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EXECUTIVE SUMMARY 

INTRODUCTION 

There are more than 250 forms of U.S. Department of Energy (DOE)-owned spent nuclear fuel 
(SNF). 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 (DOE 2000b, Section 6.6.8). The Melt and 
Dilute (MD) SNF has been designated as the representative fuel for the high-enriched U-A1 fuel 
group. The MD SNF consists of homogeneous cylindrical ingots with 16.5 in. (419.1 nun) 
maximum diameter. Two general ingot compositions are considered in the criticality and 
geochemistry analyses. The first composition consists of 8.2 to 18.2 wt% uranium, enriched at 
less than 20 wt% U-235 and 0.5 wt% gadolinium, with the balance of the ingot being aluminum. 
The second composition is identical to the first for uranium and gadolinium, but in th is  case 
2.5 wt% of the ingot is hafnium, with the balance of the ingot being aluminum. 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 high-enriched U-A1 fuel group for disposal, the important 
items for the fuel types that are being considered for disposal under the high-enriched U-A1 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 
SNF form once sufficient critical benchmarks are identified and verified. The waste package 
design for MD ingots holds one 18-in.-outer diameter DOE standardized SNF canister containing 
the MD ingots, and five defense high-level radioactive waste (DHLW) glass canisters. 

The 5-DHLWDOE SNF-short 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 ofthe waste 
package (one for each shell). The DOE SNF canister containing three to six MD ingots is placed 
in a carbon steel support tube that becomes the center of the waste package (see Figure ES-1). 
The DOE SNF canister is surrounded by five 3-meter-long Savannah River Site DHLW glass 
canisters. The five DHLW glass canisters are evenly spaced around the DOE SNF canister. 

This report presents the results of analyzing the 5-DHLWDOE SNF-short waste package 
(Figure ES-I) 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 5-DHLW/DOE SNF-short Waste Package in an as-Loaded 
Position 

STRUCTURAL ANALYSIS 

ANSYS Version 5.4 (CRWMS M&O 1998e) and ZS-DYNA V950 (CRWMS M&O 20003 - 
finite element analysis computer codes - were used for the structural analysis of the 5- 
DHLWDOE SNF-short waste package (BSC 2001a). A three-dimensional (3-D) finite element 
representation of this 5-DHLWDOE-short 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 analysis considered the maximum total mass 
allowed for the DOE SNF canister (2270 kg) and the maximum total mass for each DHLW glass 
canister (2500 kg). The tipover event is known to be bounding for all waste package handling 
accident sceanarios (see Section 2.2.1). 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 

No thermal analysis was within the scope proposed for this evaluation, therefore this type of 
analysis has not been performed for the evaluation of codisposal viability for Melt and Dilute 
DOE-owned fuel. 
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SHIELDING ANALYSIS 

The Monte Carlo particle transport code, MCNP Version 4B2LV (CRWMS M&O 1998f), was 
used to calculate the average dose rates on the surfaces of the waste package. Dose rate 
calculations were performed for a waste package that contains five 3-m-long Savannah River 
Site DHLW glass canisters and one DOE SNF canister loaded with MD ingots. 

The maximum dose rate at the external surfaces of the waste package is 199.89 remh (1 93.47 + 
two standard deviations). This value has been obtained on segments of the radial surface 
exposed to radiation emitted fiom the DOE SNF canister and transmitted through the gap 
between two adjacent DHLW glass canisters. The maximum dose rate on the outer surfaces of 
the waste package is about seven times lower than the imposed limit of 1,450 r e d  (System 
Description Document [SDD] 1.2.4.1, BSC 2001g). The neutron dose rates represent less than 
0.2% of the gamma dose rates. Therefore, the gamma dose rates dominate the total dose rates. 

A study that has evaluated the effect of radiation on the corrosion of the material used for the 
fabrication of waste packages in the environments expected at Yucca Mountain (Shoesmith 
1998) showed that a dose rate of lo4 radh is required before any inhence of radiation is 
observed on coppednickel alloys. Since the calculated dose rate at the external surface of the 
MD waste package is approximately 200 radh, it is expected that no observable effect on the 
corrosion of waste package materials will be present. 

DEGRADATION ANALYSIS 

The degradation analyses follow the general methodology developed for application to all waste 
forms containing fissile material. This methodology evaluates potential critical configurations 
fiom the intact waste package (geometrically intact components in a breached waste package 
assumed to be flooded with water as a moderator) through the completely degraded waste 
package. The waste package design is used as the starting point for the intact configuration. 
Sequences of events andor processes of component degradation are developed. Standard 
scenarios from the master scenario list in the Disposal Criticality Analysis Methodology Topical 
Report (YMP 2000) are refined to develop degraded configurations using unique fuel 
characteristics. Potentially critical configurations are identified for further analysis. 

The report titled Generic Degradation Scenario and ConJiguration Analysis for DOE Codisposal 
Waste Package (CRWMS M&O 1999d) serves as the basis for the specific degraded waste 
package criticality analysis to be performed for any type of DOE SNF that will be codisposed 
with the high-level radioactive waste in a codisposal waste package. Starting fiom these 
guidelines, a set of degradation scenarios and resultant configurations has been developed for the 
codisposal waste package with a DOE standardized SNF canister containing MD ingots. 

GEOCHEMISTRY ANALYSIS 

The geochemistry analyses are performed using the EQ3/6 Version 7.2bLV (CRWMS M&O 
19988, 1999e) geochemistry software package in the solid-centered flow-through mode. A 
principle objective of the geochemistry analysis was to estimate the chemical composition of the 
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degradation products remaining in a waste package containing MD ingots and high-level 
radioactive waste glass. Particular emphasis was placed on the assessment of the chemical 
circumstances that could lead to removal of neutron absorber materials (Gd) from the waste 
package, while the fissile material (U-235) remains behind. Such circumstances could increase 
the potential of a nuclear criticality occurrence within the waste package. Water with the 
composition of J-13 well water is assumed to drip in through an opening at the top of the waste 
package, pooling inside and eventually overflowing, allowing soluble components to be removed 
through continual dilution. EQ6 reaction path calculations were carried odt to span the range of 
possible system behavior and to assess the specific and coupled effects of MD ingots 
degradation, steel corrosion, DHLW glass degradation, and fluid influx rate on Gd and U 
mobilization. Corrosion product accumulation was examined as well. The effects of additional 
factors like the presence of additional elements (Si, Ca, Hf) in the ingots, the suppression of 
formation of several minerals and the variation of ingot exposed area and liner thickness were 
also investigated. The results presented in BSC (2001~)~  and summarized in Section 6 have been 
used as inputs to the criticality calculations described in Section 7 of this document. 

Most of the cases show that more than 80% of the initial Gd content will remain in the waste 
package, although the two-stage scenario exposing the MD ingots first and then the glass 
potentially loses more Gd. This case uses unrealistic input conditions, i.e. requires the unlikely 
event of the ingots degrading while isolated fiom the DHLW glass, in addition to the complete 
suppression of GdP04.1 OH20 formation. The thermodynamic data indicate that GdP04- 1 OH20 
will form, but because its formation is key to retaining Gd, retention of Gd should be further 
demonstrated. This can be accomplished by a detailed analysis of the experiments on which the 
data is based to show applicability to the current situation, by further analysis andor 
experiments . 
INTACT AND DEGRADED COMPONENT CRITICALITY ANALYSES 

The results of three-dimensional Monte Carlo criticality calculations for all anticipated intact- 
and degraded-mode configurations developed through the degradation analysis show that the 
requirement of k&20 values less than or equal to the interim critical limit of 0.93 is satisfied for 
the MD codisposal package if at least 7.5% of the original Gd loading in the ingots without Hf 
remains mixed with the fissile material. The geochemistry analysis showed that the loss of more 
than 20% of the initial Gd content is based on extreme and unrealistic conditions. However, the 
probability of retaining less than 7.5% of the initial Gd content and therefore for an increased 
potential for criticality remains to be assessed. In the alternate MD ingot composition 
composition (containing 0.5 wt% Hf), Hf remains in the DOE SNF canister or waste package 
under all conditions, therefore preventing a critical condition even if all GB is removed fiom the 
system. 

CONCLUSIONS 

In summary, the structural and shielding design criteria are met for a waste package containing 
five DHLW glass canisters and one DOE SNF canister loaded with MD ingots. Each waste 
package falls below the interim critical limit of 0.93 with the MD ingot loading of 0.5 wt% Gd if 
at least 7.5% of the original Gd loading remains mixed with the fissile material. Each waste 
package falls below the interim critical limit of 0.93 with the alternate MD ingot loading of 
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0.5 wt% Hf. The total number of DOE SNF canisters that will be loaded with MD ingots has not 
yet been determined. 
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1. INTRODUCTION AND BACKGROUND 

There are more than 250 forms of US. Department of Energy (DOE)-owned spent nuclear fuels 
(SNF). 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 Melt and Dilute (MD) fuel form has been 
designated as the representative fuel (DOE 2000b, p. 32) for the high-enriched U-A1 he1 group. 
Demonstration that other fuels in this group are bounded by the MD fuel analysis remains to be 
done before acceptance of these fuel forms. The information for the representative he1 type is 
provided in the Statement of Work for DOE - Ofice of Civilian Radioactive Waste Management, 
Technical Assistance on Melt-Dilute Criticality and Shielding Analyses (BSC 200 1 f ) .  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 ?arms within the high- 
enriched U-A1 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 high-enriched 
U-A1 fuel group for disposal, the important items of the fuel types that are being considered for 
disposal under the high-enriched U-A1 fuel group must be demonstrated to satisfy the conditions 
set in Section 8.6, Items Important to Criticality Control and Acceptance. 

The MD technology development program is focused on the development and implementation of 
a treatment technology for diluting high-enriched U-A1 SNF to low-enriched U levels (<20 wt%) 
and qualifying this low-enriched U-A1 SNF form, MD DOE SNF, for geologic repository 
disposal. The MD ingots are homogeneous and monolithic cylinders that will range in height 
from 15 to 30 in. (381 mm to 762 mm) and will likely be contained in a plain carbon steel 
crucible liner. The liner will have the maximum outer diameter of 16.5 in. (419.1 mm). The 
composition is 13.2*5 wt% uranium, enriched at less than 20 wt% U-235 and 0.5 wt% 
gadolinium metal, with the balance of the ingot being aluminum. A second composition is also 
considered, which is identical to the first for uranium and gadolinium, except that in this case 2.5 
wt% of the ingot is hafnium, with the balance of the ingot being aluminum. 

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 SNF 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 the bounding shielding and structural 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: 
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“(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 
(Le., attached to the outer surface of the disposal container). The disposal container is designed 
to contain SNF and high-level radioactive 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., DHLW glass pour canisters, DOE SNF codisposal canisters, multi-canister 
overpacks, 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. 

“5-DHLWlDOE SNF short waste package” is the waste package that can accommodate one 
DOE SNF canister (containing the MD ingots) and five 3-m-long DHLW glass canisters 
(Appendix A). 

1.1 OBJECTIVE 

The objective of this technical report is to provide sufficient detail in the areas of structural, 
shielding and criticality to establish the technical viability for disposing 3f MD A1-SNF in the 
potential monitored geologic repository at Yucca Mountain. This report sets limits and 
establishes values that a specific fuel type under the high-enriched U-AI metal fuel group must 
meet to 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 MD AI-SNF in the monitored geologic repository are presented in Section 3 for 
Structural Analysis, Section 4 for Shielding Analysis, Section 5 for Degradation Analysis, 
Section 6 for Geochemistry Analysis, and Section 7 for Intact and Degraded Component 
Criticality Analyses. For purposes of this report, these four 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 9. Appendix A provides the sketches for the 5-DHLWlDOE SNF-short waste 
package. 

This technical report summarizes and analyzes the results of the detailed calculations that were 
performed in evaluating the codisposal viability of MD AI-SNF. These calculation documents 
and the sections 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 
(Appendix A) is that of the potential design for the type of waste package considered in the 
detailed calculations supporting this technical report. 
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1.2 SCOPE 

Discipline 
Structural 

Shielding 

Degradation 
Scenarios 

This technical report evaluates the performance of Melt and Dilute AI-SNF in the 
5-DHLWDOE SNF-short waste package. The subjects of external criticality and probability of 
criticality remains to be covered. 

Summarizedl 

Section 3 BSC (2001 a) 

BSC (2001 b) Section 4 

Section 5 BSC (2001e) 

Document Title Analyzed in Reference 
Waste Package Tip-Over of SDHLW/DOE SNF Short 

Dose Rate Calculation for the Codisposal Waste 
Package of HL W Glass and the Melt and Dilute A/ SNF 
Degradation Scenarios for Melt and Dilute Ingots in a 

Waste Package 

Table 1-1. List of Supporting Documents 

I EQ6 Calculations for Chemical Degradation of Meft I 
and Diiute Insots in a Waste Packaae Section I BSC (200, c) I I Geochemistry 

I Intact and Degraded 1 lntact and Degraded Mode Criticalify Calculations of I Section I Bsc (2001d) I Mode Criticalitv Melt and Dilute lnaots in a Waste Packaae 

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 2000i) in accordance with AP-2.21Q, Quality Determinations and Planning for 
Scient& Engineering, and Regulatory Compliance Activities. The activity evaluation 
(Addendum A of CRWMS M&O 20009 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 high-enriched U-A1 fuel. AP- 
SV. 1 Q, Control of the Electronic Management of Information, does not apply because there are 
no electronic data associated with this report. 

There is no determination of importance evaluation developed in accordance with Nevada Line 
Procedure, NLP-2-0, Determination of Importance EvaEuations, 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 
fuel group by establishing the limits based on the representative fuel type (MD SNF) for this 
group (high-enriched U-AI). Hence, the input values used for evaluation of codisposal viability 
of high-enriched U-A1 (MD) SNF do not constitute data that have to be qualified in this 
application. They merely establish the bounds for acceptance (Assumption 2.3.5.1). 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-3.11 Q, 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 8.6 must be qualified by any means identified in the Quality 
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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 were from handbooks that are considered accepted data or codes and standards: 
NEA/NSCIDOC(95)03, International Handbook of Evaluated Criticality Safety Benchmark 
Experiments; 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 5 16lA 5 16M - 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 240lA 240M-99b, 
Standard Specification for Heat-Resisting Chromium and Chromium-Nickel Stainless Steel 
Plate, Sheet, and Strip for Pressure Vessels; ASTM A 20lA 20M-99a, Standard Specification for 
General Requirements for Steel Plates for Pressure Vessels; and ASTM A 276-00, Standard 
Specification for Stainless and Heat-Resisting Steel Bars and Shapes. 

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 MD ingots contains five DHLW glass canisters and one DOE 
SNF canister loaded with three to six MD ingots. The 5-DHLWIDOE SNF-short waste package 
design is based on the Site Recommendation design (CRWMS M&O 2000b, pp. 30-32, see also 
Appendix A). The shell materials of the waste package are typical of those used for commercial 
SNF waste packages. The waste package design consists of two concentric cylindrical shells. 
The inner shell is a 50-mm-thick cylinder of stainless steel 3 16 NG (nuclear grade). 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 2,030 mm and the length of the inside cavity is 3,040 (Appendix A, 
p. A-l), which is designed to accommodate five Savannah River Site (SRS) 3-m-long DHLW 
glass canisters. The lid of the inner shell is 80-mm thick. The outer shell flat bottom lid is 25- 
mm thick and the outer shell flat closure lid is 10-mm thick. Table 2-1 summarizes the 
dimensions and materials of the waste package. 

The DOE SNF canister is placed in 31.75-mm-thick carbon steel (ASTM A 516 Grade 70) 
support tube with a nominal outer diameter of 565 mm. The support tube is connected to the 
inside wall of the waste package by a web-like structure of carbon steel (ASTM A 5 16 Grade 70) 
basket plates to support five short DHLW glass canisters, as shown in Figure 2-1. The support 
tube and the plates are 3,030-mm long. 
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Table 2-1. Codisposal Waste Package Dimensions and Material Specifications 

Source: CRWMS M&O (2000b, Table 8, pp. 111-1 and 111-2). 

Figure 2-1. Cross-section View of the 5-DHLW/DOE Waste Package in an as-Loaded Position 

2.1.2 High-Level Radioactive Waste Glass Pour Canisters 

The SRS Defense Waste Processing Facility (DWPF) high-level radioactive waste canister, as 
shown in Figure 2-2, is a cylindrical stainless steel (SS) (Type 304L) shell. The outer diameter 
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(OD) of the cylindrical stainless steel shell is approximately 610-mm, a wall thickness of 9.525- 
mm, and a nominal length of 3,000 mm (CRWMS M&O 2000b, p. 13). The flanged head and 
neck of the canister is 225.6-mm high. DHLW glass occupies approximately 85% of the volume 
of the canister. The glass weight is 1,682 kg (CRWMS M&O 2000b, p. 13) and the approximate 
total loaded weight of the canister is 2,182 kg (BSC 2001g, Table 1). The nominal dimensions 
of the canister are used for the analyses. The maximum heat generation from a single canister is 
752 W (CRWMS M&O 2000b, p.13) at the time of loading. The geometry and material 
specifications for DHLW glass canisters are given in Table 2-2. 

Component 

SRS 3-m Canister 

Figure 2-2. High-Level Radioactive Waste Glass Pour Canister 

Geometry and Material Specifications for DHLW Glass Canisters Table 2-2. 

Material Parameter Value 
Outer diameter 610 mm 

Total weight of canister and glass 2,182 kg 
SS 304L Fill volume of glass in canister 85% 

Wall thickness 9.525 mm 
Lenath 3.000 mm 

Source: CRWMS M&O (2000b, p. 13) and BSC (20019, Table 1). 

2.1.3 DOE Standardized SNF Canister 

The conceptual design for the standardized 18-in.-OD DOE SNF canister is taken from CRWMS 
M&O (2000b, pp. 14 and 15). The canister is a right circular cylinder of stainless steel (Type 
316L) with an outer diameter of 457 mm and a wall thickness 9.525 mm. The minimum internal 
length of the canister is 2,540 mm and the nominal overall length is 2,999 mm. In order to 
maximize the MD ingot volume, an internal length of 2,575 mm is used, consistent with previous 
calculations. There is a curved carbon-steel impact plate, 50-mm thick, at the top and bottom 
boundaries of the canister. The maximum loaded weight of the canister is 2,270 kg (CRWMS 
M&O 2000b, p. 111-1). A drawing of the canister is shown in Figure 2-3. 

The DOE standardized SNF canister will contain three to six MD ingots, depending on the 
dimensions of the individual ingots as described in Section 2.1.4. 
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2,999 rnrn 

Min. 2,540 rnrn 

0 457 (18 in.) 
NOTE: Figure not to scale. 
Source: CRWMS M&O (2000a, p. 15). 

Figure 2-3. Plan View of the  18-in.-OD DOE Standardized SNF Canister 
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2.1.4 Melt and Dilute SNF 

Element 
U (20 wt% U-235) 
Gd 
Hf 

The information on MD SNF used in this report was obtained from the Statement of Workfor 
DOE-Ofice of Civilian Radioactive Waste Management, Technical Assistance on Melt-Dilute 
Criticality and Shielding Analyses, Revision 2 (BSC 20010. The MD ingots are homogeneous 
monolithic cylinders composed primarily of a U-AI alloy. These ingots will range in height from 
381.0 to 762.0 mm (15 to 30 in.) and will likely be contained in a plain carbon steel crucible 
liner. This liner will be standardized at approximately to 508.0 to 762.0 rrm (20 to 30 in.). The 
crucible liner will have a maximum OD of 393.7 to 419.1 mm (15.5-16.5 in.) and a thickness of 
up to 12.5 mm (0.5 in.). Due to uncertainty in the presence of a crucible liner, the analysis 
should consider a crucible liner thickness ranging from 0.0 mm (Le., no liner) to 12.5 mm (0.5 
in.). The OD and thickness of the crucible liner assumed in a given configuration will provide 
the OD of the MD ingot. The mass of a MD ingot will be dictated by the geometry assumed for 
a given configuration assuming an ingot density of approximately 3 g/cm3 and an ingot porosity 
of 5 to 10%. Two general ingot compositions should be considered in the criticality and 
geochemistry analyses. The first composition is 13.215 wt% uranium, enriched at less than 20 
wt% U-235 and 0.5 wt% gadolinium metal, with the balance of the ingot being aluminum. The 
second composition is 13.2k-5 wt% uranium, enriched at less than 20 wt% U-235, 0.5 wt% 
gadolinium metal, and 2.5 wt% hafnium metal, with the balance of the isgot being aluminum. 
Consideration is given for the presence of 2 wt% silicon and 3 wt% calcium. These 
considerations account for the silicate and oxide AI-based SNF forms. :?able 2-3 presents the 
values used for the MD composition (unless otherwise noted). 

First Composition (wt%) Second Composition (wt%) 
18.2 18.2 
0.5 0.5 
n n  3 5  

I AI (balance) 81.3 78.8 

2.1.5 Structural 

There is no finite element representation developed specifically for the MD ingots waste 
package. However, a bounding two-dimensional finite element representation of the 
5-DHLWDOE SNF-short waste package was developed to determine the effects of loads on the 
structural components due to a tipover design basis event (BSC 2001a). Calculations of 
maximum stress intensity for each waste package handling accident scerario (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. 

2.1.6 Shielding Source Term 

The gamma and neutron source terms are presented in Table 2-4. The radiation source terms, 
which are provided per kilogram of MD ingot, have been derived for several fuel assemblies of 
various high-enriched U-A1 SNF types (BSC 2001f) and by selecting the values that generate the 
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highest dose rate at the external surface of the DOE SNF canister. The calculations assumed a 
decay time of one year, which will conservatively bound all expected shipments of MD ingots to 
the monitored geologic repository. 

Table 2-4. Gamma and Neutron Source Terms per Kilogram of Melt and Dilute Ingots 

Photon Upper Energy 
Group Boundaries 

(MeV) 
0.05 
0.10 

Neutron Upper Energy 
Gamma intensity Group Boundaries Neutron intensity 

(photonsls) (MeV) (neutronsls) 
2.1 605E+13 0.10 0.0000E+OO 
7.0742E+ 1 2 0.40 1.7633E+04 

0.20 
0.30 
0.40 

7.3063 E+ 1 2 0.90 9.0075E+04 
1.6334E+12 1.40 8.2275E+04 
1.2655E+12 1.85 6.0413E+04 

0.60 7.0238E+12 3.00 1.0575E+05 
0.80 
1 .oo 
1.33 
1.66 

Source: BSC (2001b, Table 14). 

1.8281 E+13 6.43 9.6825E+04 
2.7830E+I 2 20.00 8.61 75E+03 
4.1 61 OE+11 
3.1092E+I 1 

The radiation source terms for the projected DHLW glass forms have been generated in 
CRWMS M&O (2000~). The bounding radiation source term for all projected high-level 
radioactive waste glass forms pertains to the Design-Basis glass from the DWPF at SRS 
(CRWMS 2000c, Attachments V and VI). The Design-Basis glass represents an upper bound in 
terms of the dose rate and the heat generation rate, expected from the DWPF canistered waste 
forms. Table 2-5 presents the gamma and neutron source terms per 3-m-long SRS DHLW glass 
canister at year 2010.1 (CRWMS M&O 2000c, Attachment V, p. V-1 and Attachment VI, p. 
VI-1, respectively). 

2.00 

3.00 
2.50 
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2.3501 E+IO 

8.7773E+08 
2.1331 E+11 
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4.00 

6.50 
5.00 

8.00 

July 200 1 

8.81 18E+07 

5.7054E+03 
1.4215E+04 

1 .I 193E+03 
10.00 
Total 

2.3766E+02 
6.7936E+I 3 Total 4.6159E+05 



Gamma Source 
Photon Upper Energy Intensity 

0.05 1.29E+15 
0.10 3.89E+14 

Boundary (MeV) (photonsls) 

I 0.20 I 3.02E+14 I 0.90 I 5.58E+06 I 

Neutron Source 
Neutron Upper Energy Intensity 

0.10 1.54E+05 
0.40 1.60E+06 

Boundary (MeV) (neutronsls) 

0.30 
0.40 
0.60 

8.58E+13 1.40 5.98E+06 
6.27E+13 1.85 5.21 E+06 
8.55E+13 3.00 2.1 2E+07 

~~~ 

0.80 1.34E+15 

I 5.00 I 5.20E+05 1 I I 

6.43 2.74E+07 
1 .oo 
1.33 
1.66 
2.00 

2.08E+13 20.00 2.99E+05 
2.91 E+13 
6.1 8E+12 
4.86E+11 

2.1.7 Material Compositions 

2.50 

4.00 

The chemical compositions of the materials used in the analyses are given in Tables 2-6 through 
2-10. 

2.70E+12 

2.15E+09 
~~ 

6.50 
8.00 
10.00 

2.09E+05 
4.09E+04 
8.67E+03 

Total 

1 Molybdenum (Mol 1 12.5 - 14.5 I 3 3.5 I 

3.61 E+15 Total 6.74E+Q7 

Element Composition (wt%) I Value Used (wt%) 
Carbon IC1 

I Nickel (Nil I Balance I 54.765 I 

0.015 hnax) 0.015 

I Density = 8.69 g/cm3 I 
Source: ASTM B 575-97 (p. 2). 

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

July 2001 

0.08 (max) 0.08 
Chromium ICr) 20.0 - 22.5 21.25 

Cobalt (Co) 
Tungsten 0 
Vanadium IVI 

2.50 (max) 2.50 
2.5 - 3.5 3.00 
0.35 Imax) 0.35 

Iron (Fe) 2.0 - 6.0 4.00 
Phosphorus (P) 

Sulfur (S) 
0.02 (max) 0.02 
0.02 (max) 0.02 



Element 
Carbon (C) 

Manaanese IMnI 
I PhosDhorus(P1 I 0.035 (rnax) I 0.035 I 

Compositiona (wt%) Value Used (wt%) 
0.28 (max) 0.28 
0.79-1.30 1.044 

Sulfur (S) 

I Iron IFe) I Balance I 98.325 I 

0.035 (max) 0.035 

I Densityb = 7.85 q/crn3 I 

Silicon (Si) 0.13-0.45 

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

0.29 

Table 2-8. Chemical Composition of Stainless Steel Type 304L (UNS S30403) 

Carbon (C) 
Manganese (Mn) 

I Element I Compositiona (wt%l I Value Useel (wt%) I 
0.03 (rnax) 0.03 
2.00 (max) 2.00 

Sulfur (S) 
Silicon (Si) 

I PhosohorusIPI 1 0.045 Imax) I 0.045 I 
0.03 (rnax) 0.03 
0.75 (max) 0.75 

. ,  
Nitrogen (N) 0.10 

Iron IFe) Balance 

I Chromium ICr) I 18.00 - 20.00 19.00 I 

0.10 
68.04.5 

I Nickel (Nil I 8.00 - 12.00 I 10.00 I 

Carbon (C) 
Manganese (Mn) 
Phosphorus (P) 

Sulfur ISI 

0.03 (max) 0.03 
2.00 (rnax) 2.00 
0.045 (max) 0.045 
0.03 knaxI 0.03 

I Densityb = 7.94 g/cm3 

Sources: a ASTM A 240/A 240M-99b (p. 3). 
ASTM G 1-90 (Table XI). 

Chromium (Cr) 

Molvbdenurn (Mol 
Nickel (Ni) 

Table 2-9. Chemical Composition of Stainless Steel Type 316L (UNS S31603) 

16.00 - 18.00 17.00 
10.00 - 14.00 12.00 
2.00 - 3.00 2.50 

I Element I ComDositiona fwt%l I Value Usedrwt0/o) I 

Nitrogen (N) 
Iron (Fe) 

0.00 0.1 oc 
Balance 65.295 

I Silicon (Si) I 1 .OO (rnax) I 1 .oo I 

Sources: a ASTM A 276-00 (p.2). 
ASTM G 1-90 (Table XI). 
This value is consistent with previous releases of ASTM A 276-00. However, 
the amount is negligible and does not affect the results of the calculations. 
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Table 2-1 0. Chemical Composition of SRS DHLW Glass 

0 4.4770E+01 Ni 7.3490E-01 
I u-234 I 3.2794E-04 I Pb I ~ 6 . O a E - 0 2 1  

U-235 
U-236 
U-238 

4.3514E-03 Si 2.1 888E+01 
1.0415E-03 Th 1.8559E-01 
1.8666E+00 Ti 5.9676E-01 

I Pu-238 I 5.1819E-03 I Zn I - 6 . 4 6 3 6 E - 0 2  1 

Sources: a CRWMS 1999a (p. 7). 
The average glass density is 2.65 g/cm3 (CRWMS M&O 2000b). Stout and Leider (1991, p. 2.2.1.1-4) 
gives an upper limit of the glass density of 2.85 g/cm3. The upper limit is the value used unless 
otherwise noted. 

2.1.8 Degradation and Geochemistry 

This section identifies the degradation rates 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 Sections 5, Degradation Analysis, and Section 6, Geochemistry Analysis. 

2.1.8.1 Physical and Chemical Form of Melt and Dilute Waste Package 

It is convenient to consider the MD ingots waste package as several structural components, 
specifically: 

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

The inner shell composed of 3 16L stainless steel. 

The “outer web”, a carbon steel (A516) structural basket designed to hold the DHLW 
glass pour canisters in place. 

Impact plates constructed of A5 16 carbon steel. 

0 The 5 DHLW glass canisters, constructed of stainless steel 3042 and filled with 
solidified DHLW glass. 
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18-in.-outer diameter DOE SNF canister, constructed of 3 16L stainless steel. 

0 
U 

The MD ingots consisting of U-A1 ingots with an optional carbon steel (A516) liner, 
stored inside the DOE SNF canister. 

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

Table 2-11 gives the composition of the DHLW glass used in the calculations (CRWMS M&O 
1999% p. 7). The composition in CRWMS M&O (1999a) was simplified to produce the values 
listed in Table 2-1 1. Minor elements or elements with questionable thermodynamic data were 
removed (Ag, Cr, Cs, Cu, Li, Mn, Ni, Pb, Th, Ti, Zn), and shorter haElife 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. 

S 

Table 2-1 1. DHLW Glass  Composition and  Degradation Rate Constants 

1.2849E-01 4.0071 E-03 

I Element I Compositiona [wt%l I MolesllOOn of DHLW Glassb I 

Ca 6.5021 E-01 1.6224E-02 

I Ba I 1.471 8E-01 I 1.0751 E-03 I 

P 
Si 
B 

I AI 1 2.3285E+00 I 8.6298E-02 I 

1.51 36E-02 4.8866E-04 
2.1 808E+01 7.7649E-0 1 
3.1486E+00 2.9124E-01 

F 
Fe 
K 

3.1 565E-02 1.6615E-03 
9.61 72E+00 1.7221 E-01 
2.9347 E+OO 7.5059E-02 

Mg 
Na 

Total 

8.1001E-01 3.3327E-02 
1.3259E+01 5.7672E-01 
1.0000E+02 4.7465E+QO 

Moderate Rate Constant fkll 8.85753E-19 liters/cm2.s 

As was shown in Sections 5.3.2 and 5.3.3 of CRWMS M&O (1999b), EQ6 (which is part of 
EQ3/6 geochemistry software package) estimates of U loss from the waste package are not 
greatly affected by substantial variations in the composition of the DHLW glass. The actual 

High Rate Constant (kl) 
Moderate Rate Constant (k2) 

High Rate Constant (k2) 
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DHLW glass composition used in the glass pour canister may vary significantly from these 
values, since the sources of the DHLW glass and melting processes are not currently fixed. For 
example, compositions proposed for SRS DHLW glass vary by a factor of -6 in U3O8 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 @a, Li, and K) of the DHLW glass have perhaps the most significant bearing on EQ6 
calculations. The amount of Si in the DHLW glass strongly controls tE.e amount of clay that 
forrns in the waste package, and the Si activity controls the presence of insoluble uranium phases 
such as soddyite (pO2]2Si04-2H20), sodium boltwoodite (NaUO2SiO3OH.l .5H20), or a- 
uranophane (Ca[U02Si030H]2.5H20). As the DHLW 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 2-11 are typical for proposed DOE high-level radioactive waste glasses 
(CRWMS M&O 1999a). 

Reactant 

A pH-dependent rate for DHLW glass degradation was derived from CRWMS M&O (2001 b, 
Section 6.2.3.3, Equations 7 and S), and normalized in CRWMS M&O ( 2 0 0 1 ~ ~  Attachment 11). 
The first rate mechanism (described with kl) in Table 2-11 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 2-11 are those predicted at 50°C, while the 
moderate rate constants are those derived for degradation at 25°C (CRWMS M&O 2001b, 
Section 6.2.3.3, Equations 7 and 8). 

. _ _  
Reaction Rate (mol/cm2.s) , Surface Area 

1 2 3 lcrn'l 

Table 2-12 shows the reaction rates of the various components. The data is taken from the 
geochemistry calculations for the MD ingots (BSC 2001~). Note that the reaction rate for the 
DHLW glass is pH dependent and the numbers given are the upper and lower bounds used in the 
geochemistry calculations. 

cdacl= -0.4 

cdac2= 0.6 
rk2=7.976E-13 

D H LW Glass 

Table 2-12. Properties of Materials in Melt and Dilute Codisposal Waste Package 

Not cdacl= -0.4 

cdac2= 0.6 

Applicable 1228.64 
rk2=4.874E-12 (N/A) 

I I rk I sk I 

Ingots 
A516 Ingot Liner 

304L Glass Pour Canister 

1.399E-14 2.536E-13 4.83E-12 1 I .66 
1.798E-11 NIA NIA 24.60 
2.52E-14 2.52E-13 8.656E-12 141.5 

I I I I .- I 

I rkl=8.858E-19 1 rkl=1.076E-17 1 I I 

316L DOE SNF Canister 
316NG Inner Shell 

2.53E-14 1 2.53E-13 5.056E-13 22.67 
2.53E-14 I 2.53E-13 5.056E-13 57.3 

I A516 OuterWeb I 1.798E-11 I NIA 1 NIA 1 120.0 1 
I A516 Impact Plates I 1.798E-11 I NIA I NIA I 1.615 I 

The degradation rates in Table 2-12 range from low to high (indicated by "1" to "3"). The true 
reaction rate is obtained by multiplying the reaction rate (rk) by the surface area (sk) to get 
moVs. Inspection of the rates show that for a comparable surface area, the A516 carbon steel is 
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expected to degrade much more rapidly than the stainless steels (3 16L, 3 16NG, and 304L). The 
ingot rate 1, from DSNF and Other Waste Form Degradation Abstraction (BSC 2001h), is the 
degradation rate given for U-A1 he1 types. The ingot rate 2 is the degradation rate of pure 
aluminum 1100. 

The outer web is composed of A-516 carbon steel, and serves two purposes: it centers, holds in 
place, and separates the DOE Canister and the GPCs; and prevents them from transmitting undue 
stress to each other in the event of a fall (tip-over) of the entire WP. In a breach scenario, the 
A516 WP components will be exposed to water and corrode before the rest of the WP, and are 
expected to degrade within a few hundred to a few thousand years. 

2.1.8.2 Chemical Composition of 5-13 Well Water 

It was assumed that the water composition entering the waste package would be the same as for 
water from well 5-13 (Assumptions 2.3.3.1 and 2.3.3.2). This water has been analyzed 
repeatedly over a span of at least two decades (DTN: M00006J13WTRCM.000; Harrar et al. 
1990, Table 4.2). The composition of J-13 well water as used in this calculation has been 
adjusted slightly. Table 2-13 and Table 2-14 contain the EQ3NR (which is part of EQ3/6 
geochemistry s o h a r e  package) input file constraints for J-13 well wateT composition and the 
EQ6 input file elemental molal composition for J- 13 well water used for this calculation. 

The “Basis Species” column of Table 2-13 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, Table 4.2), are in a different chemical form than 
the species listed in this column, these components must be substituted or “switched” with the 
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: 
M00006J13WTRCM.000; Harrar et al. 1990, Table 4.2), but are in the composition of other 
waste package components and must be input at a minimum concentration for numerical stability 
in EQ6 calculations. 
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Table 2-13. EQ3NR Input File Constraints for J-13 Well Water Composition 

redox 1-0.7' lloa f07 
I Na+ I 145.8' I ma/L I 

NO3- 
sop- 
BlOHMaa'l 

Ca++ 11 3.0' 
K+ I ma/L 

NH3(aq) 8.78' mg/L 
1 8.4d mg/L 
1 .000E-16' Molalitv 

Mg++ 12.01' 
H+ I A  I b  I nu 

Mn++ 
Fe++ 
HP04-- 
Ba++ 

-3' log fCO2 
F- 2.18' mg/L 
CI- 7.14' ma/L 

Trace 1 .000E-16' Mineral 
Trace 1 .000E-16a Mineral 

Trace 1.000E-16' Molalitv' 
1.210E-0Id mg/L 

Cr04-- 
Gd+++ 
Mood-- 
Ni++ 
N P + + + + ~  
pu++++b 

IAl+++ ITrace 11 .000E-16' [Mineral -1 

Trace 1 .000E-16' Molality' 
Trace 1 .000E-16' Molality 
Trace 1 .000E-16' Molality' 
Trace 1 .000E-16' Molality' 
Trace 1 .000E-16a Molality' 
Trace 1.000E-1 6' Molalitva 

Ti(OH)4(aq) 
u02++ 

ZrO++ 

Trace 1.000E-1 6' Molality 
Trace 1 .000E-16' Molalitya 
Trace 1.000E-16a Molality 

NOTES: 

Sources: 

'A trace concentration (1.000E-16 molal) is added for elements that are 
not in J-13 well water as analyzed, but are in the composition af the WP 
components to ensure numerical stability in EQ3/6 runs. 
If log(fCO2) = -3, then EQ3NR calculates pH = 8.1. b 

'See asumption 2.3.3.7. 

dHarrar et ai. (1990, Table 4.2). 
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Table 2-14. EQ6 Input File Elemental Molal Composition for J-13 Well Water 

Cr 1.00E-16 I Na 1 1.99E-03’ 

Fe 1 1.00E-16 I S I 1.92E-04” I 
F I 1.15E-C4a I Ni 1.00E-16 , 

Gd 

C I 2.07E-03a I 1 I 
aDTN: M00006J13WTRCM.000 

1.00E-16 I Si I 1.02E-03’ 

Source: Harrar et al. (1 990, Table 4.2). 

2.1.8.3 Drip Rate of 5-13 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 2.1 12, 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 (1 998c, Section 5.1.1.3, p. 19). 

For the present study, the range of allowed drip rates included an upper value of 0.5 m3/y and a 
lower value of 0.0015 m3/yr. The upper value corresponds to the 95 percentile upper limit for a 
percolation rate of 40 &year (CRWMS M&O 1998b, Figure 2.112), and the lower value is 
simply Moth of the upper value. 

A correlation of percolation rate versus drip rate prepared for the Total System Performance 
Assessment (TSPA) for site recommendation (CRWMS M&O 2001a, Figure 3) indicates that the 
drip rates used in the present study correspond to percolation rates ranging from approximately 5 
to 100 d y r .  

2.1.8.4 Thermodynamic Database 

The thermodynamic databases used for the EQ6 calculations, “dataO.ymd” and “dataO.y20”, are 
slightly altered versions of the qualified database: “dataO.ymp.RO” (DTN: 
M00009THRMODYN.001), with the following changes (only those related to the minerals 
containing Gd are presented): 

For “dataO.ymd”, GdOHC03 solubility was added to the database. The logK was 
assumed to be the same as the logK for NdOHC03 in the “dataO.ymp.RO” since Gd and 
Nd are both lanthanides and chemically similar. 

TDR-EDC-NU-000006 REV 00 2-14 July 200 1 



For “dataO.ymd”, the logK of GdHP04+ was found to be incorrect in the database and 
changed from the value of 185 to -5.7 to match the value given in Spahiu (1990, p. 39), 
which is the source listed in the database for that reaction. 

2.2 FUNCTIONS AND DESIGN CRITERIA 

The design criteria are based on the Defense High Level Waste Disposal Container System 
Description Document (BSC 2001g), 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, 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 . 
The disposal container accommodates five SRS 3-m-long DHLW canisters and one DOE SNF 
canister containing MD ingots 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 steel (alloy 
3 16) with a minimal thickness of 5 cm, and an outer cylinder that is alloy 22 material with a 
minimal thickness of 2.5 cm (see Section 2.1.1). 

(SDD 1.2.1.4) 

2.2.1 Structural 

2.2.1.1 

2.2.1.2 

2.2.1.3 

2.2.1.4 

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

(SDD 1.2.1.8) 

During the preclosure period, the disposal containedwaste 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) 

During the preclosure period, the disposal containedwaste 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) 

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) 
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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 111, Division 1, Subsection 
NB- 1995).” 

(SDD 1.2.6.2) 

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 higkest impact load with 
maximum rotational velocity of 1.89 rads (CRWMS M&O 2000b, p. 14). This equates to a 
maximum velocity of the rotating top end of the waste package of 9.86 m/s (v = reo, where r is 
the length of the waste package and co is the rotational velocity in rads). The maximum 
velocities of the waste package for 2.4-m horizontal and 2.0-m vertical drops are approximately 
6.86 m/s (v = dm, where g is the gravitational acceleration and h is drop height) and 6.26 
d s ,  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 (just 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 Shielding 

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

(SDD 1.2.4.1) 

2.2.3 Degradation and Geochemistry 

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

2.2.4 Intact and Degraded Criticality 

During the preclosure period, the disposal container/waste package shall be designed such that 
the effective multiplication factor (LE) is less than or equal to 0.95 under assumed accident 
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) 
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As stated in Section 8.5, the results fi-om the intact waste-package criticality analysis show that 
the requirement of bgplus 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 fi-equency 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, 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 

2.3.1.2 

2.3.1.3 

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 stiffhess 
ensures slightly higher stresses in the waste package. 

The total maximum mass of the DOE SNF canister, 2270 kg, was assumed to be 
distributed uniformly within the volume of the canister. The rationale for this 
assumption is that the homogenous ingots (with 4 19.1 mm maximum outer diameter) fill 
almost completely the inside volume of the canister (438.2 mm inner diameter). 

The exact geometry of the DHLW glass canister was simplified for the purpose of the 
calculation in such a way that its total mass, 2500 kg (DOE 1999, p. 1 S), 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. 

2.3.2 Shielding 

The following assumptions are used throughout Section 4. 

2.3.2.1 It is assumed that the 3-m-long DHLW glass canisters are cylindcrs of nominal length, 
wall thickness, and outer diameter. Thus, the head and neck of the canisters are 
neglected. The basis for this assumption is that radiation transport in the upper part of 
the canister is not affected because this portion of the canister is empty and the wall 
thickness is maintained. 

2.3.2.2 It is assumed that the density of the SRS DHLW glass is 2.56 g/cm3. The density of 
glass may vary between 2.56 and 2.75 g/cm3 according to Plodinec and Marra (1994, p. 
22). Stout and Leider gives an upper limit for the glass density of 2.85 g/cm3 (1991, p. 
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2.2.1.1-4). The rationale for this assumption is that a lower glass density provides 
conservative (higher) gamma dose rates. 

2.3.2.3 It is assumed that the MD ingots do not contain a liner, and the ingot stack occupies the 
entire cavity volume of the 18-in.-outer diameter DOE SNF stanclardized canister. The 
rationale for this assumption is that these considerations are conservative for dose rate 
calculations. A liner, if present, attenuates the radiation originating inside the ingot, and 
a larger ingot volume has higher radiation intensity. 

2.3.2.4 It is assumed that the MD ingots composition consists of 13.2rt5 wt% uranium with 
aluminum being the balance element. The rationale for replacing the neutron absorbers 
and other elements contained in the silicide and oxide AI-SNF foms with aluminum is 
that this generates higher (conservative) gamma dose rates. 

2.3.3 Degradation and Geochemistry 

The assumptions in this section are used throughout Sections 5 and 6. 

2.3.3.1 It is assumed that the solutions that drip into the WP will have the major ion 
composition of J-13 well water as given in Document Tracking Number (DTN): 
M00006J13 WTRCM.OOO. The rationale for this 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 lo6 years. The assumption that the water entering the WP can be 
approximated by the 5-13 well water implicitly assumes that any effects of contact with 
the engineered materials in the drift will be minimal d e r  a few thousand years. For a 
few thousand years after emplacement, the composition may differ because of 
perturbations resulting fiom reactions with engineered materials and fiom the thermal 
pulse. These are not taken into account in the geochemistry calculation because the 
outer shell and 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 
document. This assumption is justified by previous evaluations of codisposal WPs 
(CRWMS M&O 1998a) which show that degradation of the WP materials (specifically, 
DHLW 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 10 in the WP). 

2.3.3.2 It is assumed that an aqueous solution fills all voids within the waste package. The 
rationale for this assumption is that it provides the maximum degradation rates of W 
components with the potential for precipitation of radionuclides within the WP or the 
flushing of radionuclides from the WP, and is therefore conservative. 

2.3.3.3 It is assumed that water may circulate freely enough in the partially degraded waste 
package that all degraded solid products will react with each other through the aqueous 
solution medium. The rationale for this assumption is that it provides the most rapid 
aqueous degradation and is, therefore, conservative with respect to criticality. 
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2.3.3.4 It is assumed that data in the 25°C thermodynamic database can be used for the 
calculation. The rationale for this assumption is that even though the initial breach of 
the WP may occur when the WP contents are at temperatures - 50°C (DOE 1998, 
Figures 3-20 through 3-22), at times > 25,000 years the WP temperatures are likely to be 
close to 25°C. It is further assumed that the changes made to the thermodynamic 
database (“dataO.ymp.RO”, DTN: M00009THRMODYN.001) effectively predict the 
local equilibrium state of the system during the reaction-path calculation and minor 
adjustments made to the database do not negatively impact the calculations. 

2.3.3.5 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 (DTN: M00009THRMODYN.001), which indicate that in the 
presence of air, the chromium and molybdenum would both oxidize to the VI valence 
state. 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 U would remain in the waste 
package. 

2.3.3.6 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 rationale for this assumption is based on CRWMS M&O (1996, 
Attachment VI). This assumption is conservative for internal criticality since the 
increased circulation and mixing of water inside the waste package increases the 
reaction rates, therefore the degradation processes that lead to potentially critical 
configurations will occur faster. 

2.3.3.7 It is assumed that gases in the waste package solution remain ipL equilibrium with the 
ambient atmosphere outside the waste package. In other woTds, contact of waste 
package fluids with the gas phase in the repository is envisioned to be sufficient to 
maintain equilibrium with the C02 and 0 2  present, whether or not this gas phase is the 
normal atmosphere in open air or rock, which seeps out of the adjacent tufT. Moreover, 
the specific partial pressures of C02 and 0 2  of the ambient repository atmosphere are set 
to loe3.’ and atm respectively. The rationale for the oxygen partial pressure is that 
it is equivalent to that in the atmosphere (Weast 1977, p. F-210). The rationale for 
choosing the carbon dioxide pressure is to reflect the observation that J-13 well water 
appears to be in equilibrium with above-atmospheric carbon dioxide levels (Yang 1996, 
Tables 7 and 8). 

2.3.3.8 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 (U) 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. 
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2.3.3.9 It is assumed that the most insoluble solids for a fissile radionuclide will form. The 
rationale for this assumption is that the approach is conservative with respect to internal 
criticality since it will lead to the maximum retention of fissile material within the WP 
during EQ6 runs. 

2.3.4 Intact and Degraded Component Criticality 

The assumption in this section is used throughout Section 7. 

2.3.4.1 For the degraded component criticality calculations, it is assumed that the iron in the 
stainless steel degrades to goethite (FeOOH) rather than hematite (FezQ3). 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 kff of the system. 

2.3.5 General 

2.3.5.1 It is assumed that the limits for high-enriched U-A1 fuel group, which are established by 
the technical information related to the MD ingots (BSC 20010, are bounding. The 
rationale for this assumption is that the technical information for a representative fuel 
type was supplied for criticality and related design calculations as a bounding case 
within each fuel group. The fuel grouping is the activity in which the DOE SNF 
program has evaluated the parameters and properties of the DOE SNF important to 
criticality, design events, and performance assessment, and categorized the DOE SNF 
into fuel groups. Therefore, the burden is placed on the custodian of the spent nuclear 
fuel to demonstrate, before acceptance of SNF by BSC that SNF characteristics 
identified as important to criticality control or other analyses herein are not exceeded. 
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 4B2LV, 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 MD ingots are 
studied. Laboratory Critical Experiment results listed in this section are given in CRWMS M&Q 
(1999~) for the intemediate and low enriched systems typical of MD ingots and for the solution 
systems. The objective of this analysis is to quantify the ability of the MCNP Version 4B2LV 
code system to accurately calculate the effective neutron multiplication factor &E) for various 
configurations. MCNP is set to use continuous-energy cross sections processed from the 
evaluated nuclear data files ENDFB-V (Briesmeister 1997, Appendix G). These cross section 
libraries are part of the MCNP code system that has been obtained fiom 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 kff from the three estimates (collision, absorption, and track length) 
and the standard deviation (CY) of these results listed in the final summary in the MCNP output. 
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When MCNP underpredicts the experimental the experimental uncertainty is added to the 
uncertainty at 95% confidence from the MCNP calculation to obtain the bias. This bias along 
with the 5% margin (see Section 2.2.4) is used to determine the interin critical limit for all 
MCNP calculations of the waste package with MD ingots in the DOE SNF canister. 

2.4.1 Benchmarks Related to Intact Waste Package Configurations 

Several critical experiments with intermediate enriched fuel elements arc relevant for the MD 
ingots with respect to intact criticality analyses: IEU-COMP-THERM-00 1, IEU-MET-FAST- 

IEU-MET-FAST-006, and IEU-MET-FAST-008 (NEA 1998). The 43 experiments consist of 
the following: 

001, IEU-MET-FAST-002, IEU-MET-FAST-003, IEU-MET-FAST-004, IEU-MET-FAST-005, 

1. Twenty nine critical arrays of polyethylene-moderated U(3 O)F4-polytetrafuorethylene one- 
inch cubes. Detailed descriptions of these experimental configurations are available in NEA 
(1 998), IEU-COMP-THERM-001. 

2. Eight bare cylindrical configurations of enriched and natural uranium. Detailed experimental 
configuration descriptions are available in NEA (1 998), IEU-MET-FAST-001. 

3. One natural uranium-reflected assembly of enriched and natural uranium plates. Detailed 
experimental configuration description is available in NEA (1 998), IEU-MET-FAST-002. 

4. One bare spherical assembly of uranium (36 wt% enriched in U-235). Detailed experimental 
configuration description is available in NEA (1 998), IEU-MET-FAST-003. 

5. One graphite-reflected spherical assembly of uranium (36 wt% enriched in U-235). Detailed 
experimental configuration description is available in NEA (1 998), IEU-MET-FAST-004. 

6. One steel-reflected spherical assembly of uranium (36 wt% enriched. in U-235). Detailed 
experimental configuration description is available in NEA (1 998), IEU-MET-FAST-005. 

7. One duralumin-reflected spherical assembly of uranium (36 wt% enriched in U-235). 
Detailed experimental configuration description is available in NEA (1 998), IEU-MET- 
FAST-006. 

8. One depleted uranium-reflected spherical assembly of uranium (36 wt% enriched in U-235). 
Detailed experimental configuration description is available in NEA (1 998), IEU-MET- 
FAST-008. 

The characteristics varied were geometry, moderator and reflector type. The maximum bias for 
this set of calculations is 0.010 (CRWMS M&O 1999f, pp. 19, 20 and CRWMS M&O 1999c, 
Tables 6.6.2.1-1,6.6.2.1-2,6.6.2.2-1,6.6.2.2-2,6.6.2.3-1, and 6.6.2.3-2). 

A series of critical experiments with clusters of aluminum clad UOZ (2.35 wt% enrichment in 
U-235) fuel rods in a large water-filled tank was performed at the Critical Mass Laboratory at 
Pacific Northwest National Laboratories. Eight cases were analyzed under this category in 

2-2 1 July 2001 TDR-EDC-NU-000006 REV 00 



CRWMS M&O (1999~) that correspond to water reflected clusters at 2.032 cm square pitch with 
no absorber plates, reflecting walls, dissolved poison, or gadolinium impurity. A detailed 
description of the experimental configuration is provided in NEA (1 998, LEU-COMP-THERM- 
001, pp. 1-49). The parameters varied were the number of pins in the cluster, the number of 
clusters, and the separation between clusters. The maximum bias for this set of calculations is 
0.008 (CRWMS M&O 1999c, Table 6.1.1-2). 

2.4.2 Benchmarks Related to Degraded Waste Package Configurations 

Critical experiments with low enriched uranium 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 UO3-H2O experiments differed by varying enrichment and the hydrogen to 
uranium ratio. The UO3-H2O 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 (1 999c) contains a description of the U03-H20 experiments. The maximum bias 
for this set of experiments is 0.01 1 (CRWMS M&O 1999c, Tables 6.5.1-1 and 6.5.1-2). 

Critical experiments with highly enriched (approximately 90 wt%) uranim nitrate solutions are 
described in detail in NEA (1 998) (HEU-SOL-THERM-014, HEU-SOL-THERM-Q15, HEU- 

019). The concentration of fissile element in the solution, enrichment, amount of neutron 
absorber (Gd), reflector type and thickness, tank diameter, and solution keight were among the 
parameters that were varied. The maximum bias for this set of experimellts is 0.018 (CRWMS 
M&O 1997, pp. 26, 35-44; 1999f, pp. 14-18). It should be noted that MCNP generally 
overestimated the kg of these experiments with Gd absorber. 

SOL-THERM-0 16, HEU-SOL-THERM-0 17, HEU-SOL-THERM-0 18, HEU-SOL-TMERM- 

No reliable critical experiments are available with intermediate enriched solution systems typical 
of degraded MD ingots configurations. However, it is expected that f ie maximum bias for 
intermediate solution systems would be consistent with the maximum bias obtained for low and 
highly enriched solution systems. 

2.4.3 Interim 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 0.018. 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 final critical limit. 
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3. STRUCTURAL ANALYSIS 

Category 
Primary membrane stress intensitv 

3.1 USE OF COMPUTER SOFTWARE 

containment Structure Allowable Stresses 
Accident Conditions 

(ASME 1995 wl1997 Add., Division 1, Appendix F, Article F-1341.2) 
0.7S,, 

The finite element analysis computer codes used for this evaluation were ANSYS Version (V) 
5.4 (CRWMS 1998e) and Livermore Sofhvare Technology Corporation (LSTC) LS-DYNA 
V950 (CRWMS M&O 2000j). The information regarding these codes and their uses for the 
structural analysis is documented in BSC (2001a). 

Maximum primary stress intensity 
Average primary shear stress across a 

section loaded in pure shear 

3.2 DESIGN ANALYSIS 

0.9su 

0.42Su 

Finite element solutions resulted from structural analyses for the components of the 
5-DHLWDOE SNF-short waste package. A detailed description of the finite element 
representations, the method of solution, and the results are provided in BSC (2001a). 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) with 1997 Addenda, Section 111, Appendix F (see Section 
F-1340 and F-1341). Conclusions can be drawn regarding the structural performance of the 5- 
DHLWDOE SNF-short waste package design using the stated criteria. The results of the 
calculation meet the criteria specified in Table 3-1. The structural performance of the DHLW 
canister is not evaluated in BSC (2001a). 

The design approach for determining the adequacy of a structural component is based on the 
stress limits given in the 1995 ASME BPVC with 1997 Addenda. S, 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 

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. The initial orientation of the inner shells maintains this 4-mm gap around the 
circumference of the shell. The internal structure of the waste package was simplified in 
several ways. First the support tube, brackets, and divider plates were combined and created 
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as shell elements with an assigned thickness of 31.75, 25.4, and 12.7 mm in the respective 
regions. Next, the structure of the DHLW glass canisters and DOE SNF canister, were reduced 
to cylinders of uniform mass density (Assumptions 2.3.1.2 and 2.3.1.3). The total mass and 
geometric dimensions of the DHLW canister and DOE SNF 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. 

Tern perature 
Room Temperature 

204 "C 
316 "C 

The target surface was conservatively assumed to be unyielding with a large elastic modulus 
(Assumption 2.3.1.1). 

ou of Alloy 22 (MPa) ou of SS 316 (MPa) 
973 700 
940 630 
904 61 9 

The initial tip-over angle with respect to the horizontal plane was reduced to 0.1", and the waste 
package was given an initial angular velocity corresponding to the rigid-body motion of the 
waste package (BSC 2001a, Section 5.5). 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 solved using LS-DYNA W950 to perform the 
transient dynamic analysis for the 5-DHLWDOE SNF-short waste package tip-over design basis 
event at room temperature (20 "C), 204 "C, and 3 16 "C. 

LS-DYNA uses true stress and true strain as material property inputs. The ASME Code reports 
only engineering stress and engineering strain. The material properties needed to be converted to 
the proper form in order for the solution to execute correctly. Table 3-2 reports the true ultimate 
tensile strength (q,) for Alloy 22 and S S  316NG. <ru values are given in BSC (2001a, p. 14). <ru 
should be substituted for Su in Table 3-1 in order to remain consistent. 

Table 3-2. True Stress of Alloy 22 and SS 316NG 

3.3.2 Results of Structural Calculations 

The results obtained from LS-DYNA V950 were reported in terms of maximum shear stress. 
Since the maximum stress intensities were desired, the results needed to be converted. The 
maximum shear stress is defined as one-half the difference between maximum and minimum 
principal stress (Shigley 1989, p. 31). Stress intensity is defined as the difference between 
maximum and minimum principal stress. Therefore, the results obtained from LS-DYNA V950 
were multiplied by two to obtain the corresponding stress intensities. 

The maximum stresses were found by carefully examining each time step taken by LS-DYNA 
V950, which outputs the element with the highest magnitude of stress, at each step, for each 
defined part. Table 3-3 lists the maximum stress intensities in the outer shell and inner shell at 
room temperature, 204 "C, and 3 16 "C. 
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Temperature 
Room Temperature 

204 "C 
I 316 "C I 397 1 81 3 I 21 1 I 557 I 

Maximum St ress  Intensity 0.90~ of Alloy 22 Maximum Stress  Intensity 0.90~ of SS 316' 
in the Outer Shell (MPa) (MPa) in the Inner Shell (MPa) (MPa) 

51 9 875 394 630 
41 9 846 373 567 

NOTE: ' The material properties of SS 316 are the same as SS 316NG. 

Source: BSC (2001a, Section 5.1 and Table 1). 

The above table shows that for each temperature condition, the maximum stress intensity was 
less than the allowable of the corresponding material. 

Since the waste package is not internally pressurized, the stress intensity consists primarily of 
bending stresses. In this case, the membrane stress is close to or approaches zero and meets the 
first criterion in Table 3-1. 

During the tip-over calculation, no components were loaded in pure shear. 

3.4 SUMMARY 

Table 3-1 states the applicable criteria, according to paragraph F-1341.2 of the 1995 ASME 
BPVC with 1997 Addenda, Section 111, Appendix F. 

The primary membrane stress intensity is at or near zero (therefore lower than 0.70,) since the 
waste package is not pressurized. Therefore, the first criterion is met. 

Table 3-3 clearly shows the highest stress calculated during tip-over is lower than 0.90,. 
Therefore, the second criterion in Table 3-1 is met. 

None of the components are loaded in pure shear during tip-over. The third and final criterion is 
met. Therefore, the waste package meets the safety standards stated in Appendix F of the 1995 
ASME BPVC with 1997 Addenda. 

It is concluded that the performance of the 5-DHLWDOE SNF-short waste package internal 
design is structurally acceptable when exposed to a tipover event, therefore meets the SDD 
1.2.2.1.6 (Section 2.2.1.4) as long as the DOE SNF canister loaded mass limit (2270 kg) and the 
DHLW glass canisters mass limit (2500 kg) are not exceeded. 
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4. SHIELDING ANALYSIS 

4.1 USE OF COMPUTER SOFTWARE 

The Monte Carlo particle transport code, MCNP, Version 4B2LV (CRWMS M&O 19980, is 
used to calculate average dose rates at the external surfaces of the waste package. The 
information regarding the code and its use for the shielding analysis is documented in BSC 
(2001 b). 

4.2 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 ENDFB-V (Briesmeister 1997, Appendix G). These cross-section libraries are 
part of the qualified MCNP code. The flux averaged over a surface tally is specified in 
calculations and the neutron and gamma flux-to-dose rate conversion factors, which were 
extracted from the American National Standard Institute/American Nuclear Society (ANSVANS) 
Standard 6.1.1 - 1977, are applied to obtain surface dose rates. 

4.3 CALCULATIONS AND RESULTS 

BSC (2001b) gives the details of the calculations and the results. The geometric representation 
of the waste package used in MCNP calculations is shown in Figure 4-1. The waste package 
contains two different radiation sources, which are volumetric sources uniformly distributed 
inside the cavity of the DOE SNF canister and the glass volume, respect3vely. A conservative 
approach is used, in which lower material densities for the SRS DHLW glass and the MD ingots 
are employed (see Assumptions 2.3.2.2 and 2.3.2.4). 

In the calculation, the external surfaces of the waste package are divided in segments and the 
dose rate is averaged over each segment to evaluate the spatial distribution of the dose rate. 
Figures 4-2 and 4-3 show the segments of the radial and axial segments used in the dose-rate 
calculations. The radial surface, between the bottom and top planes of DHLW glass, is equally 
divided into five segments, each of which is 47.886-cm high. The first radial segment (Segment 
l), 64.57-cm high, corresponds to the empty portion of the DHLW canister, which is between the 
top of the waste package cavity and the top of the DHLW glass. The waste package top and 
bottom axial surfaces are divided into two radial segments of 0-30 cm (Segment 7) and 30-101.5 
cm (Segment 8). For this waste package, the DOE canister is positioned in the center of the 
waste package and gamma source intensity of the MD ingots is twenty times the gamma source 
intensity of each individual SRS DHLW glass canister. Because the DHLW glass canisters are 
positioned near the disposal container, they attenuate the radiation emitted by the MD SNF and 
mostly determine the dose rates on the angular segments adjacent to them (Segments B). 
However, due to their higher source intensity, the MD ingots contribute to the dose rates 
averaged over Segments A. Therefore, an angular dependence of the waste package radial dose 
is expected and the radial surface is divided into ten equal angular segments, as shown in Figure 
4-3. 
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Figure 4-1. Vertical and Horizontal Cross Sections of MCNP Geometry Representation 
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Tables 4-1 and 4-2 are lists of the radial and axial dose rates on the outer surface of the waste 
package containing the five SRS DHLW glass canisters and the MD DOE SNF canister. The 
neutron source has an insignificant contribution to the total dose and the gamma dose dominates 
the total dose. 

Location 
Radial surface: Segment 1 
Radial surface: Seament 2 

Table 4-1. Dose Rates Averaged over Axial and Radial Segments of the WP Outer-Radial and Axial 
Surfaces 

Gamma Dose Rate Neutron Dose Rate Total Dose Rate 
(rernlh) (remlh) (remlh) 
85.47 0.14 85.61 
133.53 0.14 133.67 

Radial surface: Segment 4 
I Radialsurface: Segment3 I 144.49 I 0.15 I 144.64 I 

143.34 0.15 143.49 
Radial surface: Seament 5 136.42 0.14 1 136.57 
Radial surface: Segment 6 

Bottom surface: Segment 8 
TOD surface: Seament 7 

Bottom surface: Segment 7 

Source: BSC (2001b, Tables 17 and 20). 

105.20 0.1 1 105.31 
47.50 0.22 47.71 
13.76 0.08 13.84 
27.30 0.15 27.45 

The radial surface dose rates have an angular dependence, as shown in Table 4-2. The dose rate 
averaged over Segment A is approximately twice as much as the dose rate averaged over 
Segment B. 

Top surface: Segment 8 

Table 4-2. Dose Rates Averaged Over Angular Segments of the WP Outer-Radial Surface 

I Seament6 I 132.09 I 0.14 I 132.23 I 92.80 I 0.08 I 92.88 I 

4.82 0.08 4.89 

NOTE: The dose rates listed in this table are the upper limits of t h e  95 percent confidence intervals of the Monte 
Carlo dose rate calculations. 

Source: BSC (2001 b, Table 21). 

4.4 SUMMARY 

The maximum dose rate at the external surfaces of the waste package occurs on the radial surface 
and is 199.89 r e d .  The radial dose rate shows an angular distribution, with dose rates on 
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Segments A being approximately twice as much as those on Segments B. The dose rates on the 
bottom and top surfaces of the waste package are about one-third and about one-fifth, 
respectively, of the maximum dose rate on the outer radial surface. The design criterion 
specifies that the maximum dose rate at all external surfaces of the waste package is 1,450 r e d  
(Section 2.2.2). The dose rates in re& and radh are practically the same due to the 
insignificant contribution of the neutron dose rate to the total dose rate. 

Radiation produces radiolytic species (e.g., hydrogen peroxide and nitric acid) that may enhance 
the corrosion of the waste package components. A study that has evaluated the effect of 
radiation on the corrosion of the material used for the fabrication of waste packages in the 
environments expected at Yucca Mountain (Shoesmith 1998) showed that a dose rate of 
1 O4 rad/h is required before any influence of radiation is observed on coppednickel alloys. Since 
the calculated dose rate at the external surface of the MD waste package is approximately 200 
rad/h, it is expected that no observable effect on the corrosion of waste package materials will be 
present. 
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5. DEGRADATION ANAILYSIS 

5.1 DESIGN ANALYSIS 

5.1.1 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 5-1 and 5-2. 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 water, which eventually leads to 
degradation of the spent nuclear fuel andor 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 water provides moderation to 
potentially increase the possibility 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 andor plug any holes in the bottom of the waste package 
while fissile material is retained. 

The standard scenarios for the first group shown in Figure 5-1, 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 5-2, which have the waste package breached at both the top and the bottom, are 
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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. 
3-1 3 through 3-14). These configuration classes are intended to comprehensively represent the 
configurations that can result from physically realizable scenarios. As presented here, the 
configuration classes do not distinguish between WP internal components inside versus outside 
the DOE SNF canister. It should be noted that the MD ingots incorporatc neutron absorbers in 
their composition, and that 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 DOE SNF canister) surrounded by, andor beneath, the basket corrosion 
products. This configuration class is reached from scenario IP-3. 

2. Both basket and waste form are degraded. 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 geochemistry calculations as described in BSC (2001~). 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-1 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. This configuration class can be reached from IP-1. 

4. Fissile material accumulates at the bottom of the waste package (or the DOE SNF 
canister), together with moderator provided by water trapped in clay. The clay 
composition is determined by geochemistry calculations (BSC 2001~). 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. 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. Generally, the 
variations of this configuration are less reactive than for configuration class 4. Either 
standard scenario IP-1 or IP-4 can reach this configuration class. 

6. Fissile material is degraded and spread into a more reactive configuration. This 
configuration class can be reached by scenario IP-1. 
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Figure 5-1. Internal Criticality Master Scenarios, Part 1 
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Figure 5-2. Internal Criticality Master Scenarios, Part 2 



The report titled Generic Degradation Scenario and Configuration Analysis for DOE Codisposal 
Waste Package (CRWMS M&O 1999d) serves as the basis for the specific degraded waste 
package criticality analysis to be performed for any type of DOE SNF that will be codisposed 
with the high-level radioactive 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 MD ingots. The following 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 5.2. and 5.3, the 
scenarios and the resulting configuration classes that are applicable to codisposal waste package 
with a DOE standardized SNF canister containing MD ingots, are discussed. 

The characteristics of both the MD ingots and the DOE SNF canister are conservatively taken 
into account in the development of configurations. Parametric studies are performed in a 
separate criticality calculation to determine the minimum mass of neutron absorber that is 
required in the MD ingots along with evaluating the adequacy of the absorber chemical form and 
its distribution. 

5.1.2 Generic Degraded Configuration Classes 

Configuration classes resulting from degradation scenario IP-1, in which the SNF degraded 
before the other internal components (OICs): 

IP-1 -A: SNF degraded, DOE SNF canister and internal supporting structure not degraded. 

IP- 1 -B: SNF degraded, DOE SNF canister and supporting structure partially degraded. 

IP-1 -C: All WP components degraded. 

Configuration classes resulting from degradation scenario IP-2, in which W components 
degrade concurrently with the SNF: 

IP-2-A: All WP components degraded. 

Configuration classes resulting from degradation scenario IP-3, in which the SNF degrades after 
the OICs: 

IP-3-A: Degraded DOE SNF canister internal structure; intact SNF and DOE SNF canister 
shell; degraded WP basket structure and HLW glass canister@). 

IP-3-B: Degraded WP basket structure, HLW glass canister(s), and DOE SNF canister; 
intact SNF. 

IP-3-C: All WP components degraded. 

Configuration classes resulting from flow-through degradation scenario IP-4, in which the SNF 
degrades before the OIC: 
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IP-4-A: SNF degraded, DOE SNF canister shell not fully degraded. 

IP-4-B: All WP components degraded. 

Configuration classes resulting from flow-through degradation scenario IP-5, in which the WP 
components including the SNF, are degrading concurrently: 

IP-5-A: All WP components degraded. 

Configuration classes resulting from flow-through degradation scenarios of IP-6, in which the 
SNF degrades after the OIC: 

IP-6-A: All WP components degraded. 

5.2 APPLICATION OF STANDARD SCENARIOS TO MELT AND DILUTE INGOTS 

The MD SNF has the following characteristics in terms of geometrical arrangement inside the 
codisposal WP and the distribution of the neutron absorber: 

1. There is no internal structure inside the DOE SNF canister. The ingots fill most of the 
space inside the DOE SNF canister and thus do not need a support structure, but a 
carbon steel crucible liner may encase the MD ingot. This implies that configurations 
following from degradation of DOE SNF canister basket structure are not valid for the 
MD SNF disposal. 

2. Neutron absorber and SNF are merged metallurgically in the ingot. Physical separation 
of neutron absorber is not possible, as is degradation of the neutron absorber while fuel 
stays intact. This means that separation mechanisms such as differential settling of solid 
particles of different densities (see section 6.4.2 of CRWMS M&Q 1998d) are not 
applicable for the MD SNF. 

In light of these characteristics the application of the standard scenarios follows based on the 
sequence discussed in Section 5.1.1. 

IP-1: The configurations resulting from IP-1 scenario involve the MD ingots degrading before 
other internal components and depends on the degradation rates of the various materials that 
make up the OICs as compared to the degradation rate of the ingots. Figure 5-3 is an example. 

the SS components is 2.5.10-14 mol-cm-2-s-'. The carbon steel has a degraclation rate of 1.8.10-" 
mol-cm a s  . Therefore, the degradation of the carbon steel basket and the ingot, with the 
stainless steel and DHLW glass components intact, is possible. Since there is no basket structure 
in the DOE SNF canister associated with the MD ingots, configuration variations within the 
DOE SNF canister are limited. Possible variations are configurations with partial or total 
degradations of the components outside the DOE SNF canister. The DOE SNF canister falls to 
the bottom of the WP. Near the end of this sequence, layers of degradation products in the WP 
might result surrounding a partially degraded DOE SNF canister shell. 

The degradation rates show that the ingot high rate is 4.8~10"'~ mol-cm -2 -s- 1 while the low rate of 

-2 -1 
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DOE SNF Canister with 
Degraded MD Ingot 

Mixture of Iron 
Oxide and Water 

Figure 5-3. Conceptual Sketch of WP for Degradation Scenario IP-l 

IP-2: In the configurations resulting from IP-2 scenario the SNF may degrade simultaneously 
with the other components in the WP if the environmental conditions favor glass degradation 
rates that are comparable to ingot and steel degradation rates. Figure 5-4 I s  an example. In th is  
scenario the gradual degradation of the various constituents could result in a configuration where 
higher density material collects at the bottom of the waste package while rower density material 
stays on top. The potential for criticality could be significant if the neutron absorber (Gd as 
GdPO4 - the most likely mineral to form; see Section 6 )  enters solution and is flushed out of the 
W while the fissile material is in a geometry favorable to criticality. Because the Gd is integral 
to the MD ingots, this would require complete degradation of the ingots. Gd loss also depends 
on the fraction of GdP04 formed as a result of the geochemistry analysis. 
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Water 

Mixture of Clayey 
Material, Iron Oxide 

/ and Degraded MD 
Ingot Material 

Figure 5-4. Conceptual Sketch of WP for Degradation Scenaria IP-2 

IP-3: The configurations resulting fiom IP-3 scenario for SNF degradng after OICs would 
require that the ingots have a low degradation rate and the 3 16L stainless steel of the DOE SNF 
canister have substantially lower rates than the 304L stainless steel of the DHLW canisters, 
along with high degradation rates for the DHLW glass. In this configuration the ingots collect at 
the bottom of the WP while surrounded by degradation products (e.g., clayey material). Figure 
5-5 is an example. As long as the ingots are intact there is no possibility for criticality since the 
neutron absorber is maintained. Loss of the neutron absorber (GdP04) if it enters solution and is 
flushed out of the WP while the fissile material is in a geometry that is favorable to criticality 
should be considered. Possible variations are configurations with DOE SNF canister degraded 
and intact SNF accumulated at the WP bottom with partial or total degradation of W 
components. 
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Waste Package 

glass 

Figure 5-5. Conceptual Sketch of WP for Degradation Scenario 1P-3 

It should be noted that for the scenarios presented “flushing out of the neutron absorber” requires 
that water overflows through the hole in the top of the WP. 

The standard scenarios for the flow through cases, IP-4, IP-5 and IP-6 require a top and bottom 
breach of the WP in order to occur. However, for these scenarios to lead to potential critical 
configurations there must be some plugging of the hole@) in the bottom, so that water can 
accumulate to provide neutron moderation. In addition, geochemistry calculations assume that a 
material does not get flushed out unless it is in solution. In that case the resulting configurations 
are the same as the configurations for the top breach only cases (IP-1, IP-2 and IP-3). 

5.3 MOST LIKELY DEGRADED COMPONENT CONFIGURATIONS FOR MELT 
AND DILUTE INGOTS 

The parameters that need to be considered to develop the most probable degradation 
scenariokonfiguration for the codisposal waste package with MD ingots are: the materials of the 
components associated with the waste package, the DOE SNF canister and the ingots, the 
thicknesses of the materials, and the associated corrosion rates. The sequence of degradation can 
then be developed, and the most probable degradation scenario/configura.tion can be identified 
by using these parameters, which are discussed below. 

5.3.1 Corrosion Rates 

The material corrosion rates are presented in Section 2.1.8.1, Table 2-11 of this report. The 
carbon steel (Type A 516) degrades more rapidly than the stainless steel Type 304L. As 
indicated in Table 2-1 1, the corrosion rate of the MD ingots is highest among all materials listed, 
except carbon steel. 
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5.3.2 Most Probable Degradation Path 

Based on the corrosion rates and the material thicknesses given in Tables 2-12 and 5-1, the most 
probable degradation path for the waste package, the DOE SNF canister, and the MD ingots 
follows the sequence below: 

1. Waste package is penetrated and flooded internally. Water has not yet penetrated the 
DOE SNF canister (see Section 7.3 for the results of criticality calculations for this 
configuration). 

2. The waste package separation plates and DOE SNF canister 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 (criticality calculations in 
Section 7.3 are bounding for this configuration). 

3. DHLW glass canister shell degrades and exposes the DHLW glass. The DHLW glass 
degrades at a much lower rate than the stainless steel components and only a small 
percentage degrades while the stainless steel degrades as demonstrated in the 
geochemistry calculations (BSC 200 1 c). There are two possible degradation paths: 

3a. DOE SNF canister stays intact. Intact DOE SNF canister with intact MD ingots fall 
and are surrounded by the iron-rich degradation products near the bottom of the 
waste package (see Section 7.4.2.1 for criticality calculations results and Figures 7- 
4 and 7-5 for configurations). 

3b. DOE SNF canister starts to degrade. 

4. Following 3b above, DOE SNF canister shell is penetrated but remains intact and DOE 
SNF canister interior is flooded (Section 7.4.2.1 and Figures 7-4 and 7-5 cover this 
case). 

5. MD ingots in the DOE SNF canister are in contact with water. MD ingots start to 
degrade due to their high corrosion rate. The MD ingots degrade into hydrated A1 and U 
oxides and Gd phosphate (BSC 2001c) (see Section 7.4.2.3 for criticality calculations 
results and Figures 7-4 and 7-5 for configurations). 

6.  DOE SNF canister shell completely degrades. The degraded iron oxide mixes with the 
small percentage of degraded glass clay at the bottom of the waste package. The 
degraded MD ingot material falls out and scatters on top of or mixes with the clayhron 
oxide mixture (see Section 7.4.3 for criticality calculations results and Figures 7-7 and 
7-8 for configurations). 

7. Degraded glass clay product accumulates at the bottom of the waste package over or is 
mixed with the iron-rich degradation products from the other OICs and the MD ingots 
(covered in Section 7.4.3). 
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A variation of the above sequence would retain the DOE SNF canister and subsequent 
degradation products trapped in the center of the DHLW glass logs, but the end result is 
essentially the same. 

Components 

Given a very long period of time, it is postulated that everyhng will degrade. All the internal 
components of the waste package will then be represented as sludge. This corresponds to 
degradation scenario group IP-2. The degraded MD ingots 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. 

Material I Thickness (rnrn) 

Table 5-1. Materials and Thicknesses 

DHLW glass canister shell 
DHLW glass 
DOE SNF canister shell 

304L Stainless Steel 9.525 

316L Stainless Steel 9.525 
Glass NIA 

I Waste packaae S U D D O ~ ~  tube I A516 Carbon Steel I 31.75 I 

I MD ingots I U-AI alloy I 381 -419 I 

Source: Section 2 and Appendix A of this calculation. 

The geochemistry calculation results (BSC 2001c) show that if the MD ingots degrade 
concurrently with the DHLW glass, the resulting high pH conditions will lead to the dissolution 
and removal of the U fiom the MD ingots, but leave the Gd inside the waste package. Since the 
U is flushed out this results in no internal criticality concern. 

The geochemistry calculation results (BSC 2001c) indicate that if very high stainless steel 
degradation rates are used, then an iron rich sludge could result with mostly intact DHLW glass 
logs. Only in this scenario, and with the suppression of gadolinium phosphate formation, a 
significant amount of Gd is lost from the system and there is a potential for criticality. However, 
in order to achieve this configuration, the thermodynamic data and resulting sequence must be 
suppressed to produce a chemical form of Gd that is soluble. A probability for this artificial case 
cannot be assessed. Rather, the production of insoluble Gd compounds needs to be confirmed 
through experiments to eliminate the possibility of loss that might be associated with unknown 
uncertainties or errors in the thermodynamic data. 

5.3.3 Density of Fuel Layer at Bottom of Waste Package 

In evaluating scenario IP-2, the question arises as to the limit of dispersion of U from degraded 
MD ingots diluted in water. The results of the calculation performed in BSC (2001e) for the 
physical limit of solids dispersion in a waste package are presented in this section. 

The waste package inner cavity diameter is 188.0 cm and length is 304.0 cm. The case for the 
calculation is a UOz+clay mixture that is at the bottom of the WP with 2.5% and 47.5% of their 
theoretical densities, respectively, thus leaving 50% of the volume for water. This mixture, as 
determined in the criticality calculation parametric (BSC 200 1 d, spreadsheet “MAD- 
degradedWP.xls”) has a height (chord length) of 28.2 cm. This height is for composition of 
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UO~+clay mixture at bottom that has 50 vol% water content and is a conservative value (with 
respect to the potential for criticality), which minimizes the amount of clay on top of the 
U02+clay mixture layer. Thus, it provides a bound for cases that have a water content of less 
than 50 vol% in the UO2+clay mixture layer at bottom of waste package. 

The stress that is applied on the bottom layer is dependent on the weight of the top layer and the 
interface area between layers (Figure 5-6). The applied stress calculated in BSC (2001e, pp. 25 
through 28) is 4.8-104 Pa (4.8~10~ dyne/cm2). 

U02+Clay Mixture 
with 50 % Water (a) 

Weight of Post-breach Clay, , 1 Interface Area 

(b) 

Figure 5-6. Sketch for Scenario Used in the Fuel Layer Calculation 

In Figure 5-7 is shown that for “perfect clay” with 50 vol% water content the shear stress limit is 
approximately 2.104 Pa @lo5 dyne/cm2), which is less than the applied stress. Thus the load on 
top of the mixture will break the elasticity of the clayey material and compress it into a more 
compact form and necessarily displace water out of the region. 

The calculation of applied stress in BSC (2001b, pp. 25 through 28) is a bounding case for this 
particular configuration since ”perfect clay” is used to establish the shear stress limit. If the 
height of the UOz+clay mixture layer is less than the preceding value (chord length of 28.2 crn) 
the cross sectional area of the interface between the mixture and the post-breach clay will be 
smaller, and the stress will be larger than the value obtained in this calculation thus preventing 
formation of a diluted fuel layer at the bottom. 
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Source: Jasttzebski (1959, p. 285). 

Figure 5-7. Stress-Strain Diagram for "Perfect Clay" 

The case of having only water on top of the U02+clay mixture will result in a mass of about 
7,650 kg (BSC 2001 b, p. 28), which corresponds to the shear stress limit of the mixture if it were 
a perfect clay. Therefore, a conservative limit of 50 vol% solids density is justified for 
evaluating the criticality potential of such configurations. Additionally, this is justified even in 
the event of complete loss of clay in the layer above the UO2+clay mixture, in which case only 
water remains on top. If the clay mixture cannot sustain the load (i.e., the applied stress is 
greater than the shear stress limit for the mixture), then the solids in the layer will be compressed 
at the bottom of the WP. 

Another parameter that limits the water content in the fuel layer is the fractional content of 
solids. Tables 2.1 and 2.2 of Brown and Richards (1970) show that for loose and tight particle 
packings the minimum fractional solids content is 43 ~01%. This information corroborated with 
the 50 vol% solid fraction resulted from the stress analysis in the previous paragraphs gives a 
minimum of 43 vol% for the solid fraction, i.e. a maximum of 57 vol% water content in the 
UOz+clay mixture layer at the bottom of the waste package. 

5.3.4 Tilting of DOE Canister Inside WP 

Tilt angle influences distributions of degraded products inside the WP. Tlting has the potential 
to change the concentrations of the fissile materials and the neutron absorber and may result in a 
more favorable geometry for criticality. The maximum tilt angle of the DOE SNF canister inside 
the WP can be calculated by fixing one endpoint of the canister while moving the other end to 
the bottom. The value of the maximum tilt angle is 13.72' (BSC 2001e, p. 30). 

Tilting of the DOE SNF canister would physically require that the space beneath does allow for 
movement of the canister. This condition is unrealistic since the DHLW glass and the 
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degradation products from the steel components (WP basket and support tube) would collect at 
the bottom of the WP and fill the available space. A second factor is that the degradation rate of 
the stainless steel is higher than that of the DHLW glass and as such the canister shell would 
most probably be gone at the time when glass degradation would make tilting a possibility. 

5.3.5 Tilting of W P  

Tilting of the WP in the emplacement drift is not a concern for the time period of interest. The 
WP is placed in the drift horizontally and will stay in that position unless an external event, such 
as a seismic event occurs. In addition, the WP is emplaced in the drift by means of a Alloy 22 
pallet which rests on cross-connected carbon steel I-beams which are embedded in the ballast 
(gravel) inside the drift (see Figures 5 and 6 of CRWMS M&O 2000d) and the distance between 
the WPs inside the drift is less than half length of the WP so that sliding of the WP over the 
pallet edge is not possible (CRWMS M&O 2000d). 

5.4 SUMMARY 

Based on the generic degradation scenarios and configuration classes discussed in YMP 2000 
and CRWMS M&O 1999d, specific degradation configurations for MD have been developed. 
These degraded configurations include the application of the generic scenario groups of IP- 1, IP- 
2 and IP-3. Variations of the generic groups specific to MD ingots are discussed. The most 
probable degradation path based on the material corrosion rates and thicknesses has also been 
identified. The maximum angle of tilt for the DOE SNF canister inside the WP has been 
calculated to be 13.72". Tilt of WP is not physically possible due to the emplacement design. 
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6. GEOCHEMISTRY ANALYSIS 

6.1 USE OF COMPUTER SOFTWARE 

The EQ3/6 geochemistry software package, Version 7.2bLV (CRWMS M&O 19988, 1999e), is 
used for this evaluation. The information regarding the code and its use for the degradation and 
geochemistry analysis is documented in BSC (2001~). 

6.2 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 materiahpecies 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 material in solution as a function of time (from 
the output of EQ6 simulated reaction times up to - 6-1 0’ years). 

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). 

Determine the concentrations of neutron absorbers (most importantly Gd) in solution as 
a function of time (from the output of EQ6 over times up to - 6-10’ years). 

Calculate the amount of neutron absorbers retained within the waste package as a 
function of time. 

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

6.3 CALCULATIONS AND RESULTS 

The calculations begin using selected representative values from known ranges for composition, 
amounts, surface areas, and reaction rates of the various components of the MD waste packages. 
The input to EQ6 includes the composition of 5-13 well water, a rate of influx to the waste 
package that corresponds to suitably chosen percolation rates into a drift, and a drip rate into the 
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waste package (Section 2.1.8.3), 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 
DHLW glass before breach of the DOE SNF canister and exposure of t h ~  ingot material to the 
water). The EQ6 outputs include the compositions and amounts of solid products and the 
solution composition. The source of the results in this section is BSC (2081~). Summary of the 
results is presented in Section 6.4. The calculation process is presented in more detail in BSC 
(200 1 c). 

The results of EQ6 runs show that in most of the cases more than 80% of the Gd will remain in 
the waste package, although the two-stage scenario exposing the MD ingots first and then the 
glass potentially loses more Gd. Various modifications were tested, in order to investigate how 
they impact the amount of Gd and U remaining in the waste package. 

6.3.1 Variation of Sequence of Degradation 

Table 6- 1 presents the cases that explore the different sequences of degradation: degrading the 
glass first and then the ingots, the ingots first and then the glass, or degrading the glass and 
ingots together. 

Table 6-1. Cases Varying the Sequence of Degradatior 

md02-01 Maximum volume of ingots that ffi in a DOE SNF canister with a minimum ingot liner thickness (1 mm). 
2 stage run: Degrade glass and then expose ingots. High glass and drip rates, low ingot and SS rates. 

Reactant Fullv Degraded I Timelvearsl  1 DH I % Gd Remainina I % U Remainina 
I Glass 1 14.839 1 8.81 I 100.00% I 55.85% I 
I Ingots I 535.140 1 7.82 I 99.48% I 22.91% I 
I WP Liner I 601.360 I 7.83 I 99.41% I 19.53% I 
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6.3.1.1 Impact of Sequence of Degradation on Gd Loss 

In cases where the glass degrades completely before the ingots are allowed to degrade (cases 
md02 - 01 and md02 - 02) at least 99% of the initial Gd content remains in the waste package. 

In the case where the glass and ingots degrade simultaneously (case md02-06) more than 99% of 
the initial Gd is also retained. 

The only case that loses significant amounts of Gd is the two-stage run, exposing the ingots first, 
then the glass (case md02-03 in Table 6-1, and variations of this case discussed in Section 6.3.2, 
6.3.8, and 6.3.9). In case md02-03 approximately 77% of the initial Gd is retained. The reason 
for the Gd loss is the low pH and the limited amount of phosphorous in the system while the 
ingots are degrading, since the glass is not yet degrading and releasing phosphorous. First, when 
the ingots degrade in the presence of the degrading A5 16 and 304L steels, GdP04.1 OH20 forms 
because the steel is releasing sufficient amounts of phosphorous. Once the A5 16 component is 
fully degraded, there is no longer enough phosphorous being released to allow all of the Gd 
released to form GdP04-1OH20. The mineral GdP04.1OH20 must compete with the other 
phosphorous minerals forming. As GdP04- 1 OH20 dissolves, the mineral (U02)3(P04)2 continues 
to form. Not only does (U02)3(P04)2 use all of the available phosphorous in the system, but 
because of the low pH, the existing GdP04.10H20 goes back into solution, and the resulting 
phosphorous is consumed by the formation of (U02)3(P04)2. The Gd in solution is flushed out of 
the waste package, and the system continues to lose Gd until the glass is exposed. 

6.3.1.2 Impact of Sequence of Degradation on U Retention 

The percentage of U retained at the end of the glass firsthngot second cases (md02-01 and 
md02-02) varies between 18% and 54% based on the pH of the system. In the first case, 
md02-01, by the end of the run, 82% of the initial U gets flushed out of the waste package 
because of the high pH (KO), which makes U minerals less likely to form. In the second case 
(md02-02) appoximately 54% of the initial U remains at the end of the run. The second stage of 
this case included a switch to a higher stainless steel rate with a lower drip rate, which lowers the 
pH to 7.59 towards the end of the run, keeping more U in the waste package. 

In the ingot first/glass second case (md02-03) the percentage of U retained at the end is 0%, but 
until 30,000 years, 96% of the U remains. The 96% of U represents what remains in the waste 
package after all of the fuel is degraded and 97% of the glass has degraded. At this point, the Gd 
loss mentioned above has already occurred, so this would be the time of most concern. 

The case degrading the glass and ingot simultaneously (md02-06) loses most of the U (18% 
remaining) by the end of the run due to a pH above 8. 

6.3.2 Impact of Suppression of GdP04*10HzO Formation 

GdP04-1OH20, the most likely Gd mineral to form, was suppressed in two cases, to study the 
sensitivity of results to the formation of GdP04.lOH20. It should be noted that the suppression 
of formation of a mineral is an option available in EQ6 s o h a r e  code. Although completely 
suppressing the formation of minerals most likely to form is extreme and unrealistic, this is 
useful in investigating the sensitivity of Gd and U retention to the full range of conditions. 
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Table 6-2. C a s e s  Suppressing GdP04.1 OH20 Formation 

md02-03 Maximum volume of ingots that fit in a DOE can with a minimum ingot liner thickness (1 mm). 

Reactant Fully Degraded Time (years) PH % Gd Remaining % U Remaining 
Ingots 1,506 5.44 77.35% 96.69% 
WP Liner 30,091 5.75 77.21% 96.42% 

~~~~ 

Glass 229,650 8.68 77.21 % 0.00% 

Reactant Fully Degraded 
WP Liner 
Glass 
Ingots 
End 

End 633,820 I 8.07 77.06% 0.00% 
d02-03 Maximum volume of ingots that ffi in a DOE can with a minimum ingot liner thickness (1 mm). 

Time (years) PH % Gd Remaining % U Remaining 
60,134 5.85 100.00% 99.97% 

248, i 80 8.67 100.00% 29.4 7% 
519,930 8.07 99.62% 19.09% 
633,800 8.07 99.37% 18.44% 

suppress Ingots and glass degrade together, low glass rate, mean SS and drip rates, low ingot rate. 
GdPOI.IOH20 

Reactant Fully Degraded Time (years) PH % Gd Remaining % U Remaining 
WP Liner 60,134 5.85 88.49% 99.98% 

Ingots 519,930 8.07 83.37% 
End 633,820 8.07 83.12% 18.33% 

Glass 248,220 8.83 84.24% 29.22% 
18.98% 

Because the formation of GdP04- 1 OH20 was suppressed, the mineral GdBHC03 forms instead 
of GdP04.1OH20. The conservative two-stage case md02-03 retains 77% of the initial Gd 
content with the formation of GdP04.1 OH20, but with GdP04.1 OH20 formation suppressed, all 
Gd is lost. This case demonstrates a strong sensitivity of Gd retention to GdP04-1OH20 
formation, but requires the unlikely event of the ingots degrading in the absence of the glass in 
addition to the complete suppression of GdP04.1 OH20 formation. The thermodynamic data 
indicate that GdP04.1 OH20 will form, but because its formation is key to retaining Gd, retention 
of Gd should be further demonstrated. This can be accomplished by a detailed analysis of the 
experiments on which the data is based to show applicability to the current situation, by m h e r  
analysis and/or experiments. 

In case md02-06, with the GdP04-lOH20 formation suppressed, 83% of the Gd remains, as 
compared to the 99% that remained in the case where GdP04- 1 OH20 was allowed to form, since 
GdOHC03 is less likely to form than GdP04.lOH20. The suppression of GdP04-IOH20 
formation does not effect the percentage of U remaining in either case. 
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6.3.3 Variation of Initial Content of Gd in the Ingot 

Glass 
Ingots 
End 

The standard ingot contains 0.5 wt% Gd (case md02-06). To see the effect of changing the 
content of Gd in the ingot, the percentage was decreased to 0.2 wt% (case rnd08-06), then 
increased to 2 wt% (case md07-06). 

248,240 8.83 100.00% 29.25% 
519,930 8.07 99.79% 19.05% 
633,820 8.07 99.66% 18.39% 

Table 6-3. C a s e s  Varying the Initial Gd Content 

md02-06 
(base case) 

Maximum volume of ingots that fd in a DOE c a n  with a minimum ingot liner thickness (1 mm). 
Ingots and glass degrade together, low glass rate, mean SS and drip rates, low ingot rate. 

Reactant Fully Dearaded I Timehea r s )  I RH 1 % Gd Remainina I % U Rernainina 
I WP Liner 1 60.134 I 5.85 I 100.00% I 99.97% I 

All of the cases above retain at least 99% of the original amount of Gd. The only difference is 
that the Gd minerals that form are different. For the ingots with higher Gd content (0.5 wt% and 
2.0 wt%) both GdP04-1OH20 and GdOHC03 form, but for the 0.2 wt% Gd ingot, only 
GdP04.1OH20 forms. The reason for the formation of different minerals is related to the 
phosphorous content and explained in the following paragraph. 

The two cases with more Gd, cause less fluorapatite [Cas(PO4)3] to form early in the run (when 
the phosphorous is abundant as a result of steel and glass degradation) because there is more Gd 
competing with the fluorapatite for the phosphorous. Then, later in the run, when the 
phosphorous sources are completely consumed, the GdP04-1OH20 continues to form as it 
preferentially takes the phosphorous from the fluorapatite, but since less fluorapatite formed, it 
runs out sooner. When the fluorapatite runs out, GdP04-1OH20 formation stops and the Gd starts 
to form the mineral GdOHC03 instead. In these cases (0.5 wt% and 2 wt% Gd) the time when 
the fluorapatite disappears corresponds directly to the time when the GdP04.lOH2O mineral 
stops forming and when the mineral GdOHC03 starts to form. 

The case with less Gd (0.2 wt%) allows more fluorapatite to form earlier in the m, therefore 
when the phosphorous source runs out, the fluorapatite lasts longer, unttl the ingots are hlly 
degraded. GdP04-1 OH20 continues to form as long as Gd is being released from the ingots. 
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It can be concluded that the initial Gd content does not effect the amount o fU  retained. 

6.3.4 Impact of Additional Elements in the Ingot 

The following elements were added to the ingot composition to investigate their effect: Si, Ca, 
and Hf. 

Table 6-4. C a s e s  with Additional Elements in the  Ingot 

d02-06 Maximum volume of ingots that ffi in a DOE can with a minimum ingot liner thickness (1 mm). 

Ingots and glass degrade together, 

WP Liner 
Glass 
Ingots 519,920 8.07 

glass rate, 
Reactant Fully Degraded 

633.800 

mean SS and drip rates, low ingot rate. 
% Gd Remaining % U Remaining % Hf Remaining 

100.00% 99.98% 100.00% 
100.00% 29.26% 100.00% 
99.62% 19.07% 99.99% 
99.37% 18.42% I 99.99% 

6.3.4.1 Impact of Adding Silica to the Ingot 

Adding 2 wt% Si to the ingot composition (md05 06) does not show a significant change in the 
results for the Gd and U contents remaining in thewaste package. 

6.3.4.2 Impact of Adding Calcium to the Ingot 

The case with 3 wt% Ca added (md06-06) retains the same amount of Gd (99%) as the case 
without Ca, but the Gd minerals that form are different. The mineral GdOHC03 does not form 
with the Ca case, therefore all the Gd is in the form of GdP04-1OH20. In the cases without Ca, 
approximately 75% of the Gd transforms into GdP04-1OH20, and 25% transforms into 
GdOHC03. The reason that only GdPOqlOH20 forms in the case with Ca is that the additional 
Ca allows more of the mineral fluorapatite [Cas(PO4)3], to form early in the case, when 
phosphorous is abundant. Then, when the phosphorous sources run out, the GdP04.1QH20 
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continues to form until the ingots fully degrade (520,000 years), because the fluorapatite acts as a 
phosphorous source. In the case without Ca added, the fluorapatite runs out earlier (400,000 
years), and then the Gd released from the ingots does not have any phosphorous to allow it to 
form GdP04-10H20, therefore it forms GdOHC03. This phenomenon is similar to that discussed 
in Section 6.3.3. 

In conclusion, adding Ca to the ingot does not effect the retention of U. 

6.3.4.3 Impact of Adding Hafnium to the Ingot 

Adding Hf to the ingot (case mdl0-06) has no effect on either the amount of Gd or U that stays 
in the waste package. Additionally, 100% of the initial Hf content remains in the waste package. 

6.3.5 Variation of Ingot Liner Thickness 

The ingot liner thickness was varied from 0, to 1 mm, and to 13 mm. 

Table 6-5. C a s e s  Varying the  Thickness of the Ingot Liner 
~~ 

jmd01-06 Maximum volume of ingots that ffi in a DOE can with no ingot liner. - 

Reactant Fully Degraded Time (years) PH % Gd Remaining % U Remaining 
WP Liner 60,134 5.85 100.00% 99.98% 
Glass 248,280 8.83 100.00% 29.53% 

~ 

The thickness of the ingot liner did not effect the Gd retention. 

Increasing the ingot liner thickness results in slightly more U leaving the waste package. The 
reason is that a thicker liner causes the fuel to degrade faster: there is actually less fuel due to the 
volume occupied by the liner. Therefore, the ingot is fully degraded at approximately 492,000 
years (as compared to approximately 520,000 years for the other two cases), and the pH is still 
relatively high at this time due to the glass, thus more U is flushed from the waste package. 
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6.3.6 Variation of Surface Area of the Ingot 

Reactant Fully Degraded 
WP Liner 
Glass 
Ingots 

The surface area of the ingot was increased by a factor of 10 (md04-06) to investigate the effect 
on the Gd and U contents remaining in the waste package. 

Time (years) PH % Gd Remaining % U Remaining 
60,134 5.85 100.00% 99.97% 
248,180 8.67 100.00% 29.17% 
519.930 8.07 99.62% 19.09% 

Table 6-6. Cases Varying the Surface Area of the Ingot 

End 633,800 I 8.07 99.37% 18.44% 

Reactant Fully Degraded 
Ingots 
WP Liner 
Glass 
End 

Time (years) PH % Gd Remaining % U Remaining 
52,000 5.8532 99.56% 99.59% 
60,100 5.8534 99.54% 99.53% 

Z ~ ~ , O O O  8.8424 99.54% 0.07% 
317.000 8.2552 99.53% 0.00% 

This case retains the same amount Gd as does the base case, approximately 99%. In this case all 
the initial U was lost, whereas the base case retained 18% of the U. The greater loss of U is due 
to the increased reactive area that causes the ingots to degrade faster. Once the ingots are 
degraded completely, only the degrading liner is keeping the pH down, which causes the glass to 
degrade slower. Once the liner is completely degraded, there is more glass left, which allows the 
higher pH conditions to last longer, until approximately 260,000 years (as compared to the base 
case where the glass is fully degraded at approximately 250,000 years). The sustained higher pH 
drives the U out of the waste package. 

6.3.7 Variation of Degradation Rates of the Reactants 

Several cases were run varying the degradation rates of the reactants to see the impact on Gd loss 
and U retention. 

Table 6-7. Cases Varying the Degradation Rates of the Reactants 
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Table 6-7. Cases Varying the Degradation Rates of the Reactants (Continued) 

Reactant Fully Degraded 
Ingots 
End 

Time (years) PH % Gd Remaining % U Remaining 
28,682 6.47 99.98% 98.15% 
42,602 6.47 99.98% 97.22% 

6.3.7.1 Impact of Varying the Degradation Rates on Gd Loss 

Every degradation rate variation retained at least 99% of the initial Gd, except for case md02-09 
and md02-10, which use the very high drip rate, allowing more Gd to be flushed from the waste 
package before it has time to form minerals. 
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6.3.7.2 Impact of Varying the Degradation Rates on U Retention 

The U remains in the waste package while the pH is low (below 6), and then leaves when the pH 
rises. Therefore, in the cases with high stainless steel degradation rates, the U is lost earlier, 
whereas for low rates the U is retained in the waste package for longer times. 

The drip rate strongly effects how much U remains in the waste package. With the slow drip rate 
(case md02-05) 99% of the initial U remains. This case also uses a slow glass degradation rate, 
and 47% of the glass is still undegraded by the end of the m. Some of the remaining U is still 
in the undegraded glass, but all the U from ingots and degraded glass remains in the waste 
package because the low drip rate gives the U minerals enough time to form and retain the U. 
Cases with a mean drip rate (md02 06 and md02-08) retain between 16 and 18% of the U. 
Cases with the high drip rate lose all&e U by the end of the run because the U is flushed out of 
the waste package before it has time to form any minerals. 

6.3.7.3 Impact of Setting the Stainless Steel Degradation Rate to Zero 

Case md02-08 sets the degradation rate of the stainless steel to zero to investigate the effects of 
the glass and ingots reacting together, isolated from the stainless steel to simulate a localized 
pocket of the waste package that might contain the glass and ingot together without stainless 
steel. 

98-99% of the Gd remains, therefore this scenario does not affect the amount of Gd leaving the 
package. However, the minerals that form are different for this case: more GdOHC03 forms 
than for the case with stainless steel degrading. The reason for this difference is that no 
fluorapatite forms since there is limited phosphorous without the steel degrading, thus 
GdP04-1OH20 stops forming as soon as the glass degrades. In the case with stainless steel 
degrading, GdP04-lOH20 continues to form after the glass has degraded, until the fluorapatite is 
fully depleted. 

This case retains 16% of the U compared to the base case that retained 18% because the high pH 
caused by the degrading glass is not favorable for the formation of minerals containing U. 

6.3.8 Impact of Suppressing the Formation of Various Minerals 

6.3.8.1 Suppressing the Formation of Iron Minerals to Control Ionic Strength 

Hematite and goethite are predicted to form in the waste package under normal running of EQ6. 
At early times in the EQ3/6 runs when the stainless steels are degrading, the pH is low and the 
ionic strength is high due to the presence of Ni*, Cr207--, and HCrO; ions in solution. If the 
most stable iron oxides (hematite and goethite) are suppressed in the EQ3/6 m s ,  then the more 
soluble Fe(OH)3 forms. Allowing Fe(OH)3 to form causes the pH to increase closer to neutral 
and the ionic strength to decrease to less than 1.0. For the purpose of investigating the 
sensitivity, the formation of these minerals was suppressed to determine if there is any effect on 
the results. 

The case md02-03 is one of the few cases with an ionic strength greater than 1.0, therefore this 
case was used to see the effect of suppressing the formation of iron minerals. The first case, 
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feO2-03, suppresses the formation of goethite, hematite, and andradite for the first thousand 
years, which is the time period where the ionic strength was high in case md02-03. The results 
of case feO2-03 show that the time span with an ionic strength of more than 1.0 is reduced from 
470 years to 300 years, even though the actual ionic strength peak for this case is higher. The 
second case, fsO2-03, suppresses the formation of goethite, hematite, and andradite, like case 
fe02 03, and also suppresses the formation of GdP04.1OH20. The ionic strength did not 
increase above 1.0 for this case. The third case, he02-03, suppresses the formation only for 
hematite. This case has a higher ionic strength peak than the original case, and for the same 
duration as the original case. 

Table 6-8. C a s e s  Suppressing the Formation of Various Minerals 

lmd02-03 Maximum volume of ingots that ffi in a DOE can with a minimum ingot liner thickness (1 mm). 

I lnaots 1 1.506 1 5.03 I 60.79% 1 I 
I WP Liner I 30.091 I 5.75 I 60.23% I 97.81% I 
I Glass I 229.220 1 8.84 I 60.23% I 0.07% I 

2 stage run: Degrade ingots and then expose glass. Low glass rate, mean drip rate, high ingot and SS rates. 
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The percentage of Gd remaining for these cases varies slightly. When the formation of the three 
iron minerals is suppressed in case fe02 03, the pH is lower from 1,000 to 3,000 years, therefore 
more of the Gd is washed out of the waste package during that time interval. The case that also 
suppresses GdP04-1OH20 formation (case fsO2-03) loses all the Gd, but it is unlikely that 
GdP04-1OH20 will not form (see the GdP04-10H20 discussion in Section 6.3.2). Case he02 03 
retains more Gd because the pH is slightly higher from 1,000 to 1,200 years, as the ingots finish 
degrading, and that higher pH allows more GdP04.1 OH20 to form. 

lnaots 

The amount of U that remains in the waste package is unaffected by suppressing the formation 
only for the iron minerals. The case that also suppresses GdP04.1 OH20 formation (fsQ2-03) has 
a higher pH after 4,000 years, which drives more U out of the waste package. Therefore, only 
82% of the initial U loading remains at 30,000 years, as compared to 96% that remained at that 
time for the md02-03 case. 

1.506 I 5.44 77 35% 96 69% 

6.3.8.2 Impact of Suppressing the Formation of A1 Minerals 

" ~ -- 

WP Liner 
Glass 

Case a102-03 suppressed the formation of aluminum minerals diaspore and gibbsite, but the 
suppression did not effect the content of aluminum, gadolinium, or urmiu111 remaining in the 
waste package (see Table 6-8). 

-. . . . . . - - . - - I - - -  

30,091 5.75 77.21% 96.42% 
229,650 8.68 77.21 % 0.00% 

6.3.9 Impact of Adding Phosphorous to the 5-13 Well Water 

End 

The most likely Gd mineral to form is GdPOqlOH20. In cases where it does not form, it is 

633,820 1 8.07 77.06% 0.00% 

usually because there is not a sufficient amount of phosphorous available. The following cases 

p-02-03 Maximum volume of ingots that fit in a DOE can with a minimum ingot liner thickness (1 mm). 
2 stage run: Degrade ingots and then expose glass. Low glass rate, mean drip rate, high ingot and SS rates. Added 
Harrar's value of DhosDhorous to the J-13 well water. 

investigate how additional phosphorous in the ~ incoming water effects the quantity of 
GdP04-1 OH20 forming. 

Reactant Fully Degraded 
Ingots 
WP Liner 
Glass 
End 

Table 6-9. Case Adding Phosphorous to J-13 Water 

Time (years) PH % Gd Remaining % U Remaining 
1,506 5.44 77.35% 96.70% 
30,091 5.75 77.21% 96.42% 
228,990 8.84 77.21 % 0.07% 
633,790 8.07 77.06% 0.00% 

~~~~ 

- ~~ 

md02-06 Maximum volume of ingots that fit in a DOE can with a minimum ingot liner thickness (1 mm). 
Ingots and glass degrade together, low glass rate, mean SS and drip rates, low ingot rate. 

Reactant Fully Degraded Time (years) PH % Gd Remaining % U Remaining 
WP Liner 60,134 5.85 100.00% 99.97% 
Glass 2441 80 8.67 100.00% 29.17% 
Ingots 519,930 8.07 99.62% 19.09% 
End 633,800 8.07 99.37% 18.44% 
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Table 6-9. Case Adding Phosphorous to J-13 Water (Continued) 

The results show for both cases that adding additional phosphorous to the 5-13 well water does 
not effect the Gd loss or U retention. 

6.4 SUMMARY 

A principal objective of the geochemistry calculations was to assess the chemical circumstances 
that could lead to removal of neutron absorbers (mainly Gd) from a waste package containing 
MD ingots (AI-SNF) and DHLW glass, while fissile materials (U) remain behind. Such 
circumstances could increase the probability of a nuclear criticality occurrence within the waste 
package. EQ6 reaction path calculations were carried out to span the range of possible system 
behavior and to assess the specific and coupled effects of MD ingots degradation, steel corrosion, 
DHLW glass degradation, and fluid influx rate on U mobilization. Corrosion product 
accumulation was examined as well. The results presented in BSC (2001c), and summarized in 
this section, have been used as inputs to the criticality calculations described in Section 7 of this 
document. 

Most of the cases show that more than 80% of the initial Gd content will remain in the waste 
package, although the two-stage scenario exposing the MD ingots first and then the glass 
potentially loses more Gd. This case uses unrealistic input conditions, i.e. requires the unlikely 
event of the ingots degrading while isolated from the DHLW glass, in addition to the complete 
suppression of GdP04.1 OH20 formation. The thermodynamic data indicate that GdP04.1 OH20 
will form, but because its formation is key to retaining Gd, retention of Gd should be further 
demonstrated. This can be accomplished by a detailed analysis of the experiments on which the 
data is based to show applicability to the current situation, by further analyses andor 
experiments. 
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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 4B2LV ( C R W S  M&O 19989, is 
used to estimate the effective neutron-multiplication factor (k& of the codisposal waste package. 
The information regarding the code and its use for the criticality analysis is documented in BSC 
(2001d). 

7.2 DESIGN ANALYSIS 

The MCNP Version 4B2LV is used to estimate the &E values for various geometrical 
configurations of the MD SNF in the 5-DHLWDOE SNF-short waste package. The &E results 
represent the average combined collision, absorption, and track-length estimator from the MCNP 
calculations. The standard deviation ((3) represents the standard deviation of kff related to the 
average combined collision, absorption, and track-length estimate due to the Monte Carlo 
calculation statistics. The calculations are performed using ENDFB-V continuous energy cross- 
section libraries that are part of the qualified MCNP code system. 

BSC (2001d) describes the Monte Carlo representations, the method of solution, and the results 
for nuclear criticality evaluations that were performed for intact and degraded components of the 
waste package. The intact component cases are described in Section 7.3 and the degraded 
component cases are described in Section 7.4. 

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 
5) have been investigated and the values of &E are below the interim critical limit of 0.93 
(Section 2.4). Each of the configurations presented in Section 5 is addressed, but many are 
bounded by results in subsequent configurations, and are not, therefore, fully parameterized. 

7.3 CALCULATIONS AND RESULTS-PART I: INTACT-MODE CRITICALITY 
ANALYSIS 

This section presents the results of the intact-mode criticality analysis. These configurations 
represent a waste package, which has been breached allowing inflow of water, but the internal 
components of the waste package are as-loaded &e., intact; see also Figure 7-1). For all the 
calculations (unless otherwise specified), 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 were examined to identify the configuration that results in the highest calculated 

value within the range of possible conditions. The cases run are shown in Table 7-1. 

Intact cases were investigated first with a gadolinium loading of 0.5 wt% and the MD SNF form 
completely filling the DOE SNF canister. For these cases, approximately 212 kg of U and 5.8 kg 
of Gd are used. Cases were run with the MD ingot composition filling the interior of the DOE 
SNF canister and the 10% void in the MD ingots dry, half-filled and filled with water. Ingodgap 
height combinations from 10 to 60 cm high were also run to investigate the effects of ingot 
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height. 
additional case was run. 

In order to demonstrate the effect of 2 

19cm (1 cm water gap) 
29cm (lcm water gap) 

wt% Si in the MD ingot composition, an 

Wet ingot I 0.5 I 0.3475 
Wet ingot I 0.5 I 0.3464 

Waste Package 
Outer Shell 

Waste Package 
Inner Shell 

Waste Package 
Basket 

SumortTube 

9cm (1 cm water gap) 
8cm (2cm water gap) 
8cm l2cm water aad 

DOE SNF 
Canister 

Wet ingot 0.5 0.3482 
Wet ingot 0.5 0.3014 
Wet inaot 0.0 0.8949 

Melt and 
Dilute Ingot 

DHLW Glass 

Figure 7-1. Cross-section View of the 5-DHLW/DOE Waste Package in an as-Loaded (intact) 
Configuration 

Table 7-1. Results for Intact Mode Configurations 

159cm l lcm water aad lWet inaot I 0.5 I 0.3450 I 

The results show that the configuration with the wet ingot (10% void in the MD ingots filled 
with water) has higher kffi20 than the case with dry ingots. The addition of 2 wt% Si in the 
MD ingot has negligible effect to criticality (0.3561 versus 0.3571 for case without Si). The 

TDR-EDC-NU-000006 REV 00 7-2 July 2001 



highest k,&-20 occurs for the case with the wet ingot filling the entire DOE SNF canister. For 
this case h d 2 0  = 0.3571. Variation of ingot height results in lower hd20. A highly 
moderated case without Gd in the waste package results in a k&20 value below 0.90. This 
confirms that, in the intact form, no Gd is required in MD ingots. 

7.4 CALCULATIONS AND RESULTS-PART 11: DEGRADED MODE 

The criticality calculations conducted for the degraded cases are discussed in the following 
sections. Several configurations are considered. Short descriptions of these general 
configurations are given in Section 5.1.2. In Section 7.4.1, configurations are analyzed resulting 
from the degradation scenarios in which the MD ingots degrade before the DOE SNF canister 
and other internal components of the waste package, generic degradation group IP-1 (see Section 
5.2). Since there is no internal basket structure associated with the MD ingots in the DOE SNF 
canister, these scenarios are significantly simplified compared to other DOE SNF. As discussed 
in Section 6.3.1.2, the U is lost during the time that the DHLW glass eventually degrades, so the 
latter stages of this scenario do not present a potential for criticality. In Section 7.4.2, 
configurations resulting from the degradation of the DHLW glass and waste package basket 
structure before other components are investigated (IP-3). The geochemistry results in section 
6.3.1.2 indicate that most the U is transported fiom the waste packages in the concurrent 
degradation of MD ingots and the DHLW glass, therefore the IP-2 sequence does not result in a 
criticality concern. Configurations where all the internal components of the waste package 
degrade are discussed in Section 7.4.3. In configurations resulting fiom a flow through the waste 
package, it has been shown (BSC 2001c) that some of the fissile material will likely be flushed 
out of the waste package. This reduces or eliminates the risk of internal criticality, but provides 
the source term for potential external critical configurations addressed in separate calculations. 

In these calculations, the terms “fraction of water” or “percent of water” refer to a volume 
fraction or to a percentage of volume, respectively. The canisters are always considered to be 
flooded and the waste package characteristics are varied. Although there are two MD 
compositions, the Hf bearing composition discussed in Section 2.1.4 is only considered when a 
potentially critical configuration is identified using the base composition with no Hf. 

A general configuration considered in the evaluation was that of a simple infinitely long cylinder 
of uranium, gadolinium and water, in order to identify optimum dimensions and moderation. 
The fuel + water + neutron absorber mixture was considered to be fully reflected with water. 
This configuration is shown in Figure 7-2. None of the dimensions of the DOE SNF canister or 
the 5-DHLWDOE SNF-short waste package are directly relevant to these calculations except 
that as those dimensions limit the maximum achievable linear uranium density. This linear 
uranium density was preserved for all the calculations. The cylinder radius was varied from 90 
to 35 cm in order to observe the behavior of hff as the cylinder went from an undermoderated to 
an overmoderated condition. Water fills the void fraction of the cylinder (difference between 
full density of U02 and the distributed density of U02) and varies fiom 0.75 for the 10 cm radius 
cylinder up to 0.98 for the 35 cm radius cylinder. The gadolinium linear density was chosen to 
be consistent with 90% of the original gadolinium leaving the system. 

The values for kfft20 results are presented in Table 7-2. 
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Fullv Reflective 

15 
20 
25 

Figure 7-2. Cross-section View of a n  Infinitely Long Mixture of Uranium and Water, Reflected with Water 

Fully Reflected Cylinder with MD Fuel Table 7-2. 

525.59 0.7859 0.8897 
525.59 0.7888 0.9379 
525.59 0.7838 0.9603 

Cylinder Radius (cm) I G W P  (9) I k&-2a I Water Fraction 
10 I 525.59 I 0.7246 I 0.7518 

I 30 I 525.59 I 0.7651 1 0.9724 I 
35 I 525.59 I 0.7463 I 0.9797 

The results show that the maximum &f*20 occurs for case with a fissile material radius of 20 
cm. The results indicate that as long as 10% of the original gadolinium remains intermixed with 
the uranium and the uranium linear density is less than or equal to the original linear density then 
bft20 will always be less than 0.79. 

7.4.1 Waste Form Degrades Before the Internal Components of the Waste Package 

In this section, cases where the waste form degrades before any other internal components of the 
waste package are investigated. This corresponds to configuration P-1 - A B  discussed in 
Sections 5.1.2 and 5.2 (shown in Figure 5-3). This configuration assumes a rapid degradation of 
the ingots in the canister while the rest of the waste package internals remain intact. For the 
purpose of the calculations presented in this section, the configuration shown in Figure 7-3 was 
used. This configuration is different from that represented in Figure 5-3 in the sense that the 
features considered most conservative were added, i.e. the waste package internal components 
(external to the DOE SNF canister) were considered intact and at the closest position relative to 
the DOE SNF canister and waste package filled with water (for best reflection and moderation). 
The uranium is conservatively represented in the form of U02 that is distributed in the canister. 
The incorporation of U degradation products as U02 maximizes the available volume for water, 
and thus, for H. This U02 is mixed with water, gibbsite [Al(OH)3] and gadolinium. Above this 
MD bearing mixture is a mixture of water and gibbsite. In all the cases considered, various 
amounts of the ingot Al material was assumed to remain in the canister and 90% of the original 
gadolinium was assumed to be dissolved and removed. The amount of gibbsite that was 
removed from the canister was varied in order to observe the effects of different degrees of 
moderation. Cases were run with the height of the accumulation of degradation products in the 
canister varying from 10 to 40 cm (chord height in Table 7-3). For each height investigated the 
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gibbsite fraction was varied from 100% to 0% of the original mass (water-replaces gibbsite). 
The results in the geochemistry calculation indicate that less than 20% of the initial Gd content 
would be lost in this configuration (BSC 2001c, Section 6.2), so these cases have a factor of 8 
margin in Gd concentration. Degradation of most of the steel components would also be 
required to allow the loss of the Gd from the degraded MD ingots. 

10 

Gibbsite 

80 0.6694 

Fuel Layer 

DHLW Glass 

10 

Figure 7-3. Cross-section View of Degraded Fuel in an Intact Waste Package 

100 0.6699 

Table 7-3 shows results for criticality calculations where the void regions in the waste package 
are filled with water and the content of the gadolinium remaining in the waste package is chosen 
to be consistent with 90% of the original gadolinium leaving the system. Various mixtures of 
U02, gibbsite, and water are run to identify optimum compositions. Water replaces gibbsite as 
the water fraction goes up. Table 7-4 shows results for calculations where the void regions of the 
waste package are left void. These cases have approximately 191.3 kg of U and 0.5 kg of Gd in 
the degraded fuel layer (constrained by the original dimensions of the ingots as indicated in 
Section 2.1.4). The column titled water volume % in Tables 7-3 and 7-4, refers to the available 
volume after U02 is considered. 

20 
20 
20 

Table 7-3. Results for Degraded Fuel in Intact DOE SNF Canister and Waste Package 

20 0.7671 
40 0.761 2 
60 0.761 0 

0.6791 
0.6743 

60 0.6736 

I 20 I 80 I 0.7559 
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Table 7-3. 

Chord Height (cm) 
20 
30 

Water Volume % w 2 0  
100 0.7488 
0 0.7852 

Table 74. 

30 
30 
30 
30 

20 0.7822 
40 0.7782 
60 0.7804 
80 0.7712 

30 100 0.7682 
40 
40 
40 
40 

NOTE: In all cases the void inside waste package is filled with water. 

0 0.7818 
20 0.7816 
40 0.7766 
60 0.7800 

Results for Degraded Fuel in Intact DOE SNF Canister and Waste Package 

40 
40 

80 0.7757 
100 0.7740 

Chord Height (cm) 
10 
10 
10 

Water Volume % W 2 a  
0 0.6922 
20 0.6933 
40 0.6874 

20 

10 

40 

60 0.6913 

r 

10 80 0.6886 
10 

80 

100 0.6832 

40 

20 60 0.7735 

NOTE: In all cases the void space inside waste package is empty. 

40 
40 

Cases were run with the height of the accumulation of degradation products in the canister 
varying from 10 to 40 cm. For each height investigated the gibbsite fraction was varied from 

40 0.7981 
60 0.7957 

0.7902 
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100% to 0% of the original mass in the space not occupied by U02 (water replaces gibbsite) in 
the layer. The water fraction in the gibbsite/water layer above the UO2-bearing layer matches the 
U02-bearing layer value. Under all circumstances kffi20 remained under 0.80 with a factor of 8 
margin on Gd mass as indicated by the geochemistry results, and the maximum value 
corresponds to a case with an accumulation 30 cm deep with all the gibbsite present. The cases 
with void space filled with water have slightly lower k,&20 values than corresponding non- 
physical cases with empty void space. 

7.4.2 Internal Components of the Waste Package Degraded (outside intact DOE SNF 
canister) and Intact Ingots 

This section describes configurations resulting from the scenario IP-3 (see Sections 5.1.2 and 
5.2, and Figure 5-3). For the purpose of the calculations presented in this section, the 
configuration shown in Figure 7-4 was used. This configuration is different from that 
represented in Figure 5-3 in the sense that the features considered most conservative were added, 
i.e. the waste package internal components (external to the DOE SNF canister, which was 
considered intact) were considered completely degraded into a homogeneous slurry in which the 
DOE SNF canister is completely immersed (for best reflection). The composition of the slurry is 
given in BSC (2001c, Table 6) and is referenced as the pre-breach clay. The amount of water 
mixed in this clay varies. There is U-238 present in the slurry from the degraded glass, but it is 
neglected in these calculations. The MD ingot-bearing canister is assumed to have dropped 
down to the bottom of the waste package and is surrounded by a mixture of water and clay. The 
geometrical configuration is shown in Figure 7-4. Even though the DOE SNF canister and MD 
ingots are assumed to be intact they are also assumed to be fully flooded with water, which was 
determined to be the most reactive composition. Since the MD ingot is flooded, it is assumed to 
be 10% water by volume. This conservatively bounds the dry ingot case, since filling the 
porosities with water will increase (to the maximum limit) the moderation of the already 
undermoderated intact ingots. Both the gadolinium content of the ingots and the water volume 
fraction in the clay were varied. The density of dry pre-breach clay is 3.682 g/cm3 (BSC 2001c, 
Table 6). 

.- 

Flooded with Wate 
Intact MD Ingots 
Flooded with Wate i 

Figure 7-4. Cross-section Views of Intact DOE SNF Canister with Degraded Internal Waste Package 
Components 
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The next stage of degradation involves the configuration described above with the degraded MD 
ingots within the DOE SNF canister as described in Section 7.4.1. The most conservative 
conditions identified in the previous calculations were used to characterize this combination. 
The minimum mass of Gd required to remain in the canister was identified and the effect of 
thinning the canister wall was also demonstrated. A case was run to simulate the effect of tilting 
of the DOE SNF canister inside the waste package as shown in Figure 7-5. The volume of the 
fuel region was conserved while the tilt angle was chosen as the maximum tilt that is conceivable 
for the DOE SNF canister inside the waste package, which is 13.72” (BSC 2001d, p. 24). 

Figure 7-5. Cross-section View of Simulated Tilt of Intact DOE SNF Canister with Degraded Fuel and 
Degraded Internal Waste Package Components 

A bounding additional configuration was considered where ingots form an array inside the waste 
package and are surrounded by water as shown in Figure 7-6. The gadolinium linear density was 
chosen to be consistent with 90% of the original gadolinium leaving the system. Calculation was 
performed for short ingots (25.4 cm) forming an array with 9 units and for long ingots (76.2 cm) 
forming a array with 3 units inside the waste package. 

Figure 7-6. Array of 9 Ingots Inside the Waste Package Surrounded with Water 
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7.4.2.1 Wet Intact Ingots with Full or Partial Gd 

Water Content in Clay 

0 
(volume % [vel%]) 

Table 7-5 presents the results of the calculations for wet ingots with full Gd content of 0.5 wt% 
(5.8 kg/waste package) and a U content of 212 kg, corresponding to the MD fuel form 
completely filling the canister. The composition of the wet intact ingots is as described in 
Section 7.4.2 and corresponds to the highest kff values in Section 7.3. The basic case is 
illustrated in Figure 7-4, which shows the DHLW glass canisters and all the basket structure as 
degraded and forming a layer of pre-breach clay surrounding the DOE SNF canister. 

w 2 a  
0.4264 

Table 7-5. Wet Ingots with Full Gd Content 

100 0.3428 

0.3934 
0.3736 

0.3521 
0.3589 

+20 is highest for the case when there is no water present in the pre-breach clay. 

Table 7-6 presents the results of the calculations for wet ingots with partial Gd content of 
0.05 wt% (0.58 kg/WP) and the MD fuel form completely filling the canister. 

Table 7-6. Wet Ingots with Partial Gd Content 

Again, +20 is highest for the case when there is no water in the pre-breach clay. 

Table 7-7 presents the results of the calculations for wet ingots with partial Gd content of 
0.025 wt% (0.29 kg/WP), Gd content of 0.0025 wt% (0.029 kg/WP) for the next before the last 
case and no Gd for the last case. The MD fuel form is filling the canister completely. 

Table 7-7. Wet Ingots with Low Gd Content 
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bff +20 is highest for the case when there is no water in the pre-breach clay. Even Without any 
Gd in the waste package k,&-20 is well below 0.93. 

Ingot Length (cm) 

7.4.2.2 Intact Melt and Dilute Ingots in the Waste Package 

M 2 a  

Table 7-8 shows results for cases of ingots forming an array inside the waste package. The 
maximum value of k&20 is 0.8157 for case with 3 ingots. The first case is an array of 9 short 
ingots as shown in Figure 7-6 and the second case is for 3 long ingots. The ingots are sized such 
that they all fit within the DOE SNF canister. These cases have 0.05 wt% Gd. 

25.4 

Table 7-8. Results for Array of Ingots Inside Waste Package 

0.7257 

Case 
# 

1 

I 76.2 I 0.81 57 I 

Gd Content in WP 
Case Description % of Initial Gd (9) k&2a 

10.0 525.59 0.8161 

7.4.2.3 Degraded Melt and Dilute Ingots 

6 
7 
8 
9 

This configuration has degraded ingots within the intact DOE SNF canister as described in 
Section 7.4.1, but with degraded waste package internals. This configuration would be similar to 
the one shown in Figure 7-4, but with degraded MD ingots. The composition with which the 
highest k&20 values are associated from Section 7.4.1 is used (the cast in Table 7-4 with a 
chord height of 30 cm and a water volume of 0%). The pre-breach clay with 0% water, with 
which the highest bff values are associated in Section 7.4.2.1 is used. Table 7-9 presents the 
results for this configuration. These cases have approximately 191.3 kg of U. The initial case 
has 10% of the original Gd loading. 

Similar to case 2, but the DOE SNF canister wall thinned to 0.31 75 cm 7.5 394.19 0.8940 
Similar to case 1, but the DOE SNF canister is tilted 13.72" 10.0 525.59 0.8443 

Similar to case 2, but 30-cm thick water is used as a reflector 7.5 394.19 0.8810 
Similar to case 2, but 30-cm thick tuff is used as a reflector 7.5 394.19 0.8810 

Table 7-9. Degraded Ingots in Intact DOE SNF Canister with Degraded Waste Package lnternals 

Degraded Ingots in the DOE SNF Canister and Intact Waste Package 
(chord height is 30 cm and water volume 0%) 

The results show that retention of at least 7.5% of the original Gd inventory assures bfft20 
below 0.93, but reducing the Gd inventory below this value could result in values significantly 
over 1 .O. Comparing the results of the first case in Table 7-8 with those for the case in Table 7-4 
with a chord height of 30 cm and a water volume of 0%, leads to the observation that the current 
configuration is bounding. 
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The thinning of the canister wall down from 0.9525 cm to 0.3175 cm increases b f i 2 0  by less 
than 1% &&20 of 0.8915 versus 0.8850). The effect of a 13.72” tilt (for the first case in Table 
7-8) to bffi20 is an increase of approximately 1.5%. 

Replacing the reflective boundary condition with a 30-cm water or tuff reflector (cases 8 and 9 in 
Table 7-8, respectively) decreases k&20. This shows that use of the reflective boundary 
condition is slightly conservative. 

7.4.3 All Components Internal to Waste Package Degraded 

These configurations represent the final stage of degradation for all the scenarios discussed in 
Section 5 (IP-1 through IP-6) and correspond to IP-1-C, IP-2-A, IP-3-C, P-4-B, IP-5-A, and IP- 
6-A configurations as defined in Section 5.1.2. BSC (2001~) gives the composition of the clay 
resulting from the degradation of the internal components of the waste package. This clay is 
referred as post-breach clay and its composition is given in BSC (2001c, spreadsheet “M&D 
Density Calculations.xls”, worksheet “Tables 03 Rate”). All of the U is eventually removed 
while GdPO4 remains. As shown in the previous calculations, there is no potential for criticality 
unless the Gd is removed before the U. Homogenizing the Gd in the clay will only increase its 
effectiveness in absorbing neutrons. BSC (2001~) also gives a post-breach degraded component 
composition for an alternative EQ3/6 case as shown in BSC (2001c, Table 18). In this case, the 
MD ingots degrade with the steel components of the waste package, but before the DHLW glass 
degrades and removes the U. GdPO4 formation was suppressed in the EQ3/6 calculation, leading 
to removal of the Gd before the U is removed. MCNP cases are Tun where the amount of water 
in this mix is varied to determine the optimum. Figure 7-7 gives a representation of the waste 
package in this configuration. The maximum water fraction in the fuel-bearing layer is very 
conservatively represented to be 50% as justified in Section 5.3.3. Cases are run with a layer of 
U02 mixed with water and for various mixtures of UO2, water, and degraded components. 
Determination of the minimum mass of Gd or Hf is made to cause the keffa-20 to fall below 0.93. 
The geochemistry calculation (BSC 2001c) demonstrates that Hf remains in the DOE SNF 
canister or waste package under all conditions. 

Figure 7-7. Cross-section View of WP with All Components Degraded 
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The effect of limited tilting of the waste package to the l ~ f i 2 0  is also investigated for a tilt angle 
of 13.72" as shown in Figure 7-8, The slope is chosen arbitrarily and the case included for 
completeness. 

Water Content (%) 

Figure 7-8. Cross-section View of Simulated Tilt of Waste Package 

7.4.3.1 Stratified Layers of UO?: and Post-breach Clay Without Neutron Absorber 

Table 7-10 shows results for cases with a fuel layer (U02 and water) on bottom and clay layer on 
top. The cases are for 50% water content and 75% water content in the fuel layer, respectively 
and there is no neutron absorber in the fuel layer. These configurations are illustrated in Figure 
7-7. These cases have 191.3 kg of U in the fuel layer. 

Table 7-1 0. Results for Stratified UOn and Clay inside Waste Package 

kff+2a 
50 

I 75 I 0.9270 
0.6949 

The result shows that there is no criticality concern for this particular configuration when the 
water content in the fuel layer is 50%. The case with 75% water content in the fuel layer shows 
b*20 of 0.9270, which is just below the critical limit. However, this configuration is not 
realistic due to lack of physical mechanism that could promote homogenization of 25% U02 with 
75% water in stratified layers (see explanation in Section 5.3.3). 

7.4.3.2 Layers of Fuel Mixed with Clay 

Table 7-1 1 shows cases for a layer of U02 mixed with the alternate post-breach clay composition 
corresponding to the extreme case where Gd is lost, as described in Section 7.4.3, sitting on the 
bottom of the waste package. This composition without U is on top. Following are cases to 
demonstrate the minimum mass of Hf and Gd required to prevent criticality. These 
configurations are illustrated in Figure 7-7. These cases have 191.3 kg of U in the fuel layer. 
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Table 7-1 1. Layers of Fuel Mixed with Clay 

10 
11 

Configuration shown 

45 50 5 HF 5255.9 0.9347 

50 5 Gd 525.59 0.7285 45 Similar to case 6, but the WP is 
tilted 13.72" 

12 

13 

45 50 5 Gd 131.4 0.8096 

45 50 5 Gd 131.4 0.8307 

Similar to case 8, but 30-cm 
thick water is used as a reflector 
Similar to case 8, but 30-cm 
thick tuff is used as a reflector 

It can be noted Erom Table 7-1 1 that approximately 2.5% of the original Gd loading (13 1.4 g) 
must remain with this mixture to prevent criticality or approximately 25% of the Hf 
(approximately 5 kg) in the alternate MD ingot composition must remain. The geochemistry 
calculation (BSC 2001c) demonstrates that Hf remains in the DOE SNF canister or waste 
package under all conditions. If confidence in the thermodynamic data for GdP04 formation is 
not high enough to make the loss of Gd incredible, then the MD ingot composition with Hf will 
still prevent a critical condition. 

The effect of tilting the waste package is investigated in case 11 (see Table 7-11), for the 
maximum tilt angle possible. The kefit20 increased to 0.7285, which is significantly less than 
the critical limit. 

Replacing the reflective boundary condition with a 30-cm thick water or tuff reflector decreases 
k,&20. This shows that use of the reflective boundary condition for this case is very 
conservative. 

7.5 SUMMARY 

The results of three-dimensional Monte Carlo criticality calculations for all anticipated intact- 
and degraded-mode configurations developed through the degradation analysis show that the 
requirement of k&20 values less than or equal to the interim critical limit of 0.93 is satisfied for 
the MD codisposal package if at least 7.5% of the original Gd loading (394.2 g) in the ingots 
without Hf remains mixed with the fissile material. The geochemistry analysis showed that the 
loss of more than 20% of the initial Gd content is based on extreme and unrealistic conditions. 
However, the probability of retaining less than 7.5% of the initial Gd content and therefore for an 
increased potential for criticality remains to be assessed. In the alternate MD ingot composition 
(containing 0.5 wt% Hf), Hf remains in the DOE SNF canister or waste package under all 
conditions, therefore preventing a critical condition even if all Gd is removed from the system. 
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Table 7-12 summarizes the criticality calculation input parameters and results for the intact 
configuration. 

Neutron reflection 
DOE SNF canister Moderation 

Waste package 
Geometry 
Gd content 
Si content 

Mirror reflection at the outer boundaries of the waste package 
Ingots’ porosities ( I O  vol%) are 0, 50, 100% filled with water 

MD ingoffgap combinations from 10 to 60 cm high 
Initial content (0.5 wt%) or removed completely from WP 

0 or2wt% Si 

Dry or water tilled waste package 0.895 (keff+2a)maXa 

~0.93 

Table 7-13 summarizes the criticality calculation input parameters and results for degraded 
component configurations. The connectivity among the master scenario list and set of 
configuration classes relating to internal criticality (discussed in Sections 5.1 and 5.2), the 
geochemistry analysis results, and the criticality calculations results is also outlined in the table. 
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Table 7-1 3. Summary for Degraded Configurations 

Criticality 

Reference 
Section 7.4.1 

Figure 7-3 
Tables 7-3 and 7-4 

Section 7.4.3.1 
Figures 7-7 and 7-8 

Table 7-1 0 

Section 7.4.3.2 
Figures 7-7 and 7-8 

Table 7-1 1 

Section 7.4.2.1 
Figure 7-4 

-abies 7-5, 7-6 and 7-7 

Section 7.4.2.3' 
Figures 7-4 and 7-5 

Table 7-9 

Master 
cenario: 

IP-I 

Results 
% of 

initial Gd (kfft.2o)ma 

10 0.800 

0 0.927 

0 1.019 

2.5 0.883 

0 0.764 

1 1.268 

7.5 0.900 

IP-2 

Section 7.4.2.2 
Figure 7-6 
Table 7-8 

I P-3 

10 0.816 

Liquid 
ccumulatei 

in WP 

is 
penetrated 

allowing 
liquid to flow 

through 

scription 

MD ingots degrade 
before OlCs 

MD ingots degrade- 
oncurrently with OIC! 

MD ingots degrade 
after OlCs 

MD ingots degrade 
before OlCs 

MD ingots degrade 
mcurrently with OICs 
MD ingots degrade 

after OlCs 

NOTE: a MD ingots are degraded. 

Configuration Classes 
see Sections 5.1.2 and 5.2 

IP-1-NB: MD ingots 
legraded; DOE SNF caniste 
shell intact (see Figure 5-3) 

IP-1-C: All WP components 
degraded 

IP-2-A: All WP components 
degraded (see Fiaure 5-4) 

IP-3-C: All WP components 
dearaded 

P-3-A: MD ingots and DOE 
;NF canister shell intact; WF 

basket degraded 

J-3-B: MD ingots intact; WF 
basket, DHLW glass and 

JOE SNF canister degraded 
(see Figure 5-5) 

These classes were not 
discussed in 5.2 (see the 
explanation in the second 

cell at right) 

Geochemistry 
Results 

:or most condition! 
and variations of 
parameters the 
geochemistry 

results indicated 
that the minimum 

content of Gd 
remaining at  any 
time inside the 

IOE SNF canister 
or WP is at least 
80% of the initial 

content. 

The geochemistry 
alculation does no 
address this group 
of scenarios (see 
sxplanation in the 
next cell at right). 

lrll cases are bounded by IP-I, IP-2 and IP-3 
1s the latter have better moderation (water is 

pooling inside WP), and more favorable 
conditions for neutron absorber loss (mainly 
Gd) concurrent with high fissile material (U) 

retention. 

Comments 

(kef i2~)rnax  0.93 

At least 2.5% of 
initial Gd content 

must remain in the 
WP bottom layer 
mixed with U to 

prevent criticality. 

At least 7.5% of 
initial Gd content 

must remain inside 
the DOE SNF 

canister mixed witt- 
U to prevent 

criticality. 

(kefi20)rnax 0.93 

TDR-EDC-NU-000006 REV 00 7-15 July 200 1 



TDR-EDC-NU-000006 REV 00 

INTENTIONALLY LEFT BLANK 

7-16 July 200 1 



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 

Table 3-1 states the applicable design criteria for the structural performance of 5-DHLWDOE 
SNF-short waste package. The results of the 3-D finite element analysis calculations for the 5-  
DHLWDOE SNF-short waste package tipover design basis event at room temperature (20°C), 
204°C and 316°C are presented in Section 3.3. The results meet all the design criteria for each 
temperature condition considered. 

It is concluded that the performance of the 5-DHLWDOE SNF-short 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 DOE SNF canister loaded mass limit (2270 kg) and the 
DHLW glass canisters mass limit (2500 kg) are not exceeded. 

8.2 SHIELDING ANALYSIS 

The maximum dose rate at the external surfaces of the waste package occus on the radial surface 
and is 199.89 r e d  (193.47 + two standard deviations). Axially over the length of the DHLW 
glass canisters, the dose rate is uniform. The radial dose rate shows an angular distribution, with 
dose rates on Segments A being approximately twice as much as those on Segments B (see 
Figure 4-3). The dose rates on the bottom and top surfaces of the waste package are about one- 
third, and about one-fifth of the maximum dose rate on the outer radial surface, respectively. 
The dose rates in r e d  and radh are practically the same due to the insignificant contribution of 
the neutron dose rate to the total dose rate (less than 0.2%). 

The SDD criterion for waste package design (SDD 1.2.4.1), cited in Section 2.2.2, specifies a 
maximum dose rate of 1,450 re& 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 199.89 r e d ,  
which is approximately 7 times lower than the criterion value. 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. 

Radiation produces radiolytic species (e.g., hydrogen peroxide and nitric acid) that may enhance 
the corrosion of the waste package components. A study that has evaluated the effect of 
radiation on the corrosion of the material used for the fabrication of waste packages in the 
environments expected at Yucca Mountain (Shoesmith 1998) showed that a dose rate of 
1 O4 radh is required before any influence of radiation is observed on copperhickel alloys. Since 
the calculated dose rate at the external surface of the MD waste package is approximately 200 
radh, it is expected that no observable effect on the corrosion of waste package materials will be 
present. 
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8.3 DEGRADATION ANALYSIS 

Based on the generic degradation scenarios and configuration classes discussed in YMP 2000 
and CRWMS M&O 1999d, specific degradation configurations for MD have been developed. 
These degraded configurations include the application of the generic scenario groups of IP- 1 , IP- 
2 and IP-3. Variations of the generic groups specific to MD ingots are discussed. The most 
probable degradation path based on the material corrosion rates and thicknesses has also been 
identified in which the MD ingots most likely will degrade first among dl of the other 
components inside the DOE SNF canister and waste package (scenario XP-1). It was 
demonstrated that the water content in the fie1 layer is 50 vol% or less. The maximum angle of 
tilt for the DOE SNF canister inside the waste package has been calculated to be 13.72'. Tilt of 
WP is not physically possible due to the emplacement design. 

8.4 GEOCHEMISTRY ANALYSIS 

A principal objective of the geochemistry calculations was to assess the chemical circumstances 
that could lead to removal of neutron absorbers (mainly Gd) from a waste package containing 
MD ingots (Al-SNF) and DHLW glass, while fissile materials (U) remain behind. Such 
circumstances could increase the probability of a nuclear criticality occurrence within the waste 
package. EQ6 reaction path calculations were carried out to span the range of possible system 
behavior and to assess the specific and coupled effects of MD ingots degradation, steel corrosion, 
DHLW glass degradation, and fluid influx rate on U mobilization. Corrosion product 
accumulation was examined as well. The results presented in BSC (2001~)~  and summarized in 
Section 6 have been used as inputs to the criticality calculations described in Section 7 ofthis 
document. 

Most of the cases show that more than 80% of the initial Gd content will remain in the waste 
package, although the two-stage scenario exposing the MD ingots first and then the glass 
potentially loses more Gd. This case uses unrealistic input conditions, Le. requires the unlikely 
event of the ingots degrading while isolated from the DHLW glass, in addition to the complete 
suppression of GdP04- 1 OH20 formation. The thermodynamic data indicate that GdP04- 1 OH20 
will form, but because its formation is key to retaining Gd, retention of Gd should be further 
demonstrated. This can be accomplished by a detailed analysis of the experiments on which the 
data is based to show applicability to the current situation, by M e r  analyses and/or 
experiments. 

8.5 INTACT AND DEGRADED COMPONENT CRITICALITY ANALYSES 

The criticality analyses considered all aspects of intact and degraded configurations of the 
codisposal waste package containing Melt and Dilute ingots, including optimum moderation 
condition, optimum reflection, geometry and composition. The results of three-dimensional 
Monte Carlo criticality calculations for the intact configuration show that the requirement of 
k&20 values less than or equal to the interim critical limit of 0.93 is satisfied for by a 
significant margin. The criticality calculations results for all anticipated degraded-mode 
configurations developed through the degradation analysis show that the requirement of k&20 
values less than or equal to the interim critical limit of 0.93 is satisfied by a significant margin 
for most of the MD codisposal package degraded configurations. The requirement is satisfied 
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for all MD codisposal package degraded configurations if at least 7.5% of the original Gd 
loading (394.2 g) in the ingots without Hf remains mixed with the fissile material. The 
geochemistry analysis showed that the loss of more than 20% of the initial Gd content is based 
on extreme conditions or unrealistic unknown errors in the thermodynamic data. However, 
quantifying the probability of retaining less than 7.5% of the initial Gd content and therefore for 
an increased potential for criticality remains to be assessed, but is qualitatively judged to be 
extremely low as summarized in Section 8.4. In the alternate MD ingot composition (containing 
0.5 wt% Hf), Hf remains in the DOE SNF canister or waste package under all conditions, 
therefore preventing a critical condition even if all Gd is removed from the system. 

8.6 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 Al-based DOE-owned fuel, several items are identified as important to criticality 
control. The DOE SNF canister 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 fissile mass limit in the canister, the linear density of the U-235 in the DOE SNF 
canister, and the fuel enrichment are also important to criticality control. 

All calculations are based on a maximum of 38.3 kg U-235 per DOE SNF canister. The 
degraded configurations of the Melt and Dilute ingots bound the other types of AI-based 
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 38.3 kg of U-235 per DOE SNF canister. The maximum 
U-235 enrichment is 20 wt%. The linear density of the U-235 should not exceed 151 g/cm in the 
DOE SNF canister. This value is calculated by considering the maximum diameter and the 
maximum U content (1 8.2 wt%) for the MD ingots. 
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APPENDIX A 

5-DHLW/DOE SNF - SHORT WASTE PACKAGE 

TDR-EDC-NU-000006 REV 00 July 200 1 



INTENTIONALLY LEFT BLANK 

TDR-EDC-NU-000006 REV 00 July 200 I 



x 

B 

Figure A-I. 5-DHLWIDOE SNF-Short Waste Package (sheet I) 
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Figure A-2. 5-DHLWIDOE SNF-Short Waste Package (sheet 2) 
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