2000e, particularly Section 5, Tables 10 through 33 and Figures 1 through 24. In general, there
are two tables and two figures for each case, with one extra figure and four extra tables to
describe the results for the two-stage case (case 10). For each case one table gives the
concentration of 24 elements in the degradation product clay at selected times to upwards of
600,000 years. The second table of each case gives the concentrations in solution of 22 elements
(the same elements as for the clay, but without the hydrogen and oxygen that are accounted only
as part of the solution water). For each case one figure gives the undegraded waste package
component masses (expressed as a function of time to upwards of 600,000 years, together with
the moles of precipitated uranium bearing minerals and the uranium in solution plus the pH of
the solution. The second figure gives similar concentrations for a much shorter time range, to
provide a higher resolution over the critical early period when the constituents are changing most
rapidly. Comparison between cases shows how the output varies as a function of input steel
corrosion rate, high-level waste glass corrosion rate, spent nuclear fuel corrosion rate, and drip
rate into the waste package.

The results are best illustrated by the plot of moles and pH as a function of time, as shown in
Figures 6-9 and 6-10, for cases 2 and 5, respectively. As explained in Section 5.1.1.1 of
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CRWMS M&O 2000e, the moles are in units of 100 gm and 1 liter of water. Therefore, the total
waste package mass of each component in grams is obtained by multiplying the number of moles
(antilog of the vertical axis of each figure) by 100 and by the 4268 liters of void space, which is
assumed to be filled with water. The figures show the amounts of stainless steel EDA II liner,
high-level waste glass, uranium (U) in solution, and pH. The remaining four curves are the
uranium bearing minerals that are precipitated in the waste package as the spent nuclear fuel
degrades and releases uranium into solution. In both Figures 6-9 and 6-10 there is a low pH (less
than 5.5, due to the corroding steel liner) until 30,000 years, by which time all the steel has
corroded (because of the high corrosion rate for these cases). As the pH moves up to neutral
after 30,000 years, the U in solution decreases. This is because the U has a higher solubility at
low pH than at neutral. As the pH moves up above 8 (after 250,000 years) the U in solution rises
agam.
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Figure 6-9. Predicted Concentration of Major Waste Package Components, Precipitated U Minerals,
Total U in Solution. and pH as a Function of Time During Case 2 (n40h2111).
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Figure 6-10. Predicted Concentration of Major Waste Package Components, Precipitated U Minerals,
Total U in Solution, and pH as a Function of Time During Case 5 (n1 OH2111).

The uranium losses in Table 6-2 were calculated by totaling all the uranium in minerals plus the
small amount in solution, and subtracting from the amount initially in the fuel plus the glass.
The uranium loss can also be calculated directly using the time dependence of the U in solution
given in Figures 6-9 and 6-10. For this purpose, the U curve is divided into segments of
approximately constant concentration. The average concentration, in moles per liter, for each
segment is then multiplied by the duration of the segment in years, and the product is then
summed over all the segments. This total is then multiplied by 100 gm (the per mole
normalization) and 1.5 liters per year drip rate. The resulting total U losses (for 2 MCOs) are
93.7 kg and 102.6 kg for cases 2 and 5, respectively. It is shown in Section 5.1.1.1 ofCRWMS
M&O 2000e that the total uranium initially in the waste packages (for 1 MCO) is 6339.6 kg for
case 2 (Mark IV fuel) and 4777.92 kg for case 5 (Mark IA fuel). Hence the percentage losses are
0.729% and 1.04% for cases 2 and 5, respectively. These values are within 6% of the values of
Table 6-2 that were calculated by differencing the EQ3/6 results.
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6.4 SUMMARY

A principle objective of the geochemistry analysis was to estimate the chemical composition of
the degradation products remaining in a waste package containing N reactor (U-metal) spent
nuclear fuel and high-level waste glass. Ten EQ6 reaction path calculations were carried out to
span the range of possible system behavior and to assess the specific and coupled effects of spent
nuclear fuel degradation, steel corrosion, high-level waste glass degradation, and fluid influx rate
on U, Pu and Np mobilization. Corrosion product accumulation (primarily of iron oxide and
smectite) and U, Pu, and Np mobilization were examined as well. The results presented in
CRWMS M&O 2000e, and summarized in this section, have been used as inputs to the criticality
calculations described in Section 7 of this document. The concentrations of U in solution will
also be considered as source terms for external accumulation that could lead to criticality.
However, the fact the release rate and total U released are much less than with other waste forms,
suggests that there will not be any significant accumulations to evaluate for critical mass.
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7 INTACT AND DEGRADED COMPONENT CRITICALITY ANALYSES

7.1 USE OF COMPUTER SOFTWARE

The Monte Carlo particle transport code, MCNP, Version 4B2, is used to estimate the effective
neutron-multiplication factor (l<eff) of the codisposal waste package. The information regarding
the code and its use for the criticality analysis is documented in CRWMS M&O (2000f).

7.2 DESIGN ANALYSIS

The MCNP Version 4B2 is used to estimate the keff values for various geometrical configurations
of the N reactor spent nuclear fuel in the 2-MCO/2-DHLW waste package. The keff results
represent the average combined collision, absorption, and track-length estimator from the MCNP
calculations. The standard deviation (0') represents the standard deviation of keff related to the
average combined collision, absorption, and track-length estimate due to the Monte Carlo
calculation statistics. The calculations are performed using ENDF/B-V continuous energy cross
section libraries that are part of the qualified MCNP code system. All calculations are performed
with fresh-fuel isotopics as it is more neutronically reactive than spent fuel as shown in CRWMS
M&O (2000f, Table 33).

CRWMS M&O (2000f) describes the Monte Carlo representations, the method of solution, and
the results for nuclear criticality evaluations that were performed for intact, partially degraded
and degraded components of the MCOs contained in the waste package. The intact mode is
defined as that mode in which no component of the MCOs is dislocated due to degradation of
structural members within the canister. These intact cases are described in Section 7.3.1. The
partially degraded component mode is treating the configurations obtained as a result of partial
degradation of the MCO internal components. These partially degraded cases are described in
Section 7.4.1. The criticality analysis for the degraded-mode configurations obtained in the
subsequent stages of internal degradation of the MCO components and waste package internal
constituents are summarized in Sections 7.4 and 7.5.

The MCNP results are presented in the following section in order to demonstrate that all
foreseeable intact and degraded configurations inside the codisposal waste package (see Section
6) have been investigated and the values of keff are below the interim critical limit of 0.93
(Section 2.4). Each of the configurations presented in Section 6 are addressed, but many are
bound by results in subsequent configurations, and are not, therefore, fully parameterized.
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7.3 CALCULATIONS AND RESULTS-PART I: INTACT-MODE CRITICALITY
ANALYSIS

7.3.1 Intact Mode

This section presents the results of the intact-mode criticality analysis. Although the components
(fuel element, cladding, supporting basket structures, and MCO) are considered structurally
intact, water intrusion into the components is assumed in order to determine the effect of optimal
moderation. The contents of the waste package outside the MCO are intact in all cases
considered in this section except as noted. For the intact mode, the contents of the MCO are in
an "as loaded position and condition," as depicted in Figure 7-1 for the Mark IV fuel element and
Figure 7-2 for the Mark IA fuel element.

auter shell

Inner shell

Flooded waste
package
MCa shell

Mca basket

Fuel element

Mca center post

Figure 7-1. Cross Section of the MCa Loaded with 54 Mark IV Fuel Elements in the Intact Basket
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Outer shell
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MCO basket

Fuel element

MCO center post

Figure 7-2. Cross Section of the MCa Loaded with 48 Mark IA Fuel Elements in the Intact Basket

In the intact analyses, the keffS of a 2-MCO/2-DHLW waste package containing Mark IV and
Mark IA fuel elements with only intact baskets or with intact baskets and two scrap baskets are
analyzed. Variations include placing MCOs in different quadrants of the waste package
(although the waste package will be loaded as shown in configuration 2 of Figure 4-1,
configuration 1 is investigated to analyze misloading impact), different numbers and
arrangements of the intact and scrap baskets, different numbers of fuel elements in the intact
basket, different water densities in the MCO (varied from 0 to 1 glcm\ and different masses of
fuel in the intact baskets. Various masses (from 980 kg to 330 kg for Mark IV fuel elements and
form 575 kg to 330 kg for Mark IA fuel elements), shapes (intact inner elements, intact outer
elements, or fuel elements represented as spheres) and distributions of the fuel in the scrap basket
(the pitch of the fuel elements varies from 0.5285 to 1.5520 cm for Mark IV fuel type and from
0.5037 to 1.3672 cm for Mark IA fuel type) are also investigated. Vnclad-scrap fuel is
represented as spheres because it is shown to be the configuration with the highest keff. The
radius varies from half of the thickness of the outer fuel element to 0.26425 cm and 0.25185 for
Mark IV and Mark IA fuel type, respectively. keff decreases as the radius of the spheres
decreases. Thus, smaller radii were not investigated. Such a configuration is very unlikely to
occur because the V-metal particles will degrade very quickly (due to the very high degradation
rate of V-metal, see Table 2-16) and form a sludge at the bottom of the basket. Thus the "life
time" of such a configuration will be very short and would require the configuration to exist at
the time of loading rather than to develop as the result of degradation. However, such a
configuration would be considered bounding.

For all the calculations (unless otherwise specified in CRWMS M&O 2000t), the waste package
has reflected boundaries acting as a mirror (i.e., no neutron leakage). This is a very conservative
approach. Variations of the intact configurations are run to identify the configuration that results
in the highest calculated keff value within the range of possible conditions as described above.
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These configurations are investigated in both as loaded position and in a position where the
contents of the MCO have settled due to gravity (see Figure 7-3).

The results of the key cases are shown in Table 7-1 for MCO loaded with Mark IV fuel elements
and in Table 7-2 for MCOs loaded with Mark IA fuel element (CRWMS M&O 2000f, Sections
6.1.1 and 6.1.2, respectively). These cases represent the various combinations of possible
loading conditions and the highest ketr values under those conditions. As can be seen from these
tables, all the ketrvalues are below the interim critical limit of 0.93.

Table 7-1. Results for the Intact Mode Criticality for MCOs Loaded with Mark IV Fuel

Case Description keff + 2u
MCa loaded with 5 intact baskets, MCa flooded, waste package dry (base case) 0.8484
MCa loaded with 5 intact baskets, MCa and waste package flooded 0.8248
MCa loaded with 3 baskets and 2 scrap baskets filled with inner fuel elements (pitch 0.8463of the inner elements = 5.125 cm). MCa flooded, waste package dry
MCa loaded with 3 baskets and 2 scrap baskets filled with outer fuel elements (pitch 0.8459of the outer elements = 6.985 cm). MCa flooded, waste package dry
MCa loaded with 3 baskets and 2 scrap baskets filled with fuel elements represented
as spheres (radius of the spheres = 0.44 cm, pitch of the spheres = 1.08 cm, mass of 0.8601
fuel in the scrap basket = 980 kg). MCa flooded, waste package dry
Same as above, the spheres have a Zr-2 shell 0.8507
Same as above but intact basket loaded with 53 fuel elements 0.8587

saURcE: CRWMS M&a (200Of, Tables 14,15,16,17,27,32)

Table 7-2. Results for the Intact Mode Criticality for MCOs Loaded with Mark IA Fuel

Case Description kelf + 2u
MCa loaded with 6 intact baskets, MCa flooded, waste package dry (base case) 0.8490
Same as above with spent nuclear fuel rather than fresh fuel 0.8292
MCa loaded with 6 intact baskets, MCa and waste package flooded 0.8161
MCa loaded with 4 baskets and 2 scrap baskets filled with inner fuel elements (pitch 0.8485of the inner elements = 4.585 cm). MCa flooded, waste package dry
MCa loaded with 4 baskets and 2 scrap baskets filled with outer fuel elements (pitch 0.8937of the outer elements = 7.096 cm). MCa flooded, waste package dry
MCa loaded with 4 baskets and 2 scrap baskets filled with fuel elements represented
as spheres (radius of the sphere = 0.43 cm, pitch of the sphere = 1.14 cm, mass of 0.8821
fuel in the scrap basket = 575 kg). MCa flooded, waste package dry
Same as above but intact basket loaded with 47 fuel elements 0.8836

saURCE: CRWMS M&a (200Of, Tables 33, 34, 35,42, 57)

Additionally, a configuration of a waste package containing one MCO loaded with Mark IA fuel
and one MCO loaded with Mark IV fuel is investigated. ketr+ 20- of this waste package is 0.8704
(CRWMS M&O 2000f, Section 6.1.3). The result is higher than the ketr of a waste package
loaded with 2 MCOs containing Mark IV fuel elements (ketr + 20- =0.8601) and yet lower than
the ketr of a waste package filled with 2 MCOs loaded with Mark IA fuel (keff + 20' =0.8821).
Thus, for the degraded analysis Mark IA fuel was the only fuel investigated (unless otherwise
specified).
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7.4 CALCULATIONS AND RESULTS-PART II: SCENARIOS WITH FISSILE
MATERIAL RETAINED IN THE MCO

7.4.1 Fuel Elements Degrade Before the MCO Baskets

This degradation scenario group belongs to generic degradation group IP-l (YMP 2000). As
explained in Section 6.2.1.1, the relative degradation rates of the waste package internal
components make it the most likely. In all cases analyzed, the degraded fuel fragments are
represented by spheres in the first place. Indeed, this is the most reactive geometry, and it is,
therefore considered bounding. Formation of spheres, however, is physically impossible. Due to
the very high degradation rate of the U-metal (see Table 2-16), the degraded fuel would very
quickly form sludge, which is a less reactive configuration (CRWMS M&O 2000f, Tables 65
and 66). In the analyses, the fuel mass present in a basket, the sphere (representing the fuel
elements partially degraded) radius, and the lattice pitch are varied. When the fuel is fully
degraded, the amount of water in the sludge varies. In the following descriptions, kerr + 20" are
given for the most reactive configurations (optimal pitch, moderation, sphere radius, mass of fuel
in the baskets, etc). The waste package is considered in the same configuration as that of
configuration 2 given in Figure 4-1 since it was shown in the intact calculations to be the most
reactive configuration. This configuration corresponds to a misload of a waste package and is
extremely conservative.

All configurations in this degradation group result in the kerr values of less than 0.93. As a first
stage, the fuel will fall at the bottom of the MCOs as shown in Figure 7-3. kerr of the system is
7.0% (from 0.8484 to 0.7935) and 6.5% (from 0.8490 to 0.7975) lower in a collapsed
configuration than it is an intact configuration if the MCO are loaded with Mark IA fuel elements
(Figure 7-3a) and Mark IV (Figure 7-3b), respectively. Then degradation of the inner and outer
fuel elements will occur either sequentially (Figure 7-4) or simultaneously (Figure 7-5). The
following presents the kerr of a waste package for these configurations.

First, the degradation of the spent nuclear fuel is assumed to occur sequentially, first to the outer
elements and then to the inner elements (kerr + 20" = 0.9273 if the outer fuel elements are
represented as spheres and kerr + 20" = 0.8950 and if the outer fuel elements are represented as
sludge). Then the degradation of the spent nuclear fuel is assumed to occur to both pieces of the
fuel elements at the same time. When both inner and outer fuel elements are considered
degraded and represented as spheres, kerr+ 20" is at most equal to 0.9293. For fuel elements fully
degraded, kerr + 20" is 0.9088 (CRWMS M&O 2000f, Section 6.2.1.1). In these cases, the lattice
pitch of the spheres varies from 0.824 to 1.136 cm. The radius of the spheres varies from half of
the thickness of the outer element to 0.37185 cm. The mass of the degraded fuel in each basket
varies from 865 kg (mass of 48 intact fuel elements) to 575 kg (weight limit in the basket). Since
the kerr value ofthe system decreases as the mass of degraded fuel in the baskets decreases, lower
loads of the basket were not investigated (CRWMS M&O 2000f, Sections 6.1.1.2.2 and
6.1.2.2.2). Figures 7-4 and 7-5 show representations ofthe MCO in these configurations.

kerr values ranging from 0.4792 to 0.9088 (depending on the amount of water in the sludge) are
obtained when all spent nuclear fuel is fully degraded (Figure 7-5b). The amount of water in the
sludge was varied from 0 volume percent to 67.77 volume percent, which corresponds to a
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homogeneous distribution of the sludge throughout the MCO. The highest keff is obtained for
this latest configuration.

The most reactive configurations are the ones with the fuel elements partially degraded in the
intact basket (Figure 7-5a) and represented as spheres. The pitch of the spheres in the intact
basket was conservatively chosen such that the spheres are distributed throughout the intact
basket. The pitch of the spheres in the scrap basket varies such that the spheres are either packed
(in a rectangular array) or distributed throughout the scrap basket. This last configuration is the
most reactive (keff+ 20' = 0.9293). However, because of the high degradation rate of U-metal,
small fragments ofU-metal could only exist for a short time. Moreover, since the U-metal would
react as it is exposed, the presence of spheres distributed throughout a MCO is not a credible
configuration.

.......---vuter shell
~.,--...

~--tnner shell
...-.k\--MCO shell
r----'a\---MCO center pos
'--_.\----f"uel element

a. Waste Package Loaded with Mark IAFuel Elements b. Waste Package Loaded with Mark IV Fuel Elements

Figure 7-3. Fuel Elements Collapsed at the Bottom of the MCa
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CO center post

egraded outer
fuel element
represented as
spheres

r------r-·ntact inner fuel
element

a. MCO with Outer Fuel Elements Partially Degraded

Water

MCO center post

Degraded outerfuel element

Intact inner fuel element

b. MCO with Outer Fuel Elements Fully Degraded

Figure 7-4. Degradation of the Fuel Elements Occurs Sequentially

Water

MCO center
post

Degraded
fuel element

a. MCO with all Fuel Elements Partially Degraded b. MCO with all Fuel Elements Fully Degraded

Figure 7-5. Degradation of the Fuel Elements Occurs Simultaneously

7.4.2 MeO Basket Degrades Before the Fuel Element

This degradation scenario belongs to the generic degradation scenario IP-3 (YMP 2000), but its
occurrence is very unlikely because of the high degradation rate of the V-metal fuel (Table 2-16).
From the resultant configurations, several representative cases were analyzed. The degradation
of the center post is assumed to occur first, folJowed by the degradation of the basket shell and
the basket plate. The fuel remains intact. Although the configurations associated with these
cases are unlikely to occur, they are analyzed for completeness. In all the cases investigated only
the configuration with the center post falling to the bottom of the Mea basket (Figure 7-6)
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results in the keffvalues of more than 0.93 (keff+ 2cr = 0.9752 with the basket intact and 0.9679 if
the basket degrades [CRWMS M&O 2000f, Table 67]). In this configuration, the fuel in the
scrap basket is represented as spheres and distributed throughout the basket. However, as
discussed earlier, it is not possible for the fuel to from sphere after degradation. There are also
no physical mechanisms for the fuel in the scrap basket to be uniformly distributed over the
entire volume available in the basket and for the center post to snap and settle down through the
fuel elements. The center post is twice thicker than the basket bottom plate and more than sixty
times thick than the basket shell and would be the last component to degrade. No mechanism for
shearing off the center post has been identified. The fuel in the scrap basket would be more
likely to settle at the bottom of the basket or at the bottom of the MCO if the basket has
degraded, which results in the keff values of less than 0.93 (keff + 2cr = 0.8326 with the basket
intact and 0.8275 if the basket degrades [CRWMS M&O 2000f, Table 67]).

~~~~~--.~----- MCa shell

___ Water

Intact fuel element

___ Center post snapped at the
bottom of the MCa

Figure 7-6. Center Post Snapped at the Bottom of the MCa

Cases with the basket fully degraded (basket shell, center post) as shown in Figure 7-7 are also
investigated. The amount of water added to the products resulting from this degradation is
varied from 50 volume percent (so that the fuel elements are covered by the mixture) to 62
volume percent (uniformly distributed over the entire volume). The highest kerr + 2cr for this
configuration is 0.8315, with the degradation product distributed over the entire volume of the
MCO (CRWMS M&O 2000f, Section 6.2.1.2.3.1).
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Water

Degraded Mea center post
mixed with water

Fuel element

Figure 7-7. Intad Fuel Elements in a Degraded Basket

Configurations with partial or full degradation of the center post and basket in combination with
the partial or full degradation of the outer fuel elements (inner fuel element intact) were also
analyzed. They result in kerr + 20' values less than 0.93 (CRWMS M&O 2000f, Tables 71
through 73). In the case of full degradation of the center post and basket shells with degraded
outer fuel elements, water was added to the degradation products from the steel (the water
content mixed with the degraded iron varies from 0 volume percent to 65 volume percent, which
corresponds to a mixture uniformly distributed over the entire volume available). This case
results in a 3% increase in kerr (kerr + 20' = 0.9156) but is still less than 0.93. In the case of
complete degradation of the MCO internals including the center post, basket and fuel elements,
the kerr values are less than 0.7 (CRWMS M&O 2000f, Table 73). The water contents in the
sludge resulting form the degradation of the iron and the fuel varies from 0 to 47 volume percent
for this configuration (from dry sludge to a sludge uniformly distributed over the entire volume
available).

7.4.3 Two MCOs Fused Together

In this configuration, the MCOs shell is partially degraded. Due to gravity, the contents of the
MCOs are combined in the cavity formed by the degraded shells as shown in Figure 7-8. Since
the V-metal degrades much faster than the steel, once the MCO shell degrades, the fuel element
either stays intact (cladded, Figure 7-8a) or is fully degraded (sludge, Figures 7-8b and 7-8c).
Water contents in the mixture resulting from the degradation of the baskets and/or fuel were
varied from 0 to a content such that the mixture is uniformly distributed over the entire volume
available. Results show (CRWMS M&O 2000f, Section 6.2.1.3) that the kerr values exceed 0.93
only when the goethite resulting from the degradation of the basket is fully neglected (less
absorption), and the fully degraded outer fuel elements are distributed over the entire cavity (kerr
+ 20' = 0.9614; kerr + 20' = 0.9259 if the goethite is not neglected). These configurations are very
unlikely since there is no physical mechanism to separate the iron oxide from the degraded fuel
inside the cavity, therefore it is not possible that the iron oxide can be flushed out of the MCO
without flushing out some degraded fuel. Also, there is no physical mechanism to distribute the
degraded outer fuel elements over the entire cavity. Moreover, it is likely that the bottom of the
lower MCO may fail. Then the contents inside the entire cavity will get out, which would result
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in a configuration shown in Figure 7-10. In this case, the fused MCas configuration would not
exist. Indeed, as explained above, if the baskets are degraded, the fuel would also be degraded.
Moreover, there is no mechanism that can lead to failure of the top MCa prior to the bottom of
the MCa. All other cases investigated have lower keff values, i.e., less than 0.93.

a. Intact Basket

b. Partially Degraded Fuel Elements c. Fully Degraded Fuel Elements
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7.5 CALCULATIONS AND RESULTS-PART III: SCENARIOS WITH FISSILE
MATERIAL DISTRIBUTED IN WASTE PACKAGE

7.5.1 Components other than MCO Degrade First

This configuration belongs to the generic degradation scenario IP-3 (YMP 2000). In this case,
MCOs stay intact and all other waste package internal components degrade. The MCOs are
surrounded by a pre-breach clay (CRWMS M&O 2000e, Table 30) mainly resulting from the
degradation of high-level waste glass (Figure 7-9). The water content of the pre-breach clay is
varied from 0 to 67 volume percent, which corresponds to a clay distributed throughout the entire
waste package and around the MCOs. This variation also is equivalent to loosing 67% of the
pre-breach clay around the MCOs. Various configurations of the internals of the MCO are
analyzed. The results show that the kefr values are lower for a waste package filled with MCOs
and pre-breach clay than they are for a waste package filled with the same MCOs and intact
high-level waste canisters.

Water

Degraded high-level waste glass
and high-level waste glass
canister

Figure 7-9. Two MCOs Surrounded by Pre-Breach Clay

Variations of this class of degraded configurations include a configuration of a waste package
containing one MCO intact and the other MCO degraded with the fuel element intact (Figure
7-10). The calculated results show no effect on keff (keff + 20' is 0.8490 [Section 6.2.2 of
CRWMS M&O 2000f]; ketr+2O' of the waste package with the 2 intact MCOs is also 0.8490).
The other variation investigated is a case where everything has degraded except the fuel
elements. The fuel elements settle at the bottom of the waste package and are surrounded by a
clay (CRWMS M&O 2000e, Tables 24 and 32) resulting from the degradation of the other waste
package internals as shown in Figure 7-11. Different clay compositions (depending on the time
elapsed since emplacement of the waste packages in the drift) are investigated. The spacing
between the fuel elements is varied (pitch varies from 6.1 cm to 13.1 cm) as well as the amount of
water in the clay (from 0 volume percent to 75.84 volume percent, which corresponds to a
mixture uniformly distributed over the entire volume available). The results (CRWMS M&O
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2000f, Table 77) show that the calculated keffS are also less than 0.93 (the highest kef[ + 20' is
0.8781).

,..----- Water

Degraded glass, glass canister, and MCO
shell, center post and basket

IntactMCO

Fuel element from the degraded MCO

Figure 7-10. One MeO Degraded

Outer shell

Inner shell

Water

Degraded glass.
glass canister,
MCO shell

Intact fuel element

Figure 7-11. Everything Degraded but the Fuel Elements
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7.5.2 All WP Components Degrade at the Same Time

This configuration belongs to class 2 obtained via generic degradation scenario IP-2 (YMP
2000). The cases analyzed include degradation of the MCO contents and degradation of the
other internal components of the waste package. Three clay compositions are analyzed
depending on the time after emplacement investigated (CRWMS M&O 2000e, Tables 24 and
32). The amount of water in the clays is varied from 0 volume percent to 39.41 volume percent,
which corresponds to a mixture uniformly distributed over the entire volume available. The final
degraded product is a uniform mixture as shown in Figure 7-12. Water was added to the dry clay
to find the most reactive composition. The results show that the keff values are less than 0.93 for
all cases analyzed: the highest kett+2cr is 0.6184 (CRWMS M&O 2000f, Table 79).

Water

Degraded waste
package contents
mixed with water

Figure 7-12. All the Components Degraded at the Same Time
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7.6 SUMMARY

The results of three-dimensional Monte Carlo criticality calculations for all anticipated intact
and degraded-mode configurations show that the requirement of keff +2cr values less than or
equal to the interim critical limit of 0.93 is satisfied for the N reactor codisposal package. No
neutron absorber material is required as long as the enrichment and the V-metal mass for
codisposal are within the specified limit as described in Section 2 of this report.

The highest keff values (limiting case) resulted from the configurations assuming that the MCOs
degrade before the fuel elements and that the fuel elements degrade into fragments with the
shape of spheres. However these configurations are not physically possible due to the fact that
the degradation rate of the V-metal is five orders of magnitude higher the steel. The V-metal
will oxidize and form sludge as soon as it is exposed to water rather than break into small
fragments. In all credible cases, the value of keff of the waste package is below the interim
critical limit of 0.93.
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8 CONCLUSIONS

This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur as a result of completing the
confirmation activities will be reflected in subsequent revisions. The status of the technical
product information quality may be confirmed by review of the DIRS database.

8.1 STRUCTURAL ANALYSIS

The results from the 3-D finite element analysis calculations show that the cavity of the entire
package (between the MCOs and the DHLW canister) is significantly decreased as the A-plate
dividers are bent under the load. However, the bending of the A-plate dividers is concentrated at
the top of the waste package and does not appear to be a hindrance to the removal of the MCOs
or defense high-level waste glass canisters.

The maximum deformations in each component of the waste package are acceptable. The outer
shell is directly exposed to a dynamic impact with an essentially unyielding surface. Therefore,
local plastic deformations are unavoidable on the outer surface. Similarly, the A-plate dividers
receive direct impact from the MCOs and defense high-level waste glass canisters, which results
in limited permanent deformations of the dividers.

The ultimate strengths of the materials of the waste package and MCOs are given in Section 3.3.
A comparison of these values reveals that all stresses, except for in the A-plate dividers, are less
than the stress limit given in the 1995 ASME BPVC of 70% of the ultimate tensile strength of
the material. Therefore, it is concluded that the performance of the 2-MCO/2-DHLW waste
package internal design is structurally acceptable when exposed to a tipover event and therefore
meets the SDD 1.2.2.1.6 (Section 2.2.1.4) as long as the MCOs loaded mass limit (9298.7 kg and
7906.4 kg for MCOs loaded with Mark IV and Mark lA, respectively) and the high-level waste
canisters mass limit (4200kg) are not exceed.

8.2 THERMAL ANALYSIS

Up to 30 years after emplacement, the high-level waste glass dominates the thermal heat output
of the waste package. The maximum temperatures for both configurations are shown in Table
8-1.

Table 8-1. 2-MCO/2-DHLW Waste Package Thermal Results and Governing Criteria

2-MCO/2-0HLW Waste Package Value
Waste Package Metric SOD Criterion Configuration 1a Configuration 2 a

Maximum waste package heat output 0N) < 11,800 6632.0 6632.0
Maximum fuel temperature (OC) Not Applicable 351.9 349.3
Maximum high-level waste glass temperature ("C) <400 286.3 289.4

NOTE: a see Figure 4-1
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The SDD criterion for thermal calculations, SDD 1.2.1.6 (Section 2.2.2.1) restricts the high-level
waste glass temperature to less than 400°C, under normal operation conditions. The results
indicate that the maximum high-level waste glass temperature for the enhanced design
alternative II is 289.4 °C, which is less than the temperature specified in SDD 1.2.1.6 criterion.

The waste package thermal output at emplacement is 6632.0 W. Both configurations satisfy the
11,800 W criterion set in the SDD 1.2.4.2. (Section 2.2.2.2).

8.3 SHIELDING ANALYSIS

The maximum dose rate at the external surfaces of the waste package is 76.87 rem/h (evaluated
value of dose rate + two standard deviations). This value occurs on the radial outer surface of
the waste package adjacent to each of the defense high-level waste glass canisters (the radial
segment 5 in Figure 5-2 and the angular segment b in Figure 5-1). The maximum dose rate at the
external surface of the waste package adjacent to the MCOs is 31.76 rem/h (evaluated value of
dose rate + two standard deviations). The maximum dose rates on the top and bottom surfaces of
the waste package are about one two-hundredth and one four-thousandth, respectively, of the
maximum dose rate. The neutron dose rates represent less than four percent of the primary
gamma dose rates. Therefore, the gamma dose rates dominate the total dose rates.

The gamma source spectra of an MCO and a high-level waste glass canister are similar, and the
gamma-source intensity of an MCO is higher than that of a defense high-level waste glass
canister. However, because of radiation self-shielding inside an MCO due to higher-density
materials, the dose rate at the external surface of the waste package adjacent to the glass canisters
is higher than the dose rate at the external surface of the waste package adjacent to MCOs.

The SDD criterion for waste package design (SDD 1.2.4.1), cited in Section 2.2.3, specifies a
maximum dose rate of 1,450 rem/h at the external surface of the waste package. This analysis
shows that the maximum dose rate at the external surfaces of the waste package is 76.87 rem/h,
which is about 19 times lower than the criterion value. In case of canister misplacement, the
possible maximum surface dose rate is less than twice of the dose rate under normal loading
condition, which is much lower than the maximum 1,450 rem/h dose rate. This demonstrates
that the waste package design complies with SDD 1.2.4.1 criterion, and there is a large margin to
the maximum allowable dose rate specified in SDD 1.2.4.1 criterion.

8.4 GEOCHEMISTRY ANALYSIS

The objectives of the geochemistry analysis were to assess the long-term geochemical behavior
of waste packages containing two MCOs with either six baskets of Mark IA or five baskets of
Mark IV intact N reactor spent nuclear fuel and two high-level waste glass pour canisters
arranged according to the codisposal concept. Ten EQ6 reaction path calculations were carried
out to span the range of possible system behavior and to assess the specific and coupled effects
of spent nuclear fuel degradation, steel corrosion, high-level waste glass degradation, and fluid
influx rate on D, Pu, and Np mobilization. Fluids having a composition of 1-13 well water were
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represented as steady-state reactants with waste package components over time spans of up to
6.35 X 105 years. Corrosion product accumulation (primarily of iron oxide and smectite) and U,
Pu, and Np mobilization were examined as well.

The two-stage case predicted that all of the U in the high-level waste glass (1.10% of the total V
in the waste package) would be lost from the waste package for conditions of average steel, high
high-level waste glass degradation rates, and low J-13 drip rate simulated by the first stage of the
run. Only 0.02% ofthe total U in the waste package (from Mark IA spent nuclear fuel only) was
predicted to be lost during the conditions simulated by the second stage, with low steel, average
spent nuclear fuel degradation rates, and low J-13 drip rate.

Cases simulating conditions of high steel, average fuel, and low glass degradation rates, with a
low J-13 drip rate, predicted total U losses from the waste package of close to 1%.

The case assuming a decayed composition for N reactor Mark IA spent nuclear fuel predicted a
total loss ofU very low for this case (0.02%), a total loss ofNp high (-83%), and a total loss of
Pu low « 2%).

8.5 INTACT AND DEGRADED COMPONENT CRITICALITY ANALYSES

The criticality analyses considered all aspects of intact and degraded configuration of the
codisposal waste package containing N reactor spent nuclear fuel, including optimum
moderation condition, rearrangements of the fuel elements, and fissile material. The results of 3
D Monte Carlo calculations from both the intact and degraded component criticality analyses
show that the interim critical limit requirement of kerr + 2 cr be less than or equal to 0.93 is
satisfied for the proposed design for all credible configurations.

A number of parametric analyses were run to address or bound the configuration classes
discussed in Sections 6.2, 7.4, and 7.5. These parametric analyses identified conditions of
optimum moderation, optimum spacing between the fuel elements, and optimum shape of the
degraded fuel (cylinder, sphere, sludge). The results from the degraded criticality analyses show
that the most reactive configurations are the configurations with fuel element fragments
represented as spheres in the scrap and intact basket (kerr + 2cr = 0.9293). However, these
configurations are very short lived due to the fact that the degradation rate of the V-metal is five
orders of magnitude higher than the steel.

8.6 PARAMETERS VARIED FOR THE GEOCHEMISTRY AND THE INTACT AND
DEGRADED CRITICALITY ANALYSES

Table 8-2 gives the list of the parameter varied for the geochemistry and the intact- and
degraded-mode criticality analyses.
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Table 8-2. List of the Parameters and their Range of Variation for the Geochemistry and the Intact- and Degraded-Mode Criticality Analyses

Parameter Parameter Range Discussed
Category in Section

Drip rate of J-13 well water into the WP 0.0015 to 0.015 mv/year 2.1.9.3, 6.3
Percolation rates 0.8 to 8 mmlyear 2.1.9.3, 6.3

Environment J-13 well water composition Was not varied (composition used is given in Tables 2-17 and 2-18) 2.1.9.2
C02, 02 concentration Was not varied N/A

pH 3.74 to 8.21 u 6.3
304 L stainless steel 2.516E-14 to 8.656E-12 mol/cm"·s 2.1.9.1,6.3
316 L stainless steel 2.529E-14 to 5.056E-13 mol/cm~'s 2.1.9.1,6.3

Material Fuel 2.0255E-9 mol/cm"·s 2.1.9.1,6.3
Degradation Rate Zircaloy-2 0.0079 ~m/year 6.2.1.1,6.3

Glass (pH dependent) k1[H+r' + k2[H+r-u (mol/cm"·s), k1=8.85753E-19 to 1.07560E-17 and 2.1.9.1, 6.3k2=7.97555E-13 to 4.87424E-12
Burnup Fresh fuel to Fuel with 12% Pu-240 in the Pu (DOE 2000b, p. 19) 7.3

Fuel Mark IA (0.947 weight % U-235 in the inner fuel elements and 1.25
composition Fuel type weight % U-235 in the outer fuel elements) or Mark IV (0.947 weight % 7.3

Material U-235 in the fuel elements)

Parameter Zircaloy clad Presence of Zr-2 around the fuel, presence of Zr in the solution 7.3,2.1.3surrounding the fuel, no Zr in the MCO.
Clay (resulting from the degradation of the high The geochemistry calculation gives 3 different clay compositionslevel waste glass and the internal components of depending on degradation scenario 7.5

the waste package)

Solubility U, Pu, Np Depends on the pH and the temperature (which is a function of the 6.3degradation rate, the drip rate)
Position of the MCOs in the waste package Two positions (see Figure 4-1) 7.3

Moderation in the MCO The water density varies from 0 to 1 g/cmv 7.3

Moderation in the WP The water density is either 0 or 1 g/cm"' (the waste package cavity is 7.3either dry or flooded with water with a density of 1 g/cm3
)

Geometry of the MCO MCO represented with and without scrap basket(s) 7.3
Intact The fuel in the scrap basket is represented as intact inner elements,

Configuration Geometry of the fuel in the scrap basket intact outer elements or spheres 7.3

Radius of the spheres:

Fuel elements in the scrap basket represented as -Mark IV: 0.8885 (thickness of the outer) to 0.5285 cm (kef! decreases
over the entire range of radius studied) 7.3spheres -Mark IA: 0.8637 (thickness of the outer) to 0.5037 cm (kef! decreases
over the entire range of radius studied)
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Table 8-2. List of the Parameters and their Range of Variation for the Geochemistry and the Intact- and Degraded-Mode Criticality Analyses
(Continued)

Parameter Parameter Range Discussed
Category in Section

Pitch of the fuel elements in the scrap basket Pitch of the spheres:
- Mark IV: 0.5285 cm to 1.5520 cm 7.3represented as spheres - Mark IA: 0.5037 cm to 1.3672 cmIntact -Mark IV: 980kg to 330 kg (kef! decreases over the entire range ofConfiguration

Mass of fuel in the scrap basket masses studied) 7.3-Mark IA: 575 kg to 330kg (kef! decreases over the entire range of
masses studied)
-In the WP:
Fuel elements intact: the pitch varies from 6.1 cm to 13.1 cm 7.5.1

Pitch of the fuel -In the MCO:
Fuel elements intact: the pitch varies from a maximum of 6.99 cm 7.3
(intact configuration) down to the radius of the fuel elements 7.4.1
Fuel elements as spheres: the pitch varies from 0.824 cm to 1.136 cm 7.4.1
The radius of the spheres varies from 0.43185 (half thickness of the

Degraded fuel elements represented as spheres outer) to 0.37185 cm (kef! decreases over the entire range of radius 7.4.1
studied)

Degraded Mass of the fuel element represented as spheres in The mass of the c1added fuel varies from 865 kg to 575 kg 7.4.1
Configuration the basket

(for Mark IA) Intact fuel elements or partially degraded fuel elements (inner intact,
State of fuel outer as sphere, or inner and outer fuel elements represented as 7.3, 7.4, 7.5

spheres) or fully degraded (sludge)
- Partial or full degradation of fuel element while the other components 7.4.1,7.4.2
inside the MCO and the waste package are intact.
- Intact fuel elements and partial or full degradation of the other 7.5.1

Degradation scenariob
components inside the MCO (basket shell, center post, basket plate) in
combination with a partial or full degradation of the waste package
components (glass, glass canister, separation plates, fuel support
cylinder, fuel support plate).
- The fuel elements and the other components inside the MCO and the 7.5.2
waste package degrade at the same time

NOTES: a Depends on the EQ6 case (see Table 6-2).
b The water contents of the clay varies from 0 to an amount such that the clay is distributed throughout the MCO and/or the waste package.
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8.7 ITEMS IMPORTANT TO CRITICALITY CONTROL AND ACCEPTANCE

As part of the criticality licensing strategy, items that are important to criticality control will be
identified during evaluation of the representative fuel types designated by the National Spent
Nuclear Fuel Program. As a result of the analyses performed for the evaluation of the codisposal
viability of U-metal DOE-owned fuel, several items are identified as important to criticality
control. The MCO shell is naturally an item that is important to criticality control since it
initially confines the fissile elements to a specific geometry and location within the waste
package. The baskets that were designed for the MCO containing the N reactor fuel are also
important items for criticality control since they confine the fissile elements to a specific
geometry and location within the MCO. The fissile mass limit on the basket, the linear density
of the U-235 in the MCO, and the fuel enrichment are also important to criticality control.

Based on the conclusions derived in Section 7.7, there is no need for a neutron absorber.

All calculations are based on a maximum of 60.1 kg U-235 per MCO (60.1 kg for MCO loaded
with 270 Mark IV fuel elements and 55.0 kg for MCO loaded with 288 Mark IA fuel elements).
The degraded configurations of the N reactor spent nuclear fuel bound the other types ofU-metal
DOE-owned spent nuclear fuel, as long as the limits on mass of uranium and its enrichment, and
the linear density are not exceeded.

Hence, the total mass of fissile element (U-235) should not exceed the mass used in deriving the
conclusions of this report, which is 60.1 kg of U-235 per MCO or 120.2 kg of U-235 per waste
package. The maximum U-235 enrichment is 1.25% for the outer of the Mark IA fuel element
and 0.947% for the inner of the fuel element (Mark IA or Mark IV type). The linear density of
the U-235 should not exceed 168 g/cm in the MCO. This value is calculated by dividing the
total mass of fuel (60.1 kg U-235) by the active fuel length (357 cm, Figure 2-4).
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Figure A-1. 2-MCO/2-DHLW Waste Package (sheet 1)
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Figure A-2. 2-MCO/2-DHLW Waste Package (sheet 2)
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Figure A-3. 2-MCO/2-DHLW Waste Package (sheet 3)
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2-MCO/2-DHLW WASTE PACKAGE WELD CONFIGURATION
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DETAIL B

2«0 I 2.oLW WASTE PACKAGE WELD CQtf=lGtm1D4

SICETtH tu&R: SK-Ollt REV 0I ...

.mt8) IV: 8RUN HARms 6,+ tI' S~:~~.sfz~
DATE OSIOt/OO 1,1 1 ~7~
FLE: "_,,.._1 ",."I""'..I/'h"...n",•.,....".-."tr".....,

UNITS: mm
DO NOT SCALE FROM SKE1CH

DETAL A

."... TAILe.. !iil .:J!ri•._ . ,
I. lSI '"I' WL' ,. 'WL _ AIIl.' WLI _. 10 KIlIL • ,.. WL , WI.' III ' 'IIL( AI L I ,",".. Il~ lUll It WL' 'ML( 1'"'".. LKO". AIL ......111I• .,",,,

ED IlAlIIUL ... m
IlIII IIlIJ

I SFA-5.14 NO&022 15 I

2 srA-5.14 MOlO22 38 I

3 SF A-5. 14 N0lO22 101 I

4 SFA-5. 14 NOI022 3.5 2

5 SFA-5.14 N0lO22 4.2 I

I SFA-5.t S31680 82 2

1 SFA-5.14 N0lO22 15 2

8 SFA- 5.14 N0lO22 t. I 2

t SFA-S.14 NO&022 15 I

10 SFA·S.14 NO&022 41 I

@ II SfA-S.18 K10121 0.1t 2

TOTAL ALLO' 22 WELDS srA- 5. 14 N06022 216 .
TOTAL 316 WElDS SfA-S.t S31UO 1&4 -

@TOTAL CAR80N STEEL WELDS SFA-5.18 KI0126 0.38 -

5211

SEE DETAIL 8
@

A

.J

¢1814 TRUNNION COLLAR SLEEVE 00

SECTlCW A·A

A

I..

SEE DETAIL A

Figure B-1. 2-MCO/2-DHLW Waste Package Weld Configuration
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