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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 SNF, the National Spent Nuclear Fuel Program (NSNFP) has
designated nine representative fuel groups for disposal criticality analyses based on fuel matrix,
primary fissile isotope, and enrichment. The SNF from the Training, Research, Isotopes, General
Atomic's (TRIGA) reactor has been designated as the representative fuel for the uranium-
zirconium hydride (UZrH) SNF group, which is a mixture of uranium and zirconium hydride.
Demonstration that other fuels in this group are bounded by the TRIGA analysis remains for the
future before acceptance of these fuel forms. The results of the analyses will be used to develop
waste acceptance criteria. The items important to safety are identified based on sensitivity of the
results to the various parameters. Before fuel from the TRIGA SNF group is accepted for
disposal, these safety items must be shown to satisfy the conditions set in Section 8.6, Items
Important to Safety.

The inventory of TRIGA SNF falls into four basic categories: aluminum-clad rods, stainless
steel-clad rods, Alloy 800 "Incoloy"-clad rods, and fuel-follower control-rod rods (fuel rod with
control rod inside). The Alloy 800 "Incoloy"-clad rods are not included in this report. This fuel
category significantly differs from other TRIGA SNF and has very low inventory. The analyses
described in this document are based on the highest enriched (70%) TRIGA SNF that has
stainless steel-cladding (TRIGA-SS).

The analyses have been performed by following the disposal criticality analysis methodology,
which was documented in the topical report Disposal Criticality Analysis Methodology Topical
Report (CRWMS M&O 1998a) submitted to U.S. Nuclear Regulatory Commission. The
methodology includes analyzing the geochemical and physical processes that can cause the waste
package to breach; degrade the TRIGA SNF and other internal components; and affect the
structural, thermal, and shielding characteristics, as well as the criticality analyses for both intact
and degraded waste packages. Addenda to the topical report will be required to establish the
critical limit for the DOE SNF once sufficient critical benchmarks are identified and performed.

The waste package that holds the 18-in DOE SNF canister with TRIGA SNF also contains five
high-level waste (HLW) glass pour canisters and a carbon steel basket. HLW canisters with
immobilized plutonium are not considered in the analyses. The TRIGA DOE SNF canister is
placed in the center of the waste package (see Figure ES-1). The five HLW canisters are evenly
spaced around the TRIGA DOE SNF canister. The TRIGA DOE SNF canister is designed to
hold Ill fuel rods. The rods are contained in specially constructed baskets made of stainless-
steel tubes welded together at the top and bottom, with the bottom of the tubes welded to a steel
base plate. Each TRIGA DOE SNF canister has three stainless steel baskets, stacked one on top
of the other. Each stainless steel basket layer holds 37 fuel rods.

The 5-DHLW/DOE Spent Fuel waste package is based on the Viability Assessment design of the
waste packages. The outer barrier is made of corrosion-allowance material, 100-mm thick
carbon steel. The corrosion-resistant inner barrier is fabricated from a 20-mm thick high-nickel
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alloy. Both the top and bottom lids are also based on the two-barrier principle and are fabricated
from the same materials.

This report presents the results of analyzing the 5-DHLW/DOE Spent Fuel waste package
against various design criteria. Section 2.2 provides the criteria, and Section 2.3 provides the
essential assumptions for the various analyses.

- OuterBarler
- InnerBarrier

- HLW Glass

-Waste Package Basket

DOE SNF Canister

TRIGA SNF Fuel

Support Grid Tube

t Basket Support Bracket

= Not to Scale

Figure ES-1. 5-DHLW/DOE Spent Fuel Waste Package

STRUCTURAL ANALYSES

ANSYS Version 5.4 - a finite-element analysis (FEA) computer code - is used for the structural
analysis of the 5-DHLW/DOE Spent Fuel waste package with the TRIGA DOE SNF canister in
the center. A two-dimensional (2-D) finite-element representation of the 5-DHLW/DOE Spent
Fuel waste package was developed to determine the effects of loads on the container's structural
components due to a waste package tipover design-basis event (DBE) (CRWMS M&O 1997e).
Calculations of maximum potential energy for each handling accident (tipover DBEs) show that
the bounding dynamic load results from a tipover case in which the rotating top end of the waste
package experiences the highest g-load. Therefore, tipover structural evaluations are bounding
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for all handling accident scenarios under the constraints of 2.4-m horizontal drop, 2.0-m vertical
drop, and tipover considered in the DBEs document. This analysis assumes that Monitored
Geologic Repository Surface Design will prevent events that violate these bounding
assumptions.

The maximum deformation of the DOE SNF canister basket is determined for the case of 5-
DHLW/DOE Spent Fuel waste package representation that includes the structural components of
the waste package and the TRIGA DOE SNF canister. The results of the waste package tipover
structural analysis show that the space between the most deformed support grid tube and the fuel
element is 3.44 mm. Therefore, the TRIGA SNF will not be crushed within the basket structure.
Similarly, there will be no interference between the inner diameter of the support tube and the
outer diameter of the DOE SNF canister. Hence, the TRIGA DOE SNF canister can be removed
from the support tube to be set inside another waste package, if necessary.

THERMAL ANALYSES

The FEA computer code used for the thermal analysis of the 5-DHLW/DOE Spent Fuel waste
package with the TRIGA DOE SNF canister in the center is ANSYS Version 5.4. The maximum
heat generation from a Savannah River Site (SRS) 3,000-mm HLW canister is projected to be
690 watts. As with the other waste-package components, only the axial cross section at the center
of the DOE SNF canister is represented in this 2-D calculation. The TRIGA DOE SNF canister
is analyzed with both helium and argon as fill gases, while the waste package is filled with
helium.

Using conservative input values, the analyses show that the 5-DHLW/DOE Spent Fuel waste
package with the TRIGA DOE SNF canister satisfies all relevant governing criteria. The highest
fuel cladding temperature occurs with argon fill gas in the DOE SNF canister, and is 261.2 IC.

SHIELDING ANALYSES

The Monte Carlo radiation transport code, MCNP, Version 4B2, is used to calculate average dose
rates on segments of the radial and axial surfaces of the waste package. There are two different
radiation sources for this calculation, uniformly originating from the SRS HLW glass and the
homogenized contents of the TRIGA DOE SNF canister.

The highest dose rate, calculated on a radial outer surface segment of the waste package, is 14.06
rem/h. The maximum dose rate on the outer surfaces of the waste package is below the criteria
limiting value of 355 rem/h for the cases investigated by over a factor of 24. The dose rate from
primary gamma rays dominates the neutron dose rate by approximately three orders of
magnitude.

DEGRADATION AND GEOCHEMISTRY ANALYSES

The degradation analyses follow the general methodology developed for application to all waste
forms containing fissile material. This methodology evaluates potential critical configurations
from the intact (but breached) waste package through the completely degraded waste package.
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The waste package design developed for the intact configuration is used as the starting point.
Sequences of events and/or processes of component degradation are developed. Standard
scenarios from the master scenario list in the topical report are refined using unique fuel
characteristics. Potentially critical configurations are identified for further analysis.

The EQ3/6 geochemistry code was used to determine the chemical composition of the solid
degradation products with particular emphasis on the chemical conditions that could lead to a
loss of neutron absorbers (particularly gadolinium) from the waste package and that would allow
the fissile materials to remain. Gadolinium is assumed to be present as a coating on the inner
surface of the stainless steel basket tube or as tubes made of Alloy 22 with 8-at% gadolinium in
the DOE SNF canister basket.

Two general EQ3/6 scenarios were selected: single- and double-stage. For single-stage, high pH
(pH>9) was achieved for 70,000 years by simultaneous degradation of fuel and glass. The
longer run cases (>300,000 yr.), resulted in most of the uranium being lost, with 0 to 14% of U
remaining at the end of the run. For the shorter run cases (-40,000 yr.) with the high rates of
glass degradation, the U remaining at the end of the runs ranged from 0 to 11%. The single-stage
resulted in the highest U remaining (99.9%) and the lowest Gd remaining (47%) at the end of the
run (-40,000 yr.). This case has high rate of steel degradation, average rate for glass
degradation, and high water drip rates. The double-stage scenario resulted in essentially no loss
of Gd, and a few percent loss of U from the SNF.

INTACT AND DEGRADED CRITICALITY ANALYSES

The results from the intact criticality analysis show that kff + 2a (at 95% confidence) are less
than or equal to 0.93 for Ill fuel rods in the DOE SNF canister. This configuration does not
need any neutron absorber in the basket or elsewhere in the waste package.

The results from the degraded criticality analysis for the intact DOE SNF canister shell show that
all configurations with at least 8.9 kg Gd included in the DOE SNF canister basket result in kfr+
2a of less than or equal to 0.93.

The second part of the degraded criticality analysis considers configurations with full
degradation of the DOE SNF canister along with degradation of HLW glass and waste package
intemals. These configurations do not need any neutron absorber in the basket or elsewhere in
the waste package to have a krff+ 2a of less than 0.93.

CONCLUSIONS

In summary, the structural, thermal, and shielding criteria are met for a DOE SNF canister
containing TRIGA SNF. The waste package can contain up to 111 TRIGA SNF rods in a
centrally located DOE SNF canister that has a basket composed of stainless steel tubes. kftr is
below the interim critical limit of 0.93 with at least 8.9 kg Gd present in the DOE SNF canister
basket. There will be approximately nine waste packages loaded with one DOE SNF canister
containing TRIGA SNF. 955 TRIGA SNF rods will be disposed of in these nine waste
packages.
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1. INTRODUCTION AND BACKGROUND

There are more than 250 forms of U.S. Department of Energy (DOE)-owned spent nuclear fuel
(SNF). Consequently, the National Spent Nuclear Fuel Program (NSNFP) has designated nine
representative fuel groups for disposal criticality analyses based on fuel matrix, primary fissile
isotope, and enrichment. Further, the NSNFP has provided a reviewed data report (DOE 1999)
with traceable data for a set of representative fuel types. The SNF from the Training, Research,
Isotopes, General Atomic's (TRIGA) reactor has been designated as the representative fuel
(DOE 1999) for the uranium-zirconium hydride (UZrH.) SNF group, which is a mixture of
uranium and zirconium hydride, where x is the ratio of H/Zr. Before acceptance of fuels in this
group at a repository, analyses must demonstrate that items important to safety for the waste
packages of these fuel forms are bounded by the results of the analysis documented in this report
for the TRIGA SNF. In other words, the results of the analyses performed by using the
information from this reviewed data report will be used to develop waste acceptance criteria,
which must be met by all fuel forms within the TRIGA SNF group. The items that are important
to safety are identified based on analysis needs and result sensitivities. Before acceptance of the
fuel from the TRIGA SNF-group for disposal, these safety items must satisfy the conditions set
in Section 8.6, Items Important to Safety.

TRIGA reactor neutron flux is used for many diverse applications including production of
radioisotopes for medicine and industry, treatment of tumors, nondestructive testing, basic
research on the properties of matter. TRIGA reactors are also used for education and training.
TRIGA reactors operate at various thermal-power levels, ranging from less than 0.1 to 16
megawatts. They may also be pulsed to power levels of 22,000 megawatts. The high power
pulsing is permitted by the unique properties of General Atomic's uranium-zirconium hydride
fuel.

The criticality analyses presented here follow the methodology that was documented in the
topical report submitted to U.S. Nuclear Regulatory Commission, Disposal Criticality Analysis
Methodology Topical Report (CRWMS M&O 1998a). The methodology includes analyzing the
geochcmical and physical processes that can breach the waste package and degrade the waste
form as well as the structural, thermal, shielding, and intact and degraded criticality. Addenda to
the topical report will be required to establish the critical limit for the DOE SNF 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.

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

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

"Waste package" means the TRIGA SNF and any containers (i.e., disposal container barriers and
other canisters), spacing structures or baskets, shielding integral to the container, packing
contained 'within the container, and other absorbent materials immediately surrounding and
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.

1.1 OBJECTIVE

The objective of this report is to provide sufficient details to establish the technical viability for
disposing of UZrH (TRIGA) SNF in the potential Monitored Geologic Repository (MGR). This
report sets limits and establishes parameter values that must be met by each of the various fuel
types under the UZrH fuel group.

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 UZrH (TRIGA) SNF in the MGR are presented in Section 3,
Structural Analysis; Section 4, Thermal Analysis; Section 5, Shielding Analysis; Section 6,
Degradation and Geochemistry Analysis; and Section 7, Intact and Degraded Criticality
Analyses. For purposes of this report, these five items may be collectively designated as waste
package performance. Section 8, Conclusions and Recommendations, 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.

This technical document summarizes and analyzes the results of the detailed calculations
performed to support the evaluation of codisposal viability of UZrH (TRIGA) fuel. These
calculation documents and the section of this document in which they are summarized and
analyzed are shown in Table 1-1.

Table 1-1. Ust of Supporting Documents
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1.2 SCOPE

This technical document, Evaluation of Codisposal Viability for UZrH (TRIGA) DOE-Owned
Fuel, evaluates the performance of a waste package containing UZrH (TRIGA) SNF. This
technical document summarizes the evaluation of viability of the 5-DHLW/DOE Spent Fuel
waste package design with UZrH (TRIGA) SNF. Analyses of the waste package performance
for other members of the UZrH SNF group will need to be performed to demonstrate that the
values obtained from this report on TRIGA DOE SNF are bounding.

1.3 QUALITY ASSURANCE

This technical document is based in part on unqualified data. However, the unqualified data are
only used to determine the bounding values for items that are important to safety for the fuel
group (UZrH fuel) identified by the NSNFP. Hence, the input values used to evaluate the
codisposal viability of UZrH (TRIGA) SNF do not have to be qualified in this application. They
merely establish the bounds for acceptance. Since the input values are not relied upon directly to
address safety and waste isolation issues, nor do the design inputs affect a system characteristic
that is critical for satisfactory performance, according to the governing procedure (AP-3.15Q),
data do not need to be controlled as TBV (to be verified). However, prior to acceptance of the
fuel for disposal, the items that are identified as items important to safety in Section 8.6 must be
qualified by any means (e.g., experiment, non-destructive test, chemical assay, qualification
under a program subject to the Quality Assurance Requirements and Description [QARD],
requirements, etc.).

This technical document was prepared in accordance with AP-3.1 IQ, Technical Reports. The
responsible manager for DOE Fuel Analysis has evaluated this report development activity in
accordance with QAP-2-0, Conduct of Activities. The evaluation (CRWMS M&O 1999k)
concluded that the development of this report is subject to the DOE Office of Civilian
Radioactive Waste Management (OCRWM) QARD controls. The Quality Assurance program
applies to the development of this report. The information that is provided in this report is to be
indirectly used in the evaluation of the codisposal viability of UZrH fuel.

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

This document and its conclusions may be affected by technical product input information that
requires confirmation. Any changes to the document or its conclusions that may occur as a result
of completing the confirmation activities will be reflected in subsequent revisions. The status of
the input information quality may be confirmed by review of the Document Input Reference
System database.
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2. DESIGN INPUTS

The data that were obtained from ASTM B 575-94, ASTM A 516/A 516M-90, ASTM G 1-90,
ASME, Nuclides and Isotopes, Chart of Nuclides (Parrington et al. 1996), International
Handbook of Evaluated Criticality Safety Benchmark Experiments (Nuclear Energy Agency
1998), the mass of Np-23 7 and Am-241 and CRC Handbook of Chemistry and Physics, (Weast
1985) are considered accepted data. Since these references are standard handbooks the data in
them are established fact and therefore are considered accepted. The data from Waste Package
Materials Properties (CRWMS M&O 1999e), are considered qualified. The data from other
references are considered unqualified.

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.

2.1 DESIGN PARAMETERS

2.1.1 Codisposal Container

The S-HLW/DOE SNF (codisposal) waste package contains five HLW canisters surrounding a
DOE standardized 18-inch SNF canister. The codisposal waste package is based on the Viability
Assessment (DOE 1998a) design of the waste package. The barrier materials of the waste
package are typical of those used for commercial SNF waste packages. The inner barrier is
composed of 20-mm, high-nickel alloy ASTIM B 575-94 (Alloy 22) and serves as a corrosion-
resistant material. The outer barrier is comprised of 100-mm of carbon steel (ASTM A 516
Grade 70) and serves as a corrosion-allowance material (CRWMS M&O 1997a, Pages 56 and
72). The outside diameter of the waste package is 2,120 mm and the length of the inside cavity
is 3,040 mm (CRWMS M&O 1999b, Attachment I), which is designed to accommodate 3-m
long SRS canisters. The lids of the inner barrier are 25-mm thick; those of the outer barrier, 110-
mm thick. There is a 30-mm gap between the inner and outer barrier upper lids. Each end of the
waste package has a 225-mm-long skirt. Figure 2-1 shows a cross-sectional view of the
codisposal waste package. Table 2-1 summarizes the dimensions and materials of the waste
package. As long as the internal layout of the waste package remains the same, design changes
to the barrier will only affect the time to breach, not significantly change the resulting degraded
configuration.
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Table 2-1. Codisposal Container Dimensions and Material Specifications

Component lMaterial Parameter Dimension (mm)

Outer barrier shell ASTM A 516 Grade 70 Thicknesster0Outer diarneter 2,i120

Inner barrier shell ASTM B 675 Thickness 20
Inner length 3.040

Top and bottom outer barrier ASTM A 516 Grade 70 Thickness 110
Ild s_ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _

Top and bottom Inner barrier ASTM B 575 Thickness

Gap between the upper Inner Ar Thickness 30
and outer closure lids 565 Thkkness30

Outer diameter 565
Support tube ASTM A 516 Grade 70 Inner diameter 501.5

___ Length 3.000

IU.I

Figure 2-1. Cross Section of Codisposal Barriers and Basket Structure
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2.1.2 HLW Glass Pour Canisters

The Savannah River Site (SRS) Defense Waste Processing Facility HLW canister, as shown in
Figure 2-2, is a cylindrical stainless steel (SS) (Type 304L) shell. The outer diameter of the
cylindrical stainless steel shell is approximately 610-mm, a wall thickness of 9.5-mm, and a
nominal length of 3-mi (DOE 1992, Page 3.3-1, Section 3.3.3). The flanged head and neck of the
canister is 225.6-mm high. HLW glass occupies approximately 85% of the volume of the
canister. The glass weight is 1,682 kg and the approximate total loaded weight of the canister is
2,182 kg (DOE 1992, Page 3.3-6). The nominal dimensions of the canister are used for the
analyses. The heat generation from a single canister is 690 W at the time of loading. The
geometry and material specifications for HLW glass canisters are given in Table 2-2.

Figure 2-2. HLW Glass Pour Canister

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

Component Material Parameter Value
Outer diameter 610mm

Total weight of canister and 2,182 kg
Savannah River 3-m SS 304L glass

Canister Fill volume of glass hi canister 85%
Wail thickness 9.5 mm

Length 3.000 mm

2.1.3 DOE SNF Canister

The conceptual design for the 18-in. DOE SNF canister is fiully described in "Design
Specification" Volume I of Preliminary Design Specifcation for Department of Energy
Standardized Spent Nuclear Fuel Canisters (DOE 1998b), Pages 4 to 6 and Appendix A. Since
this design is conceptual only, the following dimensions and specifications are subject to change.
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The canister is a right circular cylinder of stainless steel (Type 316L). The plan view of the
canister is shown in Figure 2-3. The dimensions for the DOE SNF canister are a 457.2-mm outer
diameter with a 9.5250-mm wall thickness. The nominal internal length of the canister is
2,547.0-mm and the hominal overall length is 3,000.0-mm. There is a curved carbon-steel
impact disk, which varies in thickness from 15.240-mm to 50.80-mm at the top and bottom of
the canister. In addition, there is a 12.70-mm-thick curved plate and a 12.70-mm flat plate in
each end of the canister. A basket for the DOE SNF canister will be constructed to hold 37 fuel
rods. The stainless steel basket will be welded together at the top and bottom with the bottom of
the tubes welded to a steel base plate. For rods with maximum length of 774.7-mm, three such
baskets will be stacked in the DOE SNF canister to provide basket locations for 111 rods per
container. For rods with maximum length of 1143.0-mm, two such baskets will be stacked in the
DOE SNF canister to provide 74 rods per canister. For rods with maximum length of 1689.1-
mm, one such basket will be placed in the DOE SNF canister to provide 37 rods per canister. A
cross-sectional sketch of an arrangement of TRIGA-stainless steel (TRIGA-SS) rods in an 18-in.
DOE SNF canister is shown in Figure 2-4 and an isometric view is provided in Figure 2-5; Table
2-3 lists the material specifications for the 18-in. DOE SNF canister.

TDR-EDC-NU-00000I REV 00 8 January 2000



i
WPACT PUTE

WPACT PLATE

Caniuter:

1"161

1621s PU17
1cm 0141 17] I

I

II
g I I

H ( 1U1 72D
(NormIn
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DOE SNF canister 457.2 OD
438.2 ID

Base Plate
426.0 mm

___Basket Support
Bracket

v upport Grid Tubes
60.3 mm OD
49.3 mm D)

TRIGA Fuel rod

-Zr rod

OD Outer diameter
ID Inner diameter

Figure 2-4. Cross-Sectional Sketch of an Arrangment of TRIGA-SS Rods In an 18-inch DOE SNF
Canister

DOE SNF Cmnister

Tubes and Basket support

Figure 2-5. Isometric View of the TRIGA DOE SNF Canister
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Table 2-3. Geometry and Material Specifications for DOE SNF Canister

Component Material Characteristic Dimenslon (mm)
Outer diameter 457.2

Circular cylinder SS 316L Extemal length (average) 3,000
Wall thickness 9.5

Internal length (minimum) 2.540
re 5.24lo 50.8 at the top andImpact disk ASTM A 516 Grade 70 Thickness bottom boundaries

Top and bottom curved SS 316L Thickness 12.7

Fop and bottom flat plates SS 316L Thickness 12.7

A 1-mm advanced neutron absorber matrix tube (Alloy-22 with 8 ath Gd) is placed inside of 12
structural tubes per basket. The options for placement of these advanced neutron absorber
matrix tubes are investigated, as shown in Figure 2-6.

Configuralon I Configuration 2

0 Bare stainless steel tube 0 Stainless steel tube wMt 1 mm advanced absorber matrk

Figure 2-6. Emplacement of the Advanced Neutron Absorber Matrix Coat

2.1.4 TRIGA DOE SNF

The TRIGA reactor is a light-water-cooled, graphite- or water-reflected reactor designed for
training, research, and isotope production. TRIGA SNF has been shipped within the United
States and also, to foreign countries. There are 31 TRIGA reactors throughout the United States,
of which four are now decommissioned.

Six hundred sixty-five spent fuel rods are currently stored at the Idaho National Engineering and
Environmental Laboratory (INEEL) and approximately 290 fuel rods are currently stored within
several different TRIGA reactor facility sites.
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TRIGA reactors utilize solid fuel rods, in which the zirconium-hydride matrix is homogeneously
combined with the enriched uranium and loaded into cylindrical rods 38.10 mm (1.5 in.) in
diameter and 762.0-mm (30.0-in.) long.

The TRIGA SNF analyzed in this report contains various uranium loadings as a fine metallic
dispersion in the zirconium-hydride matrix with 20% or 70% enrichment (Tomsio 1986, Table 3-
3, Page 3-11). The H/Zr ratio is nominally 1.6, although earlier fuels used an H/Zr ratio of 1.0.
Most of the earlier TRIGA SNF contained a nominal 8.5 wt% uranium, but TRIGA SNF with up
to 12-wt% uranium has also been used. The spent fuel burnup on both aluminum and standard
stainless steel clad elements range typically from 10 wt'/h to 20 wt% of U-235 (DOE 1999, Table
3-7, Page 20). However, the Fuel Life Improvement Program (FLIP) stainless steel clad rods
(the only one with 70%h uranium enriched) have burnups from 30 wt/o to 50 wto/o. (Tomsio 1986,
Pages 1-1, 3-11, 3-13, and 5-1).

The inventory of TRIGA SNF investigated in this report falls into the following three basic
categories: aluminum-clad rods, stainless steel clad rods, and fuel-follower control rod rods (fuel
rod with control rod inside) (Tomsio 1986, Page 3-1). Each of these basic fuel types has
differences in loading, enrichment, dimensions, and rod components. The TRIGA rods contain
fuel rods with a homogeneous mixture of uranium and zirconium-hydride. An indicator such as
U2oZrHi.6 identifies a fuel composition. Such a designation means that the uranium is 20%/o
enriched U-235 with a hydrogen-to-zirconium ratio of 1.6 (the unit for enrichment come from
Tomsio, 1986, Page 3-11). Aluminum-clad TRIGA is referred to as TRIGA-AL, and stainless
steel clad TRIGA as TRIGA-SS.

It is noted that all fuel element types, except the fuel-follower type, may be instrumented with
thermocouples extending from the top fitting into the fuel rod (Tomsio 1986, Pages 3-4, 3-7, and
3-13). Thermocouple lead wires pass through a seal contained in a tube welded to the upper end
fixture. This tube is extended by two sections of tubing connected by unions to provide a
watertight path to the monitors. Before the fuel is shipped for storage, the tubing is removed
from the element. The balance of the instrumented rod is identical to the standard element.

This report recognizes two types of Incoloy-clad rods (TRIGA-In) but they are not included in
the analyses, because of the low inventory and extreme variation from other TRIGA SNF.

2.1.4.1 Aluminum Clad TRIGA (TRIGA-AI) Rods

There are two types of TRIGA-AL rods, as shown in Figure 2-7 (DOE 1999, Page 11). One has
a 355.6-mm (14.0-in.) fuel length, and the other has a 381-mm (15.0-in.) fuel length. Both are
35.81-mm (A4I-in.) diameter U2oZrH,.o fuel rods loaded with 36 grams of U-235 (DOE 1999,
Page 10) with 8% of the total fuel mass being uranium. The rods are clad with 0.76-mm (0.03-
in.) thick aluminum, with a 37.34-mm (1.47-in.) outside diameter. A 6.35-mm (0.25-in.)
diameter hole is drilled through the center of the 381 -mm (15.0-in.) rods, and a 5.72-mm (0.225-
in.) diameter zirconium rod is placed in the hole. The 381-mm (1 5.0-in.) rods have an 89.66-mm
(3.53-in.) long graphite reflector on each end. These rods are 718.82-mm (28.3-in.) long. The
355.6-mm (14.0-in.) rods have no hole drilled through, and have a 100.33-mm (3.95-in.) graphite
reflector on each end. These rods are 720.60-mm (28.37-in.). Table 2-4 lists the materials and
components of these rods (DOE 1999, Page 10).
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Table 2-4. Components and Materials for Aluminum-Clad TRiGA Rods

Com ponents Material
Fuel Uranium zirconium hydride

Center rod' Zirconium
Burnable absorber discsb Samarium trioxide

Reflectors Graphite

Ciadding Aluminum Alloy 1100FI

fittings Aluminum Alloy 11100F

Spacer Aluminum

Thermooouplesd Chromel-Alumel
Tubingd Aluminum

NOTES: Same length as fuel but with a diameter of 5.72-mm (0.225-In.). It Is Inserted through the center of the fuel
but Is not included In the 355.6-mm (14in.) fuel rods.

b Only for 14-inch fuel rods before 1116164.
Chemical composition used for the fuel rod cladding and fittings (Sterbentz 1997, Page 6).

<For instrumented fuel rods.
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Figure 2-7. Sketch of Aluminum-Clad TRIGA Rods (TRIGA-AI)
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2.1.4.2 Stainless Steel-Clad TRIGA (TRIGA-SS) Rods

As shown in the table of Figure 2-8, there are four types of TRIGA-SS rods: standard-streamline,
standard-plain, four-rod cluster, and Annular Core Pulsed Reactor (ACPR) (DOE 1999, Page 12-
16). All TRIGA-SS rods are 381-mm (15.0-in.) long and clad with 0.51-mm (0.02-in.) thick
stainless steel. A 5.72-mm (0.225-in.) diameter zirconium rod is placed in a 6.35-mm (0.25-in.)
diameter hole drilled through the center of the fuel rod. Figure 2-9 is a cross-sectional sketch of
the TRIGA-SS. Table 2-5 shows the materials and components of these rods (DOE 1999, Page
12). The beginning-of-life (BOL) enrichment for many variations of these stainless steel clad
rods is 20%, except for the FLIP rod that is 70% (DOE 1999, Page 12).

Standard Streamline Type Rods-The standard streamline type is .a 36.45-mm (1.435-in.)
diameter fuel rod, with a 65.02-mm (2.56-in.) long upper graphite reflector and a 94.49-mm
(3.72-in.) long lower graphite reflector (DOE 1999, Page 12). The cladding for these rods is
753.87-mm (29.68-in.) long with a 37.54-mm (1.478-in.) outer diameter. There are five
variations for the uranium loading of these rods. Before 1965, the standard (TRIGA-SS
Standard) rods were U2oZrHi.o loaded with 39 g U-235; 8 wt0/o of the total fuel mass was
uranium. After 1965, the TRIGA-SS standard rods were U20ZrHj.7 loaded with 39 g U-235; 8.5-
9 w/o of the total fuel mass was uranium. Also, there are three types of TRIGA-SS FLIP
loadings: TRIGA-SS, TRIGA-SS Low Enriched Uranium I (FLIP-LEU-I), and TRIGA-SS LEU-
II. The TRIGA-SS FLIP rods are U7oZrH.6 fuel rods loaded with 137 g U-235, 8.5 % of the
total fuel mass was uranium. The TRIGA-SS FLJP-LEU-I rods are U20ZrH,. 6 fuel rods loaded
with 101 g U-235, and 20 wet% of the total fuel mass is uranium. TRIGA-SS FLIP-LEU-fl rods
are U2oZrH,.6 fuel rods loaded with 165 g U-235, and 30%h of the total fuel mass is uranium.
Table 2-6 summarizes the fuel rod loadings and the ACPR rod loadings (DOE 1999, Page 15).

Standard Plain Type Rods-Standard plain-type rods have 36.45-mm (1.435-in.) diameter fuel
region, with an 86.87-mm (3.42-in.) long graphite reflector on both ends (DOE 1999, Page 14).
The rod cladding is 734.06-mm (28.9-in.) long with a 37.54-mm (1.478-in.) outer diameter. The
rods may be loaded in the first five ways listed in Table 2-6.

Four-Rod Cluster Type Rods-Four-rod cluster type rods have a 34.80-mm (1.37-in.) diameter
fuel region, with an 86.87-mm (3.42-in.) long graphite reflector on both ends of the fuel region
(DOE 1999, Page 15). The rod cladding has a 758.95-mm (29.88-in.) overall length, and a 35.92-
mm (1.414-in.) outer diameter. The rods may be configured in a cluster of four rods (in a 2x2
array) with unknown center-to-center spacing. The rods may be loaded in the first five ways
listed in Table 2-6. Analyses performed at INEEL show that the four-rod cluster-type TRIGA-
SS FLIP is the most reactive (DOE 1999, Page 19) under a limited range of conditions.
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Table 2-5. Components and Materials for Stainless Steel-Clad TRIGA Rods

Component Material
Fuel Uranium zirconium hydride

Center rod Zirconium
Burnable neutron absorber discs Samarium trioxide

Reflectors Graphite
Cladding Stainless steel (Type 304)
Fittings Stainless steel (Type 304)

Thermocouples Chromel-Alumel
Tubing Stainless steel

Disc Molybdenum

Table 2-6. Stainless Steel-Clad Fuel Rods Initial Loading

Initial Uranium Initial Uranium
Designation C tEnrichmnt{%) H/Zr Atom Ratio

Standard - prior to 11/E664 8.0 20.0 1.0
Standard - 1965 on 8.5-9.0 20.0 1.7

FLIP 8.5 70.0 1.6
FLIP-LEU - I 20.2 20.0 1.6
FLIP-LEU - II 30.0 20.0 1.6

ACPR 12.0 20.0 1.7

ACPR Type- ACPR rods have 35.56-mm (1.40-in.) diameter fuel region with an 87.63-mm
(3.45-in.) long graphite reflector on both ends of the fuel (DOE 1999, Page 15). The rod
cladding is 733.81-mm (28.89-in.) long and has a 37.54-mm (1.478-in.) outer diameter. There is
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a 0.56-mm (0.022-in.) gap between the fuel and the cladding. The rods are U20ZrHl.7 fuel rods
loaded with 54 g U-235, and 12/o of the total mass is uranium.

2.1.4.3 Fuel-Follower TRIGA-SS Rods

The fuel-follower rods contain control rods. They serve differing functions within the core, such
as safety rods, a regulating rod, and a shim rod. There are two types of fuel-follower TRIGA-SS
rods (DOE 1999, Page 16): standard and the ACPR fuel-follower control rod element. These
are illustrated in Figures 2-10 and 2-11 respectively. Both types are clad with 0.51-mm (0.02-in.)
thick stainless steel. The 1143.00-mm (45.0-in.) long fuel rods are U2 DZrHI.6 with 381.00-mm
(15.0-in.) of boron carbide neutron absorber above the fuel. In addition, both types have a 5.72-
mm (0.225-in.) diameter zirconium rod inserted in the 6.35-mm (0.25-in.) diameter hole drilled
through the center of the fuel rod. Standard-type follower rods are 381.00-mm (15.0-in.) long,
have a 33.40-mm (1.315-in.) diameter, and have two possible fuel loadings. The TRIGA-SS
standard loading is 38 g U-235, and 8.5 % of the total mass being uranium. The TRIGA-SS
FLIP-LEU-I loading for the standard fuel-follower is 97 g U-235, 20% of the total fuel mass
being uranium. These 1143.00-mm (45.0-in.) long fuel rods will be stacked in two stainless steel
basket in the DOE SNF container to provide 74 rods per canister. ACPR-type follower rods are
1689.1-mm (66.5-in.) long, 36.53-mm (1A38-in.) in diameter, and are loaded with 54 g U-235,
12% of the total mass being uranium. For these kind of rods, one stainless steel basket will be
stacked in the DOE SNF container to provide 37 rods per canister. Table 2-7 shows the materials
and components used for these rods (DOE 1999, Page 16). Table 2-8 shows the dimensions and
fuel loading for the TRIGA-SS FLIP fuel (DOE 1999, Page 19).

Table 2-7. Fuel-Follower TRIGA-SS Rods Materials

Components Materials
Fuel Uranium zirconium hydride

Center Rod Zirconium
Poison Boron carbide
Plugs s tainless steel (Type 304)

Cladding Stainless steel (Type 304)
Fittings Stainless steel (Type 304)
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Table 2-8. TRIGA-SS FLIP Dimensions and Fuel Loading

Parameter Value
OD mm. (in.) 34.80 (1.37)
ID mm. (in.) 6.35 (0.25)

Gap mm. (In.) 0.05 (0.002)
Clad mm. (In.) 0.51 (0.02)

Height mm. (in.) 381.00 (15)
U-235 (g) 137
U-238 (9) 59

Zr (g) 2073.7
H (g) 36.7

The BOL characteristics per element for four different TRIGA SNF element types are shown in
Table 2-9. This table also provides the typical burnup for each of these types of rods (DOE
1999, Page 20). Table 2-10 gives the nominal densities for the TRIGA UZrH fuels for several
uranium weight percentages (DOE 1999, Page 20).

Table 2-9. BOL Characteristics for Four TRIGA SNF Rods Types

Al-Clad Standard SS-Clad Standard FUP FLIP.LEU-I
BOL U-235 (g) 36.0 39.0 137.0 101.0

BOL U-238 (9) 144.0 156.0 59.0 403.0

BOL uranium (g) 180.0 195.0 196.0 504.0

Enrichment (%) 20.0 20.0 70.0 20.0

Clad Al SS SS SS

U wt% n ZrH 8.0 8.5 8.5 20.0

HFZr Atom Ratio 1.0 1.7 1.6 1.6

Erbium neutron absorber (g) 0.0 0.0 36.0 20.0

Neutron absorber disc 2 discs assumed 8.38 9 Mo Disc None None

Graphite (g) 450.0 450.0 450.0 450.0

SS (204) (g) 0.0 800.0

Aluminum 1100(g) 280.0 0.0 0.0 0.0

Zr (g) 2,070.0 2,088.0 2,060.0 1,988.0

Typical Bumup (% Uw235) 10 to 20 10 to 20 30 to 50 10 to 20

SOURCE: TRIGA (UZrH) Fuel Characteristis for Disposal Criticality Analysis (DOE 1999), Page 20.
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Table 2-10. Nominal Compositions and Densities of TRIGA UZrH Fuels

Uranium MIA Uranium (vol %) Uranium (gr!) UZrH t(gtm_
8.5 2.7 0.51 6.02
12 3.9 0.74 -_ 6.18 i
20 6.9 1.32 ____ 6.60-
30 11.3 j 2.15 7.21
45 19.5 3.3 8.37

2.1.4.4 TRIGA SNF Quantities by Type

Table 2-11 shows the approximate quantities of each basic TRIGA SNF. The exact number of a
particular type is not presently known (DOE 1999, Page 22).

Table 2-11. TRIGA SNF Type Quantities

Fuel Type Number of Rods
TRIGA-SS FUP (4 rod cluster type, standard streamline type, and standard 228

plain type)
TRIGA-SS FUiP-LEU Standard (4 rod cluster type, standard streamline type,

and standard fuel-follower type; FLIP-LEU-l and FLIP-LEU-I1 loading) __

TRIGA-SS ACPR(Standard ACPRtypeand Wollower type) 15
TRIGA-SS Standard (4 rod cluster type, standard streamline type, standard

plain type, and standard fuel-follower type; pre-1965 and post 1965 fuel 900
loading)

TRIGA .6m 4. . t , . m 1.n.pe 528
TRIGA-SS Standard or TRIGA-AL (FRR reactors) 1,061

TRIGAln 63% enriched) 878
TRIGA-In 20% enriched) 498

NOTE: * Current Information fom foreign reactors does not distinguish between TRIGA-SS standard and TRIGA-AL
rods. These must be distributed into the appropriate type when additional information Is received.

Table 2-12 lists the lengths of the various TRIGA rods from Figures 2-8 and 2-9. There are four
to six fuel-follower rods for I MW reactors and zero to four for reactors operating at less than 1
MW (Tomsio 1986, Page 3-18). The longest fuel rod is 774.70-mm (30.5-in.). It is noted that
instrumented rods may have a portion of the stainless steel lead-out tube attached to the end
fitting. This may add additional length (-76.20-mm (-3-in.)) to these rods. The standard fuel-
follower control rod is a fuel rod with a control rod inside. This rod is 1143.0-mm (45-in.) long,
about 1.5 times the length of the fuel rods. The ACPR fuel-follower control rod is about
1,689.1-mm (66.5-in.) long, more than twice the length of the standard fuel rods.
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Table 2-12. TRIGA SNF-Element Lengths

Number of nLegth of Fuel Element
TRIGA SNF Type Rods Range MIn.) }. Maximumrn (cm)

TRIGA-AL 28.3 -28.37 28.37 72.06

Instrument 52 28.53 28.53 72.47
TRIGA-SS

Fuel 16 5 b 28.59 -29.88 29.88 75.90
Instrumentl 30 (33') 30 (33) 76.20 (83.8?)

TRIGA-in 30.5 30.5 77.47
Fuel 1376 30 30 76.20

Instrument'
Fuel-Follower 45 5 114.30

Standard 66.5 66.5 168.91
A C PR_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

NOTES: It Is noted that the Instrument tubes have portions of the stainless steel lead-out tubes attached to the top
end fitting. This may extend the length of the element by 3 iaches.

b Does not include about 1.061 additional rods that have not been identified as either Al or SS.

SOURCE: TRIGA (UZH) Fuel Characteristics for sposal Criticality Analysis (DOE 1999). Page 23.

2.1.5 Thermal

The decay heat given as a function of decay time and burnup (high burnup, and the burnup unit
came from the same reference) is shown in Tables 2-13 and 2-14 for TRIGA-AIISS and TRIGA-
SS FLIP, respectively (Sterbentz 1997, Pages 14-16). It assumes one-year decay prior to start of
emplacement period. Table 2-13 lists data for low-enriched TRIGA-SS fuel with burnup values
below the typical average values of 10 - 20 g U-235 burnup. Table 2-14 lists an enrichment of
70.0"/o U-235 with a burnup of 70.0 g U-235 that is well in excess of typical fuel burnup.

The data in Table 2-14 show that for the highest burnup case, the decay heat decreases from
2,459 W following removal from the core to 14.970 W after one year of decay, and to 1.777 W
after 20 years.
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Table 2-13. TRIGA-Ai/SS Standard Assembly Decay Heat (watts) as a Function of Decay Time and
Bumup (low burnups)

Burnup Measure Burnup per Single Fuel Element
BU': U-235 (g) 0.5. 1.0 3.0 5.0 7.0
BUa: % U-235 1.39 2.78 8.33 13.89 19.44

BU': MWd 0.48 0.95 2.85 j 4.75 6.65
BU': MWd/MTU 2.639 5,278 15,833 26,389 36,944

U-235 Depletionb (g) 0.6 1.18 3.5 1 5.8 6.07

Decay Time (yr.) Decay Heat, Watts per Single Fuel Element
0 20.670 40.8i2 121.400 200.200 277.600
1 _______ 0.079 0.157 0.489 0.845 1.225
5 0.018 0.036 0.120 0.217 0.330
10 0.014 0.028 -. 0091 0.163 0.244
20 0.011 0.022 0.068 0.118 0.172

NOTES: * BU - Bumup or Fissloned U-235.
b U-235 Depletion z Depletion due to fission and transmutation.

Table 2-14. TRIGA-SS FUP Decay Heat (watts) as a Function of Decay Time and Bumup (high bumups)

Burnup Measure Burnup per Single Fuel Element
BUI: U-235 (g) 5.0 10.0 20.0 40.0 45.0 50.0 70.0

BSU: % U-235 3.65 7.3 14.6 29.2 32.85 36.5 51.09

BU^: MWd 4.75 9.50 19.00 38.01 42.76 47.51 66.52

BUi: MWdlMTU 24,235 48.481 96,962 193,920 218.170 242,410 339,370

U-235 Depletlonb (g) 6.1 12.1 24.2 47.82 53.63 59.4 61.84

Decay Time (yr.) Deay Heat. Watts er SIna le Fuel Element
0 201.9 401.4 792.4 1,532 1.705 1,872 2,459

1 0.894 1.806 3.690 7.758 8.852 9.983 14.970

5 0.239 0.485 0.999 2.141 2.457 2.789 4.318

10 0.168 0.339 0.689 1.437 1.639 1.847 2.776

20 0.114 0.228 0.460 0.946 1.073 1.205 1.777

NOTES: ' SU - Bumup or Flssioned U-235.
b U-235 Depletion z Depletion due to fislon and transmutation.

2.1.6 Shielding Source Term

The total photon spectrum from high-burnup and isotopics associated with TRIGA-SS FLIP
element is given in Table 2-15. The source term is bounding because it increasing with burnup
and initial enrichment. The overall neutron source is given in Table 2-16. Both sources are
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taken from TRIGA (UZrlo Fuel Characteristics for Disposal Criticality Analysis (DOE 1999),
Pages B-7 and B-8. The sources are provided as a function of decay time. These data represent
an SNF of 70.0% U-235 enrichment and a burnup of 70 grams of U-235 (66.52 MWd).

Table 2-15. Total Gamma Source (photonsls) for the Maximum Bumup TRIGA-SS FLIP Element

Period 1-yr. Cooled C-yr. Cooled 10yr. Cooled 20-yr. Cooled

Upper Energy Average Energy Total Total Total Total
Boundaries WMeV) (MeV~ (photons/s) (photonsls) (photonsls) (photonsls)

0.02 1.500E-02 3.850E+13 1.073E+13 8.53E+12 6.601E+12
0.03 2.600E-02 8.610E+12 2.354E+12 1.80E+12 1.368E+12
0.05 3.750E-02 9.140E+12 2.082E+12 1.59E+12 1.206E+12
0.07 5.750E-02 7.920E+12 2.079E+12 1.65E+12 1.286E+12
0.10 t.500E-02 5.520E+12 1.293E+12 1.OOE112 7.719E+11
0.15 1.250E-01 6.770E+12 1.039E+12 7.29E+11 5.355E+11
0.30 2.250E-01 4.570E+12 1.099E+12 8.60E+11 6.663E+11
0.45 3.750E-01 2.360E+12 5.486E+11 3.90E+11 2.898E+11
0.70 5.750E-01 1.840E+13 9.076E+12 6.47E+12 4.816E+12
1.00 8.500E-01 1.150E+13 1.666E+12 4.21 E+11 9.894E+10
1.50 1.250E+00 1.150E+13 6.397E+12 3.31E+12 9.141E+11
2.00 1.750E+00 5.820E+10 8.556E+09 4.77E+09 2.629E+09
2.50 2.250E+00 2.280E+11 6.706E+09 1.03E+08 4.665E+06
3.00 2.750E+00 1.050E+09 6.073E+07 2.22E+06 3.578E+05
4.00 3.SOOE+00 1.120E+08 7.155E+06 2.34E+05 2.564E+03
6.00 5.OOOE+00 2.61OE+03 1.714E+03 1.43E+03 9.914E+02
8.00 7.000E+00 3.000E+02 1.973E+02 1.64E+02 1.139E+02
14.0 1.1WOE+01 3.450E+01 2.264E+01 1.88E+01 1.306E+01

Totals ., I 1.2511E14 3.8385E+13 2.6754E+13 1.8556E+13

SOURCE: TRIGA (UZH Fuel Characteristics for Disposal Criticality Analysis (DOE 1099), Page B-7.

Table 2-16. Neutron Source at 20-Year Decay Time for the TRIGA-SS FLIP SNF Element

20-yr. Decay Time
Activity (ax. n) Production Spontaneous Fission Production

Nuclide (Co ineutronsts) (neutronsls)
Bi-211 3.78E-08 _5.51_E-03_=_____ _
Po-212 1.72E-05 1.84E+01
Po-215 3.78E-08 i.57E-01
Rn-219 3.78E-08 9 24E-03
U-235 1.19E-Q4 9_71_E-03 1.82E-02
U-238 1.83E-05 9.49E-D4 6.43E-01
Pu-238 3.24E-00 1.31 E+03
Pu-239 8.35E-02 4.66E+01 4.70E-00
Pu-240 7.69E-02 2.70E+01
Air-241 7.80E-01 4.57E+02
Totals - - - 1.86E+03 5.36E-00

SOURCE: TRIGA (UZrH) Fuel Characteristics for Disposal Criticality Analysis (DOE 1999). Page B-8.
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2.1.6.1 Shielding Source Term for the Glass Canisters

The SRS HLW glass canister gamma and neutron source spectra per glass canister (TBV-3870)
are given in Table 2-17. The source term was basis on the Characteristics of Potential
Repository Wastes (DOE 1992). They are considered bounding values.

Table 2-17. Gamma and Neutron Sources for SRS HLW Glass at Day One after Pouring

Gamma Source _ Neutron Source
Upper Energy Boundary Intensity Upper Energy Boundary Intensity

(MQV) (photonsts) (MOV) (neutronsts)
0.05 1.32E+15 0.10 1.97E+05
0.10 3.96E+14 0.40 1.89E+06
0.20 Y 3.10E+14 0.90 6.34E+06
0.30 8.74E+13 1.40 6.92E+06
0.40 6.39E+13 1.85 6.12E+06
0.60 8.83E+13 3.00 2.61E+07
0.80 1.35E+15 6.43 3.42E+07
1.00 2.13E+13 20.00 3.07E+05
1.33 2.96E+13
1.66 6.42E+12
2.00 5.14E+11
2.50 2.94E+12 _ _
3.00 2.04E+10
4.00 2.28E+09 _ _
5.00 5.25E+05
6.50 2.11 E+05 _
8.00 4.13E+04
10.00 8.75E+03

Totals 3.68E+15 _ 8.21E-07

SOURCE: Soun:0 Toms kmn DHLINCenisfershir Waste Package Design (CRWMS M&O 1999f), Attachment Vlill,
Page V1II-1, and Attachment IX, Page IX-1.

2.1.7 Material Compositions

The chemical composition of the materials used in this evaluation is given in Tables 2-18
through 2-24.

Table 2-18. SRS Chemical Composition of HLW Glass

Elementflsotope Weight Percent Element/isotope Weight Percent
L-6 9.5955E-02 U-7 1.3804E+00

-I10 5.9176E-01 B-11 2.6189E+00
0 4.4770E.01 F 3.1852E-02
Na 8.6284E+00 Mg 8.2475E-01
Al 2.3318E+00 Si 2.1888E+01
S 1.2945E-01 K 2.9887E+00

Ca 6.6188E-01 Ti 5.9676E-01
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Table 2-18. SRS Chemical Composition of HLW Glass (Continued)

Elementfisotope Weight Percent Elementfisotope _ Weight Percent
Mn 1.5577E+00 Fe 7.3907E+00
Ni 7.3490E-01 P 1.4059E-02
Cr 8.2567E-02 Cu 1.5264E-01
Ag S.0282E-02 Ba-137 1.1267E-01
Pb 6.0961E-02 Cl 1.1591E-01

Th-232 1.6559E-01 Cs-133 4.0948E-02
Cs-135 5.1615E-03 U-234 3.2794E-04
U-236 1.0415E-03 Zn 6.4636E-02
U-235 4.3514E.03 U-238 1.8666E+OO

Pu-238 5.1819E-03 Pu-239 1.2412E-02
Pu-240 2.2773E-03 Pu-241 9.6857E-04
Pu-242 1.9168E-04

Density at 25 'C -2.85 g/cm3

SOURCE: DOE SRS HLWGlass Chemkda Composion (CRWMS M&O 1999a). Page 7.
NOTE: HLW canisters with Immobilized plutonium are not considered In the analyses.

The zirconium density used in this technical report is 6.49 g/cm3 , documented in CRC Handbook
of Chemistry and Physics (Weast 1985), Page B-160. Also, the graphite density used in this
technical report is 1.73 g/cm3 , documented in CRC Handbook of Materials Science (Lynch,
1975), Page 367.

Table 2-19. Chemical Composition of Stainless Steel Type 304

Element Weight Percent Range Value Used (wt%)
Carbon 0.08 (max) 0.080

Manganese 2.00 (max) 2.000
Phosphorus 0.045 (max) 0.045

Sulfur 0.03 (max) 0.030
Silicon 1.0 (max) 1.0

Chromium 18.00- 20.00 19.000
Nickel 8.00- 10.50 9.250

Nitrogen 0.10 (max) 0.100
Iron 68.495 (balance) 68.495

Density a 7.940 gicm3

SOURCE: Waste Package Materials Properties (CRWMS M&O 1999e), Page 20.

Table 2-20. Chemical Composition of Stainless Steel Type 316L

Element Welght Percent Range Value Used (wte)
Carbon - 0.03 (max) 0.030

Manganese 2.00 (max) 2.000
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Table 2-20. Chemical Composition of Stainless Steel type 316L (Continued)

Element Weight Percent Range Value Used (wt%)
Phosphorus 0.045 (max) 0.045

Sulfur 0.03 (max) 0.030
Silicon 1.0 (max) 1.000

Chromium 16.00-18.00 17.000
Nickel 10.00- 14.00 12.000

Molybdenum 2.00- 3.00 2.500
Nitrogen 0.10 (max) 0.100

Iron Balance 65.295
Density = 7.980 gtcmr

SOURCE: Waste Package Materials Properties (CRWMS M&O 1999e), Page 13.

Table 2-21. Chemical Composition of Stainless Steel Type 304L

Element Weiaht Percent Range Value Used (wt%)
Carbon 0.03 (max) 0.030

Manganese 2.00 (max) 2.000
Phosphorus 0.045 (max) 0.045

Sulfur 0.03 (max) 0.030
Silicon 0.75 (max) 0.750

Chromium 16.00-20.00 19.000
Nickel 0.00-12.00 10.000

Nitrogen 0.10 (max) 0.100
Iron Balance 68.045

Density = 7.940 g/cm'

SOURCE: Waste Package Materials Properties (CRWMS M&O 1999e), Page 17.

Table 2-22. Chemical Composition of ASTM A 516 Grade 70.

Element Weight Percent Range Value Used Iwt%)
-Carbon 0.31 (max) 0.30

Manganese 0.85- 1.20 1.025
Phosphorus 0.035 (max) 0.035

Sulfur 0.035 (max) 0.035
Silicon 0.15- 0.40 0.275

Iron Balance 98.33
Densitye - 7.832 g/crn 3

NOTE: D Density of this material Is given as 7.850 glcm3 in Standard Specification for Preparing, Cleaning,
and Evaluating Coffoslon Test Specimens (ASTM G 1 - 90. 1994), Page 7.

SOURCE: Standard Specification for Preparing, Cleaning, and Evaluating Corosion Test Specimens (ASTM
A 516/A 516M - 90. 1991). Page 2.
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Table 2-23. Chemical Composition of Alloy 22

Element Weight Percent Range Value Used (wt%)
Carbon 0.015 (max) 0.015

Manganese 0.50 (max)0.50
Silicon 0.08 (max) 0.08

Chromnium 20.0-22.50 21.25
Nickel Remainder 54.63

Molybdenum 12.5-14.5 13.5
Cobalt 2.50 (max) 2.5

Tungsten 2.5-3.5 3.00
Vanadium 0.35 (max) 0.35

Sulfur 0.020(max) 0.020
Phosphorus 0.020(max) 0.020

Iron 2.0-6.0 4.0
Density u 8.690 glcrn

SOURCE: Waste Package Materials Properties (CRWMS M&O 1999e). Page 30.

Table 2-24. Composition of the Advanced Neutron Absorber Matrix

Element Weight Percent Element Weight Percent
C 0.012 Mn 0.409
Si 0.065 Cr 17.369

Mo 11.034 Co 2.043
W 2.452 V 0.286
Fe 3.269 P 0.016
S 0.016 Gd 18.264
Ni 4.763 . ,

Densit? = 8.55 9/cm

NOTE: 'The density Is calculated using the density of the Alioy-22, the density of Gd, and the weight
percentage of Gd In the Alloy-22.

SOURCE: TRIGA Fuel Phase I and 0 Critikaity Calculation (CRWMS M&O 1999h), Page 22.

2.1.8 Degradation and Geochemistry

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

2.1.8.1 Physical and Chemical Forms of TRIGA Waste Package

Table 2-25 summarizes the degradation rates of the principal alloys used in the calculations. The
upper rate for A 516 is a 60 TC, 100-year rate from Figure 5.4-3 of An Evaluation of the Potential
Yucca Mountain Repository (CRWMS M&O 1995), and the lower rate for A 516 is the 0-year
rate from the same figure and reference. The 304L and 316L rates are estimated from Criticality
Evaluation of Degraded Internal Configurations for the PWR AUCF WP Designs (CRWMS
M&O I997c), Pages 11 to 13. For a comparable specific surface area, the carbon steel is
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expected to degrade much more rapidly than the stainless steels (Type 316L and Type 304L). In
addition, the stainless steels contain significant amounts of Cr and Mo, and under the assumption
of complete oxidation, would produce more acid, per unit volume, than the carbon steel.

Table 2-25. Steel Degradation Rates

Stainless Steel Stainless Steel Neutron absorber
A516 Carbon Steel Type 304L Type 316L Tubes with Gd

Average Rate 0.1 0.1
lpmtyr.)

High Rate (imlyr.) 1.0E+02 1.0 1.0 1.0

The actual glass composition used in the HLW glass pour canisters may vary significantly from
the values used in the calculations, since the sources of the glass and melting processes are not
currently fixed. However, this variation has insignificant effect on the Gd loss (CRWMS M&O
1999n, Table 5-9). For example, compositions proposed for SRS glass vary by a factor of 4 in
U 30& content, from 0.53 to 3.16 wt% (DOE 1992, Page 3.3-15). The silica and alkali (Na, Li and
K) contents of the glass have perhaps the most significant bearing on EQ316 calculations. The
amount of silica in the glass strongly controls the amount of clay that forms in the waste
package, and the silica activity controls the presence of insoluble U phases such as soddyite
((U02 )2Si04-2H20). The alkali content can induce the pH to rise in the early stages of the EQ3/6
run, as glass degrades; the alkaline earth elements (Ca, Ba, Mg), by forming sparingly soluble
solid carbonates, can buffer the pH for longer times. The Si and alkali contents of the glass used
are typical for proposed DOE glasses, but alkaline earth content is low, and the U content (of the
glass) in Table 2-18 is high compared to compositions recently produced at Savannah River
(Bibler et al. 1998, Page 10). However, this high U content is conservative, since it enhances the
precipitation of U solids, and ultimately the retention of fissile materials within the package.
Table 2-26 rates for glass degradation were taken from An Evaluation of the Potential Yucca
Mountain Repository (CRWMS M&O 1995), Figure 6.2-5. The high rate corresponds
approximately to pH = 9 at 70 IC; the low rate corresponds to pH = 8 at 25 'C.

Table 2-26. Glass Degradation Rates

Low Rate (glmalday) IE-04

Low Ratel ; .1574E-15
(moleslcm'ls)I 17E5

High Rate (glm'iday) 0.03
High Rate3

(moles/cmis) 3.4722E-13

NOTE: a For I mole In 100 9.

2.1.8.2 Chemical Composition ofJ-13 Well Water

The geochemistry calculations reported in this document have used the standard J-13
composition, which is reproduced in Table 2-27 (Harrar et al. 1990, Page 4.2), for water dripping
into the waste package. Since this water composition was determined from a well drilled into the
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saturated zone beneath the planned repository location, there is some question of the composition
deviations to be expected for water dripping into the repository drift, which is in the unsaturated
zone. Several alternative versions to the 1-13 composition have been proposed, and used on the
sensitivity of geochemistry results to potential variations in the composition of the indripping
water (CRWMS M&O 1999m, Page 21).

Table 2-27. Composition of J-13 Well Water

Component (manl)
Na' 45.8
K' 5.04

CaZ- 13.0
Me* 2.01

N0 3- 8.78
cr 7.14
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 2 .1 8

S04Z 18.4
Si' 26.5

P0 4 ^ 0.12
Alkalinity (assumed to be HCO3) 128.9

pH 7.41

SOURCE: Report of He Committee fo Review he Use of J-13 Weff Water In
Nevada Nuclear Waste Storage Investigations (Harrar. et al.
1990), Tables 4.1 and 4.2

Two major factors control how the J-13 well water chemistry might affect EQ3/6 calculations
(CRWMS M&O 1999m, Page 21). The first factor is the presumed CO2 pressure of
equilibration, which is closely coupled to the pH of the J-13 well water. The second factor is the
content of dissolved species, which may react with package materials and fuel, and thus affect
solubilities. The pH is an important factor in solubility of the fissile and neutron absorber. An
example of the second factor is the amount of available dissolved silica, which can precipitate
uranium as insoluble minerals like soddyite and uranophane.

2.1.8.3 Drip Rate of J-13 Water Into a Waste Package

It is assumed that the rates at which water drips onto a waste package and flows through it are
the same. The drip rate is taken from a correlation between the percolation rate and the drip rate
(CRWMS M&O 1998g, Pages 2.3-105 through 2.3-107, Figure 2.3-110, and Tables 2.3-49 and
2.3-50 ). Specifically, percolation rates of 40 mm/yr. and 8 mm/yr. correlate with drip rates onto
the waste package of 0.15 m3/yr. and 0.015 m3/yr, respectively.

For the present study, the range of allowed drip rates is extended to include an upper value of 0.5
m3/yr. 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 mm/yr. (CRWMS M&O 1998g, Figure 2.3-110). The
lower value is simply 0.1 times the mean value for the eight mm/yr. percolation rate. These
extreme values are used, because prior studies (CRWMS M&O 1998f, Pages 18-19) suggested
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that when ceramic TRIGA SNF are codisposed with glass, the greatest chance of Gd removal
occurs when: (1) initial high drip rates cause glass leaching and removal of alkali and (2)
subsequent low drip rates allow acid to build up from the degradation of the steel.

2.2 FUNCTIONS AND DESIGN CRITERIA

The design criteria are based on DOE Spent Nuclear Fuel Disposal Container System
Description Document (CRWMS M&O 1998i), which is referred to as the SDD. The SDD
numbers that follow are paragraph numbers from that document. In this section, the essential
waste package design criteria from the SDD are identified for the following areas: structural,
thermal, shielding, intact criticality, degradation and geochemistry, and degraded criticality.

2.2.1 Structural

2.2.1.1 'The disposal container shall be designed to support/allow retrieval up to 134 years after
emplacement."

(SDD 1.2.1.9]

2.2.1.2 "The disposal container shall be designed to withstand transfer, emplacement, and
retrieval operations without breaching."

[SDD 1.2.1.22]

2.2.1.3 "During the preclosure period, the disposal container, while in a vertical orientation, shall
be designed to withstand a drop from a height of 2 m (6.6 ft.) (TBV-245) without
breaching. (TBV-245)"

[SDD 1.2.2.1.3]

2.2.1.4 "During the preclosure period, the disposal container, while in a horizontal orientation,
shall be designed to withstand a drop from a height of 2.4 m (7.9 ft.) (TBV-245) without
breaching. (TBV-245)"

[SDD 1.2.2.1.4]

2.2.1.5 'During the preclosure period, the disposal container shall be designed to withstand a tip
over from a vertical position with slap down onto a flat, unyielding surface without
breaching. (TBV-245)"

[SDD 1.2.2.1.6]

Calculations of maximum potential energy for each handling accident scenario (tipover design-
basis events [DBEs]) showed that the bounding dynamic load is obtained from a tipover case in
which the rotating end of the waste package experiences the highest g-load with maximum
velocity of 6.9 m/s (CRWMS M&O 1998e, Page 10). The maximum velocities of the waste
package for 2.4 m horizontal and 2.0 m vertical drops are approximately 6.86 m/s and 6.26 m/s,
respectively. Therefore, tipover structural evaluations are bounding for all handling accident
scenarios considered in the DBEs document. Section 3.3 addresses these requirements.

The tipover DBE may take place during a waste-package transfer operation from vertical to
horizontal (Gust after waste package closure), horizontal to vertical (upon retrieval), and when the
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waste package is in vertical position. Section 3, Structural Analysis, demonstrates that the waste
package will not breach under such a handling-accident scenario. This analysis assumes that
MGR Surface Design will prevent events, which exceed these bounding assumptions.

2.2.2 Thermal

2.2.2.1. "The disposal container shall limit the zircaloy and stainless steel cladding temperature
to less than 350 'C (TBV-241). Temperature of other types of DOE fuel cladding shall
be limited to (TBD-179) 'C. Exceptions to these temperature limits are given in
Section 1.2.2.1."

[SDD 1.2.1.8] [TBV-241]

2.2.2.2. "The disposal container shall be designed to have a maximum thermal output of 18 kW
(1025 BTU/min.) (TBV-251) or less. This criteria identifies the primary disposal
container interface with the Ex-Container System."

[SDD 1.2.4.9]

The criteria are met as described in Sections 4 and 8.2.

2.2.3 Shielding

"Disposal container design shall reduce the dose rate at all external surfaces of a loaded and
sealed waste package to 355 rem/hr (TBV-248) or less. This criterion identifies the primary
disposal container interface with the Waste Emplacement System, and the Disposal Container
Handling System."

[SDD 1.2.4.7] [TBV-248]

The criteria are met as described in Sections 5 and 8.3.

2.2.4 Degradation and Geochemistry

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

2.2.5 Intact and Degraded Criticality

2.2.5.1 "The disposal container provides sufficient criticality control during loading and after it
is loaded with waste."

[SDD 1.1.31

The function is met as described in Sections 7.3, 7.4, and 8.5.

2.2.5.2 "During the preclosure period, the disposal container shall be designed such that nuclear
criticality shall not be possible unless at least two unlikely, independent, and concurrent
or sequential changes have occurred in the conditions essential to nuclear criticality
safety. The system must be designed for criticality safety assuming occurrence of
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design basis events, including those with the potential for flooding the disposal container
prior to disposal container sealing (TBD-235) or misleading canisters (TBD-235). The
calculated effective multiplication factor (ken) must be sufficiently below unity. At least
a five percent margin after allowance for the bias in the method of calculation and the
uncertainty in the experiments used to validate the method of calculation."

[SDD 1.2.1.5]

As stated in Section 8.5, the results from the intact criticality analysis show that the
requirement of efr plus bias and uncertainty less than or equal to 0.95 is satisfied.

2.3 ASSUMPTIONS

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

2.3.1 Structural

2.3.1.1 The two containment barriers are assumed to have solid connections. The inner and outer
barriers will be either shrunk fit or the inner barrier will be weld clad onto the outer
barrier inner surface (CRWMS M&O 1997a). This assumption is used in Section 3.

2.3.1.2 The target surface is conservatively assumed to be essentially unyielding by using a large
elastic modulus for the target surface compared to the waste package. This assumption is
used in Section 3.

2.3.2 Thermal

2.3.2.1 An axial power peaking factor (PPF) of 1.25 was assumed for the TRIGA SNF rods.
The value of 1.25 is a conservative value given for pressurized water reactor (PWR) fuel
in Preliminary Design Basisfor WP Thermal Analysis (CRWMS M&O 1997b), Page 29
thereby providing the basis for this assumption. The HLW canisters are assumed to have
PPF = 1.00 (CRWMS M&O 1997b, Page 53). This assumption is used in Section 4.

2.3.2.2 Representing only conduction and radiat heat transfer inside the waste package is
assumed to provide conservative temperature results. The basis for this assumption is that
natural convective heat transfer due to the circulation of helium fill gas within the small
basket cavities is not significant. This assumption is used in Section 4.

2.3.3 Shielding

2.3.3.1 The contents of a TRIGA DOE SNF canister arc homogenized inside the cavity of
canister. This representation is conservative, because the homogenization process
essentially moves the radiation source closer to the outer surfaces of the waste package,
allowing more particles to reach the outer surface, and decreases the self-shielding effect
of the fuel (Parks et al. 1988, Page 85). This assumption is used to obtain the results
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provided in Section 5.

2.3.3.2 The inner, the outer brackets, and the divider plates supporting the SRS glass canisters in
the waste package are neglected. The basis for this is that the calculated surface dose
rates will be conservative (higher) since the structural components that would attenuate
radiation are not modeled. This assumption is used to obtain the results provided in
Section 5.

2.3.3.3 An assumed axial PPF of 1.25 was used for the SNF fuel source to bound the axial source
distribution. This value is based on the predicted heat profile shown in Preliminary
Design Basis for WP Thermal Analysis (CRWMS M&O 1997b), Page 29. This
assumption is used to obtain the results provided in Section 5.

2.3.4 Degradation and Geochemistry

The assumptions in this section are used throughout Section 6.

2.3.4.1 It is assumed that water may circulate freely enough in the partially degraded waste
package that all degraded solid products may react with one another in the aqueous
solution. By facilitating contact of any acid that may result from the corrosion of steel
with neutron absorbers in spent fuel, the code conservatively enhances potential
preferential loss of neutron absorbers from the waste package.

2.3.4.2 It is assumed that the inner corrosion resistant material (CRM) of the waste package will
react so slowly with the infiltrating water (and water accumulated in the waste package)
that it will have a negligible effect on the chemistry. This is because the CRM is
fabricated from Alloy 22. The Alloy 22 corrodes very slowly compared (1) to other
reactions in the waste package, and (2) to the rate at which soluble corrosion products
will likely be flushed from the package.

2.3.4.3 It is assumed that precipitated solids that are deposited remain in place and are not
mechanically eroded or entrained as colloids in the advected water. This assumption is
made because it conservatively maximizes the size of potential deposits of fissile material
inside the waste package.

2.3.4.4 It is assumed that over times of interest sufficient decay heat is retained within the waste
package to cause convective circulation and mixing of the water inside the package. The
basis for this assumption is discussed in Second Waste Package Probabilistic Criticality
Analysis: Generation and Evaluation of Internal Criticality Configurations (CRWMS
M&O 1996, Attachment VI).

2.3.5 Intact and Degraded Criticality

The assumptions in this section are used throughout Section 7.

2.3.5.1 Beginning of life, pre-irradiation fuel compositions, neglecting the Erbium burnable
neutron absorber, were used for all calculations. The basis of this assumption is that it is
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conservative to assume fresh fuel as it is more neutronically reactive than spent fuel.

2.3.5.2 The flanged head and neck of the HLW canister is neglected and the canister is modeled
as a right circular cylinder with the same top-to-bottom height as the canister. It is
assumed that the canister is completely filled with HLW glass. The basis for this
assumption is that it is conservative since the additional waste will make the canister
more reactive neutronically by increasing the total amount of fissile elements (by less
than 1%) in the waste package.

2.3.5.3 It is assumed that the neutron absorber (referred to as advanced neutron absorber matrix
in this calculation) is made of Alloy 22 with 8 at% of gadolinium. The basis of this
assumption is that this material is currently being developed for this purpose at INEEL.
The composition of this material is given in TPJGA Fuel Phase I and II Criticality
Calculation (CRWMS M&O 1999h). This assumption is conservative, as the
components of Alloy 22 do have a low, but significant, thermal neutron absorption cross
sections.

2.4 BIAS AND UNCERTAINTY IN CRITICALITY CALCULATIONS

The purpose of this section is to document the MCNP criticality evaluation methodology
(CRWMS M&O 1998d), which is identified as Computer Software Configuration Item (CSCI)
30033 V4B2LV. Evaluations of Laboratory Critical Experiments (LCEs) are performed as part
of the Disposal Criticality Analysis Methodology program. Only LCE's relevant to TRIGA are
studied. LCE's results listed in this section are given in LCEfor Research Reactor Benchmark
Calculations (CRWMS M&O 1999j) for the thermal compound mixed uranium-zirconium
hydride system. The objective of this analysis is to quantify the MCNP Version 4B2 code
system's ability to accurately calculate the kfr for various configurations. MCNP is set to use
continuous-energy cross sections processed from the evaluated nuclear data files ENDF/B-V
(Briesmeister 1997, Appendix G). These cross section libraries are part of the MCNP code
system that has been obtained from the Software Configuration Management (SCM) in
accordance with appropriate procedures. Each of the critical core configurations is simulated.
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 of these
results (a) listed in the final generation summary in the MCNP output. When MCNP
underpredicts the experimental kf,, 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 2.2.5.2) is used to determine the interim critical limit for all MCNP
calculations of the waste package with TRIGA DOE SNF canister.

2.4.1 Benchmarks Related to Intact Waste Package Configurations

Two sets of experiments are relevant for the TRIGA SNF with respect to intact criticality
analyses: the TRIGA SNF Rod and a series of critical experiments with water moderated
hexagonal pitched lattices with highly enriched fuel rods (HEU-COMP-THERM-003, HEU-
COMP-THERM-004, HEU-COMP-THERM-005, HEU-COMP-THERM-006, HEU-COMP-
THERM-007, HEU-COMP-THERM-008, and HEU-COMP-THERM-010, [Nuclear Energy
Agency 1998]).
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2.4.1.1 TRIGA SNF Rod Experiments

A description of the experiment is given in LCEfor Research Reactor Benchmark Calculations
(CRWMS M&O 1999j), Page 12. The fuel used is fresh stainless steel clad TRIGA SNF rods in
a TRIGA Mark II reactor. The configuration was a water filled reactor with graphite reflector.
The fuel rods were made up of 20 wto U-235 mixed with zirconium hydride. The fuel had a
1.65 H/Zr atom ratio. Two different core configurations were studied. The maximum bias for
this set of calculations is 0.015. A more detailed description of the critical configuration and the
bias is available on pages 37 through 47 of TPJGA Mark I Benchmark Experiment, Part I.
Steady-State Operation (Mcle et al. 1994).

2.4.1.2 Water-Moderated Hexagonally Pitched Lattices of Highly Enriched Fuel Rods of
Cross-Shaped Cross Section

A series of critical experiments with water-moderated hexagonally pitched lattices of highly
enriched fuel rods of cross-shaped cross section was performed over several years in the Russian
Research Center "Kurchatov Institute". The 28 experiments analyzed under this category in this
report consist of the following:

1. Fifteen critical two-zone lattice experiments corresponding to different combinations
of inner and peripheral zones of cross-shaped fuel rods at two pitches. For detailed
descriptions of these experimental configurations see pages 2 and 7 through 14 of
International Handbook of Evaluated Criticality Safety Benchmark Experiments
(Nuclear Energy Agency l998), HEU-COW-THERM-003 (HCT-003).

2. Four critical configurations of hexagonal lattices of fuel rods with Gd or Samarium
(Sm) rods. These experiments consisted of double lattices of fuel rods and neutron
absorber rods containing Gd or Sm. Detailed experimental configuration
descriptions are available on pages 2, 7, and 8 of International Handbook of
Evaluated Criticality Safety Benchmark Experiments (Nuclear Energy Agency
1998), HEU-COMP-THERM-004 (HCT-004).

3. One critical configuration of hexagonal pitched clusters of lattices of fuel rods with
copper (Cu) rods. Detailed experimental configuration descriptions are available on
pages 2 through 8 of International Handbook of Evaluated Criticality Safety
Benchmark Experiments (Nuclear Energy Agency 1998), HEU-COMP-THERM-005
(HCT-005).

4. Three critical configurations with uniform hexagonal lattices with pitch values of
5.6, 10.0, and 21.13 mm. Detailed experimental configuration descriptions are
available on pages 2, 5, and 6 of International Handbook of Evaluated Criticality
Safety Benchmark Experiments (Nuclear Energy Agency 1998), HEU-COMP-
THERM-006 (HCT-006).

5. Three critical configurations with double hexagonal lattices of fuel rods and
zirconium hydride rods. Detailed experimental configuration descriptions are
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available on pages 2 through 8 of International Handbook of Evaluated Criticality
Safety Benchmark Experiments (Nuclear Energy Agency 1998), HEU-COMP-
THERM-007 (HCT-007).

6. Two critical configurations with double hexagonal lattices of fuel rods and boron
carbide rods. Detailed experimental configuration descriptions are available on pages
2, 7, and 8 of International Handbook of Evaluated Criticality Safety Benchmark
Experiments (Nuclear Energy Agency 1998), HEU-COMP-THERM-008 (HCT-
008).

In these cases, the pitch, number of rods, number of fuel rods, and number of neutron absorber
rods (Gd or Sm) were the parameters that were varied. The maximum bias for this set of
calculations is 0.019 (CRWMS M&O 1999j, Pages 18, 19, and 76).

2.4.2 Benchmarks Related to Degraded Waste Package Configurations

Critical Experiments with Highly Enriched Uranium Nitrate Solution- These experiments
involving highly-enriched uranium (approximately 90 wt%) are described in detail in
International Handbook of Evaluated Criticality Safety Benchmark Experiments (Nuclear
Energy Agency 1998) (HEU-SOL-THERM-O0, HEU-SOL-THERM-008, HEU-SOL-THERM-
013, HEU-SOL-THERM-014, HEU-SOL-THERM-015, HEU-SOL-THERM-016, HEU-SOL-
THERM-017, HEU-SOL-THERM-018, HEU-SOL-THERM-019). The concentration of fissile
element in the solution, enrichment, amount and type of neutron absorber (Gd and Boron [B]),
reflector type and thickness, tank diameter, and solution height were among the parameters that
were varied. The maximum bias for this set of experiments is 0.0018 (CRWMS M&O 1997d,
Pages 26, 35-44; CRWMS M&O 19991, Pages 14-15). It must be noted that MCNP generally
overestimated the ktr of these experiments with neutron absorbers.

2.4.3 Critical Limit

The worst-case bias, calculated from the MCNP simulations of the experiments described in
Sections 2.4.1 and 2.4.2, is 0.019. This bias includes the bias in the method of calculation and
the uncertainty in the experiments. Based on this bias, the interim critical limit is determined to
be 0.93 after a five percent margin after allowance 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 addenda to the topical report are prepared to establish the final
critical limit.
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3. STRUCTURAL ANALYSIS

3.1 USE OF COMPUTER SOFTWARE

The FEA computer code used to analyze the 5-DHLW/DOE Spent Fuel waste package with the
TRIGA DOE SNF canister in the center is ANSYS version V5.4. ANSYS V5.4 is identified
with CSCI 30040 V5.4 and is obtained from SCM in accordance with appropriate procedures.
ANSYS V5.4 is a commercially available FEA code. ANSYS V5.4 software is qualified as
documented in the Software Qualification Report (SQR) for ANSYS V5.4 (CRWMS M&O
1998b).

3.2 DESIGN ANALYSIS

Finite-element solutions resulted from structural calculations for the components of the 5-
DHLW/DOE Spent Fuel waste package. A detailed description of the finite-element
representations, the method of solution, and the results are provided in Structural Calculations
for the Codisposal of TRIGA Spent Nuclear Fuel in a Waste Package (CRWMS M&O 1999b).
The results of these calculations are compared to the design criteria obtained from the 1995
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section
Im, Subsection NB (ASME 1995), so that conclusions can be drawn regarding the structural
performance of the 5-DHLWIDOE Spent Fuel waste package design.

The design approach for determining the adequacy of a structural component is based on the
stress limits given in ASAfE Boiler and Pressure Vessel Code (ASME 1995). S. is defined as the
ultimate tensile strength of the materials, and Sm is defined as the design stress intensity of the
materials. Table 3-1 summarizes design criteria as obtained from appropriate sections of the
ASME Boiler andPressure Vessel Code (ASME 1995).

Table 3-1. Containment Structure Allowable Stress Umit Criteria

Containment Structure Allowable Stresses
Normal Conditions Accident Conditions

(ASME 1995, Division 1, (Plastic Analysis)
Subsection NB, Article Ns- (ASME 1995. Division 1,

Category 3221.1 and Article NB-3221.3) Appendix F, Article F-1341.2)
Primary membrane stress intensity Sw 0S=.=

Primary membrane
bending stress Intensity 1.55w O.St

The stresses calculated in this analysis are within the bounds of the structural criteria from the
SDD (CRWMS M&O 1998i). This analysis does not consider other DBEs (e.g., crane two-block
events), which are considered non-credible.
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3.3 CALCULATIONS AND RESULTS

3.3.1 Description of the Finite-Element Representation

A 2-D finite-element representation of the waste package (containing 5-HLW canisters and one
DOE SNF canister) is developed to determine the effects of loads on the structural components
from the tipover DBE. The representation of the waste package includes the outer and inner
barriers, basket assembly (inner and outer brackets and divider plate), support tube, the DOE
SNF canister and its basket and support tube, and the HLW pour canisters. A half-symmetry
finite-element representation of the waste package is used. The barriers are assumed to have
solid connections at the adjacent surfaces (Assumption 2.3.1.1) and are constrained in a direction
perpendicular to the symmetry plane. One of the HLW pour canisters, which are located around
the 18-inch DOE SNF canister, is represented using 2-D elements. The remaining pour canisters
are included in the representation by placing point mass elements at the points of contact of the
pour canister with the basket assembly. These locations are approximately at the mid-point of
each component or segment. The finite-element representation is used to determine the
maximum closure of the gap between the structural tubes and fuel rods so that they can be
compared to the fuel element dimensions to determine whether there is contact between the tubes
and the fuel element during the transient analysis.

First, the impact velocity of the outer surface of the inner lid is calculated for a waste package
tipover DBE. Then, this velocity is conservatively used in the 2-D finite-element analysis. Since
the 2-D representation does not include a lid, the calculations will indicate that the waste package
components undergo more deflection and stress than would actually occur. The target surface is
conservatively assumed essentially unyielding by using a large elastic modulus for the target
surface compared to the waste package (Assumption 2.3.1.2). The target surface is constrained
at the bottom to prevent horizontal and vertical motion. Contact elements are defined between:
the top pour canister and the inner bracket, the lower and upper corner (apex) tube and the 18 in.
canister, the lower and upper basket support bracket and the 18 in. canister, the 18 in. canister
and the support tube and finally, the outer barrier and the target surface. The initial configuration
of the finite-element representation of waste package internals includes the maximum possible
gap for each contact element in order to account for the worst case scenario. On the other hand,
the initial gap between the entire waste package and the target surface is small in comparison
with the others. This allows enough time and displacement for the waste package and its
internals to ramp up to the specified initial velocity before the impact. With this initial velocity,
the simulation is then continued throughout the impact until the waste package and its internals
begin to rebound, at which time the stress peaks and the maximum displacements have been
obtained.

The vitrified HLW glass material properties are represented by ambient material properties of
general borosilicate glass. This document does not specifically report any results for the
individual HLW glass canisters.

3.3.2 Results with No Credit for the TRIGA SNF Rod Inside of the DOE SNF Canister

The first finite-element representation does not take any structural credit for the TRIGA SNF rod
inside of the DOE SNF canister; the mass is included by using a point mass element at the lowest
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point inside the support grid tube. The structural response of the waste package to tipover
accident loads is reported using maximum stress intensity magnitudes and displacements
obtained from the finite-element solution to the problem. The results indicate that the maximum
deformation inside tie waste package support tube is 8.28-mm (0.326-in.) (CRWMS M&O
1999b, Page 17). Available space inside of the structure tube after deformation is 40.9-mm
(1.61-in.) (CRWMS M&O 1999b, Page 17). Hence, there will be no interference between the
two components because of tipover DBE. The deformed configuration and stresses on the waste
package components and the support grid tubes are shown in Figures 3-1 and 3-2. Table 3-2
presents the stress intensity magnitudes in the waste package components, and shows that the
inner barrier of the waste package does not exceed the peak stresses of O9SS which is the ASME
code allowance stress limit in Table 3-1.

Table 3-2. 5-DHLWiDOE Spent Fuel Waste Package FEA Stress Results

Maximum Maximum
Stress Maximum Membrane Plus

Ultimate Tensile 0.7S,, .OSI,, Intensity Membrane Bending Stress
Component Strength (MlPa) MMPa) IMPl') Stress (MP&) (MPa)
Outer barrier 483 338 435 372b 2 5 b 486b
Inner barrier 690 483 621 418 b412b 418e

Basket plates _
and support 483 338 435 474 27' 555'

tube

SOURCE: Sructural CaIculation for the Codisposal of TRIGA Spent Nuclear Fuel in a Waste Package (CRWMS
M&O 1999b.

NOTE:' Basket plates include the inner bracket, the outer bracket, and the dMder plate.
5-High Level Waste DOE Spent Fuel Waste Package Structural Calculations (CRWMS M&O 1998e).
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Figure 3-1. Stresses In the 6-DHLW/DOE Spent Fuel Waste Package
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Figure 3-2. Stresses Inside of the DOE SNF 311Cs 09

Figure 3-2. Stresses Inside of the DOE SNF Canister

TDR-EDC-NU-O0000I REV 00 42 January 2000



The structural response of the waste package to tipover accident loads is reported using
maximum stress values and displacements obtained from the finite-element solution to the
problem. The results show that the maximum cavity closure inside the fuel tube is 8.28 mm
(0.325-in.) (see CRWMS M&O 1999b, Page 17). The available space inside of an individual
tube was reduced from 49.20-mm (1.937-in.) to 40.92-mm (1.611-in.), and since the maximum
outer diameter of the fuel element is 37.5 mm (1.476-in.), the space between the most deformed
apex tube and the fuel rod is 3.42 mm (0.135-in.) (CRWMS M&O 1999b, Attachment V, line
#553). Hence, there is no interference between the two components from a tipover DBE. The
maximum stress in the 18-inch DOE SNF canister structural components including internals is
350 MPa, which is 27.5% less than the ultimate tensile strength of 316L SS, 483 MPa (CRWMS
M&O 1999b, Page 17).

3.4 SUMMARY

The results given in Section 3.3 show that there is sufficient clearance between the inner
diameter of the support tube and the outer diameter of the DOE SNF canister in the case of a
tipover DBE. Hence, there will be no interference between the two components, and the DOE
SNF canister can be removed from the support tube if needed to be set inside another waste
package.
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4. THERMAL ANALYSIS

4.1 USE OF COMPUTER SOFTWARE

The FEA computer code used to analyze the 5-DHLW/DOE Spent Fuel waste package is
ANSYS Version V5.4. The identification and qualification of this computer code has already
been explained in Section 3.1 of this technical report.

4.2 DESIGN ANALYSIS

A detailed description of the finite-element representations, the method of solution, and the
results are provided in Thermal Evaluation of the TRIGA Codisposal Waste Package (CRWMS
M&O 1999d). The temperature histories for 13 node locations within the waste package were
calculated for two cases. The first case calculation assumes the entire waste package and the
DOE SNF canister are filled with helium. The second case calculation assumes the DOE SNF
canister is filled with argon and the rest of the waste package is filled with helium.

The highest temperature results at two specified node locations (the assembly cladding at the
geometric center of the DOE SNF canister and the centerline of the SRS HLW canister) within
the finite-element representation are given in Table 4-1. Figures 4-1 and 4-2 give the designated
node locations and numbers on each component of the finite-element representations. These
node locations are used in Figure 4-4. Note that these temperatures occur at different times
within the waste package.

Results for each case are given in Section 4.3. The Case I calculation assumes the entire waste
package and DOE SNF canister are filled with helium. The Case 2 calculation assumes the DOE
SNF canister is filled with argon and the rest of the waste package is filled with helium.

4.3 CALCULATIONS AND RESULTS

Table 4-1 contains the peak temperature for the TRIGA SNF assembly cladding at the center of
the DOE canister and the center of the SRS HLW canister. It assumes one year decay prior to
start of emplacement period. Figure 4-3 shows the temperature histories until 50 years for
TRIGA SNF assembly cladding at the center of the DOE SNF canister and the center of the SRS
HLW canister. After 50 years, the temperature decreases gradually.
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Table 4-1. Peak Temperature Histories of Fuel Cladding and Glass

Heliurn Arcon
Time after Fuel Cladding Glass Fuel Cladding Glass

Emplacement Temperature Temperature Temperature Temperature
(yr.) r-c oc c}Xc)
0.1 223- 1 1 1 166.0
0.2 223 8 169.4 260.5 169.4
20 216.6 15221 9 214.5

1.000 155.1 1459 .162.0 145.9

Table 4-2. Time and Location of Peak Temperature

Peak Time of Peak Peak Time of Peak
Temperature Temperature Temperature Temperature

Location (IC) (yoars) l C) (Years)
Centerof td e 22309 0.2 26113 0.1

fuel rod __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Center of 2145 20 2145 20

SRS HLW
canister 20 .3 20shell 206.3 20 206limir 20
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Figure 4-4. Peak Temperature versus Distance from the Center d the Waste Package

4.4 SUMMARY

The results indicate that the maximum fuel cladding temperature is 261.2 IC (Argon), which is
less than SDD criterion (2.2.2.1) of 350 IC. Also the maximum HLW canister shell temperature
occurs, after 20 years, with argon fill gas in the DOE SNF canister, and is 206.3 'C. The peak
temperature in the center of the HLW glass is 214.5 'C.
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5. SHIELDING ANALYSIS

5.1 USE OF COMPUTER SOFTWARE

The Monte Carlo radiation transport code, MCNP, Version 4B2, is used to calculate average dose
rates on the surfaces of waste package. This code, identified as CSCI 30033 V4B2LV, was
previously obtained from the SCM in accordance with appropriate procedures. MCNP software
is qualified as documented in the Software Qualification Report for the MCNP, Version 4B2
(CRWMS M&O 1998d).

5.2 DESIGN ANALYSIS

The Monte Carlo method for solving the integral transport equation, which is implemented in the
MCNP computer program, is used to calculate radiation dose rates for the waste packages.
MCNP is set to use continuous-energy cross sections processed the evaluated nuclear data files
ENDFIB-V (Briesmeister 1997, Appendix G). These Cross section libraries are part of the
qualified MCNP code system (CSCI 30033 V4B2LV). The flux averaged over a surface is
tallied, and the photon and neutron flux-to-dose-rate conversion factors (Briesmeister 1997,
Appendix H) are applied to obtain surface dose rates.

5.3 CALCULATIONS AND RESULTS

The waste package consists of the codisposal waste container, five SRS HLW glass canisters, and
the 18-in. DOE SNF canister containing the TRIGA SNF. There are two different radiation
sources in this calculation, the HLW glass canisters and the contents of the DOE SNF canister.
All calculations use the glass composition given in Section 2.1.7. These calculations evaluated
the dose rates on all barrier boundaries of the waste package. Details of the calculations and the
results for all cases considered are given in Dose Calculations for the Codisposal WP of SL W
Glass and the TRIGA SNF (CRWMS M&O 1999c). The geometric representation for the MCNP
calculations is shown in Figure 5-1. Figure 5-2 shows the surfaces and segments of the waste
package used in the dose-rate calculations. The radial surfaces of the waste package are divided
into six axial segments. The first five axial segments are equal segments of the radial surfaces
between the top and bottom planes of the HLW glass. Each of these segments has a height of
432.253 mm. The last axial segment, of 878.735 mm height, is the portion between the top of
waste package cavity and the top of HLW glass.

The source term used in these calculations for the TRIGA SNF corresponds to 1-year decay time.
Tables 5-1 and 5-2 show the radial and axial gamma dose rates on the outer surface of the waste
package containing the SRS HLW glass canisters and the DOE SNF canister containing TRIGA
SNF.
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Figure 5-1. Vertical and Horizontal Cross Sections of MCNP Geometry Representation
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Figure 5-2. Radial-Surface Segments of the Waste Package Used in Dose Rate Calculations

Table 5-1. Gamma Dose Rates Averaged over Waste Package Outer Radial Surface

Dose Rate
Axial Location' (remlh) Relative Error

Segment 1 7.3403 0.0168
Segment 2 12.978 0.0206

Segment 3 14.060 0.0201
Segment 4 13.811 0.020 2
Segment 5 I 13.489 0.0218
Segment 6 10.891 0.0238

NOTE: * See Figure 5-2.

Table 5-2. Gamma Dose Rates Averaged over Waste Package Axial Surfaces

Dose Rate Relative
Axial Location (remlh) Error

Top surface of WP 1.7518 0.01I]
Bottom surface oWP 3.5951 7;0320

NOTE: r See Figure 5-2.

5.4 SUMMARY

The maximum dose rate for the outer surfaces of the waste package has been obtained for the
middle segments of the radial surface (segments 3 and 4). The maximum surface dose rate is
14.060 ± 0.565 rem/h, which is below the design criterion of 355 rern/h (SDD 1.2.4.7). The
contribution of the neutron dose rate to the total dose rate is negligible.

TDR-EDC-NU-00000 I REV 00 St January 2000



INTENTIONALLY LEFT BLANK

TDR-EDC-NU-OOOOO0 REV 00 52 January 2000



6. DEGRADATION AND GEOCHEMISTRY ANALYSIS

6.1 USE OF COMPUTER SOFTWARE

The EQ316 software package identified as CSCI UCRL-MA- 10662 V 7.2b, SCR: LSCR198. It
was obtained from the SCM in accordance with appropriate procedures. The major components
of the EQ3/6 package include the following: EQ3NR, a speciation-solubility code; EQ3/6, a
reaction path code that calculates water/rock interaction or fluid mixing in either a pure reaction
progress mode or a time mode; EQPT, a data-file preprocessor; EQLIB, a supporting software
library; and several supporting thermodynamic data files. The software implements algorithms
describing thermodynamic equilibrium, thermodynamic disequilibrium and reaction kinetics.
The supporting data files contain both standard-state and activity-coefficient-related data.

EQ3/6 calculates the irreversible reactions that occur between an aqueous solution and a set of
solid, liquid, or gaseous reactants. The code can calculate fluid mixing and the consequences of
changes in temperature. This code operates both in a pure reaction progress frame as well as in a
time frame.

In this study, EQ3/6 is used to provide:

* A general overview of the nature of chemical reactions to be expected.

* The degradation products likely to result from corrosion of the TRIGA SNF and
canisters.

* An indication of the minerals, and their amounts, likely to precipitate within the
waste package.

* Loss of Gd.

The EQ3/6 calculations reported in this document used version 7.2b of the code, which is
appropriate for the application, and were executed on Pentium series personal computer (PCs).
The EQ3/6 package has been verified by its present custodian, Lawrence Livermore National
Laboratory. The source codes were obtained from SCM in accordance with the OCRWM
procedure AP-SI.IQ. The code was installed on Pentium PCs according to an M&O-approval
Installation and Test procedure (CRWMS M&O 1998k). The EQ3/6 version 7.2b is qualified as
documented in the SQR for EQ3/6 V7.2b (CRWMS M&O 1998k). EQ316 V7.2b is also referred
to as EQ6.

6.2 DESIGN ANALYSIS

6.2.1 Systematic Investigation of Degradation Scenarios and Configurations

Degradation scenarios comprise a combination of features, events, and processes that result in
degraded configurations to be evaluated for criticality. A configuration is defined by a set of
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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 (CRWMS M&O 1998a, Pages 3-2
through 3-12) and also shown in Figures 6-1 and 6-2. This list was developed by a process that
involved workshops and peer review. The comprehensive evaluation of disposal criticality for
any TRIGA SNF must include variations of the standard scenarios and configurations to ensure
that no credible degradation scenario is neglected. All of the scenarios that can lead to criticality
begin with the breaching of the waste package, followed by entry of the water, which eventually
leads to degradation of the SNF and/or other internal components of the waste package. This
degradation may permit neutron absorber material to be mobilized (made soluble) and either be
flushed from the waste package or displaced from the fissile material, thereby increasing the
probability of criticality.

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 builds up a pond. This pond provides water for moderation to support a
criticality. Further, after a few hundred years of steady dripping, the water can
overflow through the hole in 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
flows 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 add water of hydration and/or plug any holes in the bottom
of the waste package. The waste package supports this latter behavior because the
silica released by the degrading HLW glass may form clay with enough water of
hydration to support criticality.

The standard scenarios for the first group are designated [P-1, -2, -3 (IP stands for internal to the
package) according to whether the TRIGA SNF 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 are
designated IP-4, -5, or -6 based on the same criteria. The internal criticality configurations
resulting from these scenarios fall into six configuration classes described below (CRWMS
M&O 1999g, Page 21):
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1. Basket is degraded but TRIGA SNF relatively intact and sitting on the bottom of the
waste package (or the DOE canister) surrounded by, and/or beneath, the basket
corrosion products (see Figure 6-3). This configuration class is reached from
scenario IP-3.

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

3. Fissile material is moved some distance from the neutron absorber, but both remain
in the waste package (see Figure 6-5). This configuration class can be reached from
IP-I.

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

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

6. Fissile material is degraded and spread into a more reactive configuration but not
necessarily moved away from the neutron absorber, as in configuration class 3 (see
Figure 6-8). This configuration class can be reached by scenario IP- 1.

It should be noted that the configuration classes 1, 2, 4, and 5 require that most of the neutron
absorber be removed from the waste package; however in configuration classes 3 and 6, the
fissile material is simply moved away from the neutron absorber or into a more reactive
geometry.

In Sections 6.2.1.1 and 6.2.1.2, the scenarios and the resulting configuration classes that are
applicable to the TRIGA DOE SNF codisposal waste package are discussed.
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Note that most of these configuration pairs (intact and degraded DOE SNF canister) (Figures 6-3
through 6-8) look quite different although both pair members belong to the same configuration
class. This apparent dissimilarity arises from the configuration class definition strategy, which
classifies critical configurations according to the geometry and composition of the materials,
irrespective of the container (either the DOE SNF canister, or the entire waste package).
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6.2.1.1 Most Likely Scenario for TRIGA-SS SNF

To develop the most likely or probable degradation scenario/configuration for the 5-
DHLW/DOE Spent Fuel waste package with DOE SNF canister containing TRIGA SNF,
the parameters that need to be considered are: the materials of the components associated
with the waste package, the DOE SNF canister and the TRIGA SNF, thickness of the
materials and the associated corrosion rates. Knowing these parameters, the sequence of
degradation can be developed and the most probable degradation scenario/configuration
can be identified. These parameters are discussed below.

Corrosion Rates- Generic Degradation Scenario and Configuration Analysis for DOE
Codisposal Waste Package (CRWMS M&O 1999g, Table 4.1, Page 11) indicates that
stainless steel type 304L and 316L degrade at about the same rate and AS16 carbon steel
degrades faster than stainless steel type 304L/316L. The corrosion rates of UZrH and the
neutron absorber tubes are the same as stainless steel type 316L/304L (CRWMS M&O
1999i and TRIGA Group 1999).

Most Probable Degradation Path- Based on the corrosion rates and the material
thicknesses, Table 6-1, the most probable degradation path for the waste package, the
DOE SNF canister and the TRIGA SNF follows the following sequence:

1. Waste package internal cavity is flooded first. Then, waste package basket,
(inner brackets and supporting tube) degrade because of the A5 16 material.

2. Thin stainless steel shell of the HLW glass canister and subsequently the
glass begin to degrade.

3. The DOE SNF canister is penetrated and flooded inside.

4. SNF stainless steel cladding and stainless steel support grid tubes contact
with water directly.

5. The thin stainless steel cladding (0.51 mm) degrade faster than the support
grid tubes (5.5 nmm). After this, there are two degradation paths;

Sa. SNF rods are exposed to water but stay intact.

Sb. SNF rods are exposed to water and degrade in place inside the support grid
tubes. Neutron absorber tubes stay intact also.

6. Support tubes begin to degrade including the tubes with neutron absorber.

7a. Following (5a) and (6), intact SNF rods fall, settle on the bottom of the DOE
SNF canister and mix with neutron absorber.
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7b. Following (5b) and (6), degraded SNF mix with degraded steel and neutron
absorber and accumulate on the bottom of the DOE SNF canister.

8. Given time, eventually everything degrades and the degradation products
become a uniform mixture settling on the bottom of the waste package
(scenario IP-2). There may be some separation of the fissile material from
the neutron absorber.

Table 6-1. Materials and Thicknesses

Components Material Thickness (mm)
Waste package basket A516 Carbon Steel 12.7

Waste package Inner bracket AS16 Carbon Steel 25.4

Waste package support tube A516 Carbon Steel 31.75

HLW glass shell 304L Stainless Steel 9.5

HLW glass Glass NWA
DOE canister 316L Stainless Steel 9.5

SNF bpport basket 316L Stainless Steel 5.5

Neutron absorber tubes GdPO41C-22 1.0

SNF SS cladding 304L Stainless Steel 0.51

SNF top/bottom end fittings 304L Stainless Steel Sold Cone
_______________________ ___________________ Bottom rrdius=I . m m
SNF UZrH rod 15 mm

SOURCE: EQ6 Calculations for Chemical Degradation of TRIGA Waste Packages (CRWMS
M&O 1999).

Most Probable Degradation ScenariolConfiguration- Based on Generic Degradation
Scenario and Configuration Analysis for DOE Codisposal Waste Package (CRWMS
M&O 1999g), the above degradation sequences match with the degradation
scenario/configurations of IP-3-A to IP-3-C (equivalent to IP-2). Details of these
degradation scenario/configurations are discussed in Section 7.3.2.2 of this technical
report. Since the SNF rods including the end fittings are very thick as compared to the
other materials external to the SNF, the degradation scenario of IP-1, i.e., SNF degrades
faster than the other materials, is not probable.

6.2.1.2 Degraded Cases

6.2.1.2.1 TRIGA SNF Degrades Before the Other Internal Components

For this scenarios the SNF degrades faster than the surrounding components, i.e., the
DOE SNF canister, HLW glass, and the supporting baskets inside and outside the DOE
SNF canister. The waste package and the DOE SNF canister are considered breached at
the top and flooded with water. Since the waste package is horizontally emplaced, "the
top" corresponds to the side of the waste package and the DOE SNF canister. This
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configuration is an example of standard scenario IP-N (CRWMS M&O 1999g, Page 27)
shown in Figure 6-1. The resultant configuration class refinements and their relevant
variations with respect to criticality are presented as follows.

TRIGA SNF Degraded, DOE SNF Canister and Internal Supporting Structure not
Degraded- In this configuration class refinement, the DOE SNF canister interior is
flooded but not degraded (IP-i-A configuration CRWMS M&O l999g, Page 27). The
configurations result from the application of the IP-1 scenario to the DOE SNF canister.
Inside the DOE SNF canister, the supporting internals are in place but the TRIGA SNF
has degraded. The neutron absorber remains with its carrier. The degradation materials
are distributed at the bottom of each support grid tubes, or else dissolved and distributed
uniformly with the water. The configurations obtained have the potential for a more
reactive geometry with respect to criticality, especially for the highly enriched TRIGA
SNF. Since the TRIGA SNF degrades in place, this configuration group is a refinement
of the configuration class 6 (CRWMS M&O 1999g, Section 6.1.2, Page 21).

The possible variation of this configuration having an impact on criticality is
configurations with partial degradation of the SNF (configurations at different stages of
the SNF degradation, e.g., degraded fuel rods, degraded fuel cladding, and degraded fuel
matrix).

TRIGA SNF Degraded, DOE SNF Canister Supporting Structure Partially
Degraded- In this configuration refinement group, IP-1-B (CRWMS M&O 1999g, Page
28), obtained also by applying the standard scenario IP-I to the DOE SNF canister, some
of the inner supporting structures (inside the flooded DOE SNF canister) have partially
degraded (e.g., localized corrosion). As a result, some degraded TRIGA SNF could fall
to the bottom of the DOE SNF canister and be separated from the neutron absorber. The
evolution toward this group of configurations is enhanced by the events that can produce
sudden modifications of the waste package geometry, (CRWMS M&O 1999g, Section
6.1.3, Page 23). More precisely, the localized corrosion could weaken the material of the
supporting structure inside the DOE SNF canister. Its collapse could then be triggered by
a seismic disturbance or rockfall. This configuration group is a refinement of the
configuration class 3 (CRWMS M&O 1999g, Section 6.1.2, Page 21). Its increased
potential for criticality is generally a result of separation of the fissile form from the
neutron absorber.

The possible variations of this configuration having an impact on criticality are as
follows:

(A) Various combinations of degraded TRIGA SNF at the bottom of DOE
SNF canister.

(B) Configurations with different quantities of neutron absorber trapped
within the degraded SNF (most probable configurations).
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All Waste Package Components Degraded- This configuration group results from the
subsequent degradation of the waste package internals and HLW canisters after the above
intermediate configurations have been reached IP-I-C. It also represents the final
configuration obtained by applying scenario IP-2 or IP-3-C to the whole waste package.
The composition of the mixture is dependent on the environmental conditions and
availability of materials. The specific composition is calculated by a geochemistry
analysis code (currently EQ3/6) with the environmental parameters such as drip rate and
temperature as input. The configuration can be described as including the fissile material
confined in one or more layers within the degradation products collected at the bottom of
the waste package including the possibility of mixing the fissile material with the neutron
absorber. The clay from the degraded HLW glass and waste package internals forms a
thick layer that includes the layers of the completely degraded TRIGA SNF canister.
These configurations are refinements of the configuration class 2 from Section 6.1.2.

The possible variations of this configuration having an impact on criticality are as
follows:

(A) Configuration with a DOE SNF canister not completely degraded
containing fully degraded TRIGA SNF and internals placed in the mass of
degradation products from HLW glass and waste package internals.

(B) Configurations with the neutron absorber (Gd) dissolved and flushed out of
the waste package.

6.2.1.2.2 TRIGA SNF Degrades After the Other Internal Components

The components external to the flooded DOE SNF canister will be the first ones exposed
to aqueous attack, and will start to degrade first. The carbon steel of the waste package
structural web supporting the HLW canisters will degrade fastest, and leave a significant
amount of iron oxide in the bottom of the waste package. Much of the HLW glass will
degrade before the DOE SNF canister is breached, and the silica released will form a clay
layer at the bottom of the waste package.

Degraded DOE SNF Canister Internal Structure; Intact TRIGA SNF and DOE SNF
Canister Shell; Degraded Waste Package Basket Structure and HLW Glass
Canister(s)- In this configuration (IP-3-A), which results after the application of
scenario IP-3 to the flooded DOE SNF canister, the supporting structure inside the DOE
SNF canister degrades and the fuel cladding before the TRIGA SNF. The intact TRIGA
SNF falls to the bottom of DOE SNF canister. This configuration is characterized by the
intact TRIGA SNF stacked at the bottom of the DOE SNF canister, surrounded by
degradation materials from stainless steel and neutron absorber. Partial separation of the
neutron absorber is possible; it is more likely if combined with the category of events
described in Generic Degradation Scenario and Configuration Analysis for DOE
Codisposal Canister (CRWMS M&O 1999g, Section 6.1.3, Page 23). This configuration
group is a refinement of configuration class 1 (CRWMS M&O 1999g, Section 6.1.2,
Page 21). The configurations are relatively insensitive to whether the materials outside
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the DOE SNF canister are degraded or not. Modified geometry and separation from the
neutron absorber make this group of configurations susceptible to criticality.

Two kinds of configurations were analyzed:

(A) Configurations with variations in the distribution of the degraded neutron
absorbers.

(B) Configurations with the dissolved neutron absorbers flushed out of the
waste package. Note that this configuration is the most likely to cause
criticality unless positive measures are taken to ensure the insolubility of
the neutron absorber material.

Degraded Waste Package Basket Structure, HLW Glass Canister(s), and DOE SNF
Canister; Intact TRIGA SNF- In this configuration (IP-3-B, [CRWMS M&O 1999g,
Page 32]), which results from the application of scenario IP-3 to the whole waste
package, all the waste package internal structure materials and the HLW glass are
degraded first, followed by the degradation of the DOE SNF canister and the supporting
structure inside. If the TRIGA SNF stays in solid form due to its high resistance to bulk
corrosion, it can fall to the bottom of waste package. If the TRIGA SNF matrix stays
intact, the configuration may be characterized by the intact TRIGA SNF matrix stacked at
the bottom of the waste package, surrounded by clay and layers of steel degradation
materials. This configuration group is a refinement of the configuration class I
(CRWMS M&O 1999g, Section 6.1.2, Page 21).

One kind of configuration was analyzed:

(A) Configurations with variations in the distribution of the degraded neutron
absorbers.

6.2.2 Basic Design Approach for Geochemistry Analysis

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

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

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

3. Use the "solid-centered flow-through" mode (SCFT) in EQ3/6. 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.
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4. Determine the concentrations of fissile materials in solution as a function of
time (from the output of EQ3/6-simulated reaction times up to 6x 105 yr.).

5. 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).

6. Determine the concentrations of neutron absorbers in the solution as a
function of time (from the output of EQ3/6 over times up to 6x105 yr.).

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

8. Calculate the composition and amounts of solids (precipitated minerals or
corrosion products and unreacted package materials), as a function of time.

6.3 CALCULATIONS AND RESULTS

The calculations begin by selecting representative values from known ranges for
composition, amounts, and reaction rates of the various components of the waste
package. Surface areas are calculated based on known package geometry. The input to
EQ3/6 consists of the composition of 1-13 well water, together with a rate of influx to the
waste package (Section 2.1.8.3). In some cases, the degradation of the waste package is
divided into stages (e.g., degradation of HLW glass before breach of the DOE SNF
canister and exposure of the fuel and basket material to the water). The EQ316 outputs
include the compositions and amounts of solid products and the solution composition.
Details of the results are presented below. The calculation process is described in more
detail in EQ6 Calculations for Chemical Degradation of 7RIGA Waste Packages
(CRWMS M&O 1999i).

Results of EQ316 Runs- Table 6-2 summarizes the conditions used for the EQ3/6 runs
and the total percentage of Gd and U remaining at the end of the runs. If fissile material
remains in the waste package while the Gd and other neutron absorbers are flushed from
the system, an internal criticality could be possible. Two basic types of degradation
scenarios are simulated.

Cases 1-23 are single stage, and involve simultaneous exposure of the fuel and the
package materials to groundwater. These cases are designed to maximize exposure of the
Gd to high pH, and to stress the enhanced solubility of GdPO4 under alkaline conditions.
The Gd is in the advance absorbed matrix, and the phosphate is in the glass (CRWMS
M&O 1999n, Table 5-8). Considering that fuel rods are contained within stainless steel
cladding, for a conservative approach, that cladding is fully breached immediately after
contact with water. The worst case from the criticality point of view is Case 13, which
results in almost 1.00% retention of fissile material and highest loss of neutron absorber.
Thus, in general, the single-stage cases are considered as the extreme or not probable
cases because all components are assumed to begin to degrade immediately after the
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waste package breach without considering the degradation sequences. The variations for
these cases are shown in Table 6-2.

Cases 24-27 are called "multiple stage." These cases start with the breach of waste
package, which allows groundwater to come in contact with waste package internals
outside the DOE SNF canister, including HLW glass, stainless steel Type 304L HLW
glass canisters and the A516 carbon steel outer basket ("stage A"). During this stage, the
DOE SNF canister remains intact. The second stage ('stage B"), start with the breach of
DOE SNF canister and interaction of groundwater with material inside the DOE SNF
canister, including TRIGA SNF and undegraded reactants left from stage A. These cases
are designed to produce the lowest possible pH (the corrosion rates will not be
significantly affected) by first exposing the HLW glass to J-13 well water to remove
alkalinity, prior to exposure of the fuel and Gd in the second stage. Thus, these cases test
the enhanced Gd solubility at low pH. It is also assumed that stainless steel cladding
would breach just after the breach of the DOE SNF canister. In all cases, the predicted
major corrosion products are an iron-rich smectite clay (nontronite) and hematite or
goethite. The smectite and iron oxide typically comprise over 90% of the corrosion
product volume. The Gd enters rhabdophane (hydrated GdPO4 ) as the neutron absorber
tubes corrode, and the dominant U solid is soddyite ((UO2)2(SiO4)-2H 2 0). The scenario
for the double-stage cases matches more or less with the generic scenario IP-3 (CRWMS
M&O 1999g), i.e., waste form degrade slower than the other internal components. Four
cases were run and the results of all four cases are very close. Although the results show
very high retention of fissile material, the retention of the neutron absorber is also very
high, which balances out the impact of high fissile concentration on criticality. Overall,
the double-stage cases represent the most probable cases. The variations for these cases
are shown in Table 6-2.

In most EQ3/6 runs, minerals that generally do not form at low temperatures are
suppressed; such mineral phases include, but not limited to, muscovite and mica, which
are thermodynamically stable, but kinetically inhibited relative to clays. In some cases,
hematite (the thermodynamically more stable phase with increasing temperature) is
suppressed to cause formation of goethite; both phases may form in the oxidation of iron.

Table 6-2. Summary of Geochemistry Results

% Remaining at the
end of the Run Ra____I ron Oxide

Case U Gd Steel Glass Fuel J-13 Formed
I' 6.7 89.5 1 1 1 1 Hematite
e 0.0 89.3 1 1 I I Hematite
3 100 79.1 1 1 1 3 Hematite
4' 6.2 51.1 1 1 2 2 Hematite
5 100 81.9 1 1 3 3 Hematite
6 13.7 100 1 2 1 1 Hematite
7 10.9 99.8 1 2 1 3 Hematite
85 0.0 99.9 1 2 2 2 Hematite

. 0.0 99.9 1 2 2 2 Hematite
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Table 6-2. Summary of Geochemistry Results (Continued)

% Remaining at the
end of the Run Rates Iron Oxide

Case U Gd Steel Glass Fuel J-13 Formed
10 4.4 100 1 2 3 1 Hematite
11 0.0 99.8 1 2 3 3 Hematite
12 6.7 98.4 2 1 1 1 Hematite
13 99.9 46.6 2 1 1 3 Hematite

14b 99.2 46.3 2 1 1 3 Hematite
15 6.2 82.7 2 1 2 2 Hematite
16 6.7 98.5 2 1 3 1 Hematite
17 99.9 59.3 2 1 3 3 Hematite
18 0.0 100 2 2 1 1 Hematite
19 11.0 99.9 2 2 1 3 Hematite
20 8.8 99.8 2 2 2 2 Hematite
21 0.0 100 2 2 3 1 Hematite
22 0.0 99.9 2 2 3 3 Hematite
23 6.8 92.7 1 1 3 1 Hematite
24 99.7e 100 1/1 210 012 3/1 Goethite
25 99.80 100 212 210 0n 311 Goethite
26 97.3c 99.9 212 2/0 0o2 4/2 Goethite

2rb 98.0V 99.9 212 210 0/2 4/2 Hematite

NOTES: 3 For these cases, the elemental composition In the aqueous solution and In the corrosion
products are presented In EQ6 Calculatbrns for Chemkcef Degradation of 7RIGA Waste
Packages (CRWMS M&O 1999i), Tables 5-8 through 5-21.

b The second character, the U0 2 in the glass is replaced with TOa so that the uranium results
would represent only the uranium In the fuel.
The fraction of U represents the U In the fuel only. All of the U in the glass has been flushed
from the waste package by the beginning of the second stage.

d Rates encoding:
Steels: I-average rate; 2=high rate (Table 2-25).
Glass: 0-no glass present I low rate; 2=hlh rate (Table 2-26).
Fuel: O=no fuel present 1S1.88E-14 moltcm *s; 21.88E-13 moVcrm2s; 3=1.88E-12

mol/crm2*s tCRWMS M&O 1999i).
J-13: 1=0.0015 m lyr; 2=0.015 m51yr; 3=0.15 m'lyr; 4=0.S m3/yr (Section 2.1.8.3).
Cases 24 through 27 are double-stage; rates are given hI format: first stagelsecond stage.

Both hematite and goethite are observed to form in rust, though the EQ316
thermodynamic database indicates hematite is thermodynamically more stable with
increasing temperature. In general, the first stage of double-stage run is comparatively
short (-103 to -10 years) and the second stage of the run is carried out to at least 100,000
years. While the first stage is important in setting up the chemical conditions, the second
stage is generally of greater interest for neutronic calculations.

The greatest Gd losses occur in the single-stage runs; however, the maximum Gd loss is
less than or equal to 54% over 40,000 years for any of the scenarios.
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6.4 SUMMARY

A principal objective of these calculations is to assess the chemical circumstances that
could lead to removal of neutron absorbers (Gd) from the waste package, while fissile
materials (U) remain behind. Such circumstances could increase the probability of a
nuclear criticality occurrence within the waste package. Gd is assumed present in the
neutron absorber matrix placed within the basket structure inside the 18-in. DOE SNF
canister. Advanced neutron absorber matrix will be as corrosion resistant as stainless
steel because the corrosion rate is much lower than stainless steel. Water, with
composition of J-13 well water, drips in through an opening at the top of the waste
package, pooling inside and eventually overflowing, allowing removal of soluble
components through continual dilution. Twenty-seven EQ3/6 cases were selected and
examined to identify the reasons for the chemical changes during degradation of waste
package materials and flushing by J-13 well water. The scenarios and conditions of
EQ3/6 were chosen to emphasize conditions that could create either acid or alkaline
conditions, and to determine if these conditions are of sufficient duration to induce Gd
loss.

Twenty-seven EQ3/6 reaction-path cases were constructed to span the range of possible
Gd and fuel corrosion (Table 6-2). Two general EQ3/6 scenarios were selected: single-
and double-stages. Cases I through 23 were single-stage cases where high pH was
achieved by simultaneous exposure of fuel to degrading glass. In the longer run cases
(>300,000 yr.), most of the uranium was lost, with 0 to 14% of U remaining at the end of
the run. In the shorter run cases (-40,000 yr.) with the high rates of glass degradation,
the U remaining at the end of the runs ranged from 0 to 11%. In shorter run cases, with
average glass-degradation rates, nearly all of the U was retained in the waste package.
Cases 13 and 17 resulted in the highest U remaining (99.9%/6) and the lowest Gd
remaining (47% and 59%, respectively) at the end of the run (-40,000 yr.). Both of these
cases had a high steel degradation rate, an average glass degradation rate, and a high
water drip rate. Thus it appear that unusual conditions will be required to achieve
significant loss in Gd, when the element is present in the package as solid GdPO4.

Double-stage cases were Cases 24 through 27 of Table 6-2. These cases tested the effect
of exposing the Gd and U to long-lived acidic conditions (pH -5 to 6). The highest level
of acidity was achieved during first-stage EQ3/6 simulations, where it is assumed that the
DOE SNF canister is intact, and only the outside of the DOE SNF canister, the HLW
glass and its containers, and the A516 waste package basket were allowed to interact with
the water dripping into the waste package. With a sufficiently high drip rate, the alkaline
components of the glass are removed (as well as all the U in the glass) during this stage.
The neutron absorber tubes containing Gd, fuel, and other components within the DOE
SNF canister are exposed to J-13 well water at a much lower drip rate, allowing pH to
drop. Cases 24 through 27 resulted in essentially no loss of Gd and a few percent loss of
U from the fuel (Table 6-2). In all cases, the predicted major corrosion products are an
iron-rich smectite clay (nontronite) and hematite or goethite. The smectite and iron oxide
typically comprise over 90% of the corrosion product volume. The Gd forms
rhabdophane (hydrated GdPO4, insoluble precipitate) as the neutron absorber tubes
corrode, and the dominant U solid is soddyite ((UO2)2(SiO 4)-2H 20). The details of each
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run are explained in EQ6 Calculations for Chemical Degradation , of TRIGA Waste
Packages (CRWMS M&O 1999i), Section 5.
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7. INTACT AND DEGRADED CRITICALITY ANALYSES

7.1 USE OF COMPUTER SOFTWARE

The Monte Carlo code, MCNP, Version 4B2, is used to calculate the effective
multiplication factor of the waste package. The code identification and qualification has
already been explained in Section 5.1 of this technical report.

7.2 DESIGN ANALYSIS

The calculation method used to perform the criticality calculations consisted of using the
MCNP Version 4B2 code (Briesmeister 1997) to calculate the kff for various geometrical
configurations of TRIGA SNF in the 5-DHLW/DOE Spent Fuel waste package. The kcfr
results represent the average combined collision, absorption, and track-length estimator
from the MCNP calculations. The standard deviation represents the standard deviation of
keff about the average combined collision, absorption, and track-length estimate due to the
Monte-Carlo-calculation statistics. The calculations are performed using ENDFIB-V
continuous energy Cross section libraries that are part of the qualified MCNP code
system (CSCI) 30033 V4B2LV. All calculations are performed with fresh-fuel isotopics
(Assumption 2.3.5.1). As discussed in section 2.4.3, the interim critical limit is 0.93.

The issue of minor actinides, which are fast-fissionable and non-fissile, is investigated.
The critical mass of neptunium 137 (Np-137) moderated and reflected by granite is
45,000 g, and that for americium 241 (Am-241) at 10,000 years is 78,900 g (Allen 1978).
The DOE SNF canister with TRIGA SNF has a total of 124.43 g Np-137 and 1.484 g
Am-241 (Sterbentz 1997, Page 20). Due to these very low quantities (less than 2% of
required minimum critical mass), these minor actinides do not present a potential for
criticality, and therefore, have not been addressed further in the criticality calculations.
The use of fresh fuel compositions and neglect of burnable neutron absorber
conservatively bounds any changes associated with burnup.

7.3 CALCULATIONS AND RESULTS

This section describes the intact and degraded criticality calculations for a waste package
containing a DOE SNF canister with TRIGA SNF. A detailed description of the Monte
Carlo representations, the method of solution, and the results are provided in TRIGA Fuel
Phase I and II Criticality Calculation (CRWMS M&O 1999h). Section 7.3.1 gives a
description of the intact cases for the DOE SNF canister. The kiff of different
configurations of a degraded DOE SNF canister is investigated in Section 7.3.2. Section
7.3.2.1 describes calculations performed with intact SRS HLW glass and TRIGA SNF
degrading. In Section 7.3.2.2, the DOE SNF canister remains intact but the SRS HLW
glass degrades.

7.3.1 Intact DOE SNF Canister

The TRIGA SNF is described in detail in Section 2.1.4 of this document. The
dimensions used in the calculations reported herein are given in Figure 7-1.
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In this section, the criticality analyses for intact configurations are discussed. Although
the components (fuel rod, cladding, and DOE SNF canister) are considered structurally
intact, water intrusion into the components is allowed to determine the highest kdr
resulting from the optimum moderation.
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Figure 7-1. Waste Package and DOE SNF Canister Dimensions Used in the Analyses
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The most reactive fuel based on the fuel type and optimum moderation is determined.
The FLIP type rod has a BOL U-235 enrichment of 70 wt%. Analyses of intact fuel rods
in the configuration shown in Figure 7-1 indicated that four rod cluster type rods, FLIP,
standard streamline type rods, and FLIP-LEU-I are well below interim critical limit
(DOE 1999, Page 19; CRWMS M&O 1999h). The maximum ke+ 2ca is 0.7890 for the
TRIGA-SS FLIP type rods (CRWMS M&O 1999h, Table 6-1, Page 36).

The density of water in the DOE SNF canister was also varied. The results indicate that
the DOE SNF canister is under moderated even when it is flooded, and the maximum kfr
is obtained with water with 1 g/cm3 density. Therefore, all analyses with intact DOE
SNF canister shell assumed flooded DOE SNF canister.

To determine the best way to introduce the advanced neutron absorber matrix, several
alternatives were investigated. Standard streamline TRIGA-SS FLIP type rods were used
in the calculations. Alternatively, using 1-mm thick advanced neutron absorber matrix
tubes on the inside of the structural tubes, 12 tubes per basket (36 total), reduces kef+ 2a
from 0.7890 to 0.6894 and 0.5858 depending on the location of the advanced neutron
absorber matrix tubes (CRWMS M&O 1999h, Table 6-1, Pages 36 and 37).

7.3.2 Degraded Cases

The criticality evaluations conducted for the degraded cases are discussed in the
following sections. Several configurations are considered. Detailed descriptions of these
configurations are given on pages 27 through 37 of Generic Degradation Scenario and
Configuration.Analysisfor DOE Codisposal Waste Package (CRWMS M&O 1999g). In
Section 7.3.2.1, the configurations resulting from the degradation scenarios in which the
TRIGA SNF degrades before the other internal components of the waste package are
analyzed (CRWMS M&O 1999g, Pages 27 through 29). In Section 7.3.2.2,
configurations resulting from degradation scenarios in which the TRIGA SNF degrades
after the other internal component of the waste package are discussed (CRWMS M&O
1999g, Pages 30 and 31). In Section 7.3.2.3, an intermediate degraded configuration in
which most of the fissile material (99%) is still in the waste package and only 46% of the
Gd remains in the waste package is discussed (CRWMS M&O 1999g, Page 47).

In configurations resulting from a flow-through degradation scenario in the waste
package, the fissile material may be flushed out of the waste package (CRWMS M&O
1999g, Page 34). High pH (pH>9, CRWMS M&O [1999i], Figure 5-4, Page 40, Table 6-
1, Page 64) is achieved by simultaneous exposure of fuel to degrading glass. In these
cases (greater than 300,000 yr.), all of the uranium was lost at the end of the run. This
eliminates the risk of internal criticality since all fissile materials are transported out of
the waste package. In the calculations described below, the configurations with the
lowest uranium loss (2.1%) and the highest Gd loss (53%) are analyzed. The fuel type
used in the calculations is FLIP in a standard streamline stainless steel-clad rod unless
otherwise specified.
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The terms "fraction of water" or "percent of water" refer to a volume fraction and to a
percentage of volume, respectively. The DOE SNF canister is flooded unless otherwise
specified.

7.3.2.1 TRIGA SNF Degrades Before the Other Internal Components

In the cases described in this section, the TRIGA SNF degrades faster than the
surrounding components (CRWMS M&O 1999g, Page 27). The waste package and the
DOE SNF canister are considered to be breached at the top with water dripping inside.
This configuration is described in Section 6.2.1.2.1 and corresponds to configuration
class 3. In all configurations, the fuel is FLIP in standard streamline stainless steel-clad
rods.

7.3.2.1.1 Degraded TRIGA SNF, Intact DOE SNF Canister and Basket

In the configurations investigated in this section, the TRIGA SNF degrades first. All
other internal components of the waste package remain intact. The configurations
obtained under this situation have the potential for a more reactive geometry with respect
to criticality. The configurations discussed in this section belong to the standard scenario
group IP-I in which the SNF degrades faster than the other internal components. Based
on the discussion and argument presented in Section 6.2.1.1, the occurrence of IP- I is not
probable. This is due to the differences in material and associated thickness between the
SNF and other internal component. As indicated in Section 6.2.1.1, the SNF as a whole
(when treating the SNF corrosion rate as stainless steel) is much thicker than the DOE
SNF canister or the internal supporting basket (33.8 mm versus 5.5 or 9.5 mm). For IP-I
to occur, the thicker SNF must degrade first. Obviously, this is not likely.

Cladding Degrades- Several cases are developed in which the structural tubes and the
DOE SNF canister are intact The waste package basket, the SRS HLW glass pour
canisters and the SRS HLW glass are also intact. The stainless steel cladding is degraded,
but the fuel is intact. The goethite from the degradation of the stainless steel cladding
settles in each structural tube and is either accumulated on the bottom of each tube or
homogenized over the tube volume. The gap between the Zr rod and the fuel rod is filled
with water (see Figure 2-10, Page 17). Other cases where the Zr rod is replaced by water
are also analyzed. Figure 7-2 shows the Cross section of the DOE SNF canister in this
configuration. The percentage and the density of water are varied. A maximum ketr+ 2a
of 0.8069 is obtained when no advanced neutron absorber matrix is introduced (CRWMS
M&O 1999h, Table 6-2, Pages 38 and 39). Therefore, these configurations do not need
any advanced neutron absorber matrix. In all these configurations, the DOE SNF canister
was filled with water at I g/cm3 density. The configuration with 45 1-mm thick advanced
neutron absorber matrix tubes in the support grid tubes, 15 tubes in each stainless steel
basket, which corresponds to 8.9 kg of Gd, results in keff+ 2y of 0.6649 (CRWMS M&O
1999h, Table 6-2, Pages 38 and 39).

The amount of water mixed with the goethite, which is settled on the bottom of the
structural tubes, is varied over the physically possible range. In addition, the density of
water in the goethite and in the water layer above the goethite in the structural tubes is
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also varied over the physically pgossible range. Varying the amount of water mixed with
the goethite (density - I g/cm.) does not affect the kcff (results are within statistical
uncertainty). Water with I g/cm3 density results in highest kdr+ 2cr of 0.6649, with 77%
void filled with water, which is the starting case (CRWMS M&O 1999h, Table 6-2, Pages
38 and 39) with 45 advanced neutron absorber matrix tubes.

The effect of water outside the DOE SNF canister (in the waste package) is investigated.
Flooding the waste package with water decreases the kf by approximately 1%.

Replacing the Zr rod in the center of the fuel rod with water increases kff by
approximately 1% with maximum ke+ 2cy of 0.6724 (CRWMS M&O 1999h, Table 6-2,
Pages 38 and 39) with 45 advanced neutron absorber matrix tubes.

Figure 7-2. Cross Section of the DOE SNF Canister (basket Intact, clad degraded)

Fuel Degrades- The following configuration group is similar to the previous one except
tChat the fuel has degraded. Cases in which the fuiel is breached and is partially fractured
are analyzed. The fractured fuels are represented as spheres. The radius of the spheres is
varied. In this set of cases, the graphite reflectors and the center Zr rod are intact and
positioned as they are in the intact configuration, but the clad is degraded. There is no
advanced neutron absorber matrix present (conservative case). A homogenized mixture
of water and degraded stainless steel from the cladding surrounds each sphere. Figure 7-
3 shows the Cross section of the DOE SNF canister in this configuration. The maximum
k~tr+ 2cr of 0.7621 was obtained when the radius of the sphere is 1.0 cm (CRWMS M&O
1999h, Table 6-3, Page 40).

The results for these cases would be expected to be bounded by completely homogenized
cases but are included for completeness and to demonstrate kjT does not peak at an
intermediate degradation step.

TDR-EDC-NU-O0000I REV 00 75 January 2000



Figure 7-3. Cross Section of the DOE SNF Canister (fuel partially fractured)

Cases in which the U is separated from the Zr in the fuel are also analyzed. The uranium
spheres of radius 0.001-cm (the fuel is broken into small particles which are
homogeneously distributed) are settled on the bottom of the structural tubes of the DOE
SNF canister, and surrounded by a homogenized mixture of goethite and water, and
covered by a layer of zircaloy-hydride (Zr-H) mixture. The remaining volume in each
structural tube is filled with a homogenized mixture of water and degraded stainless steel
from the cladding. The DOE SNF canister under this configuration results in a maximum
kff + 2a of 0.5048 (CRWMS M&O 1999h, Table 6-4, Page 40). During the degradation
process, the Zr in zircaloy-hydride might eventually form ZrO2. This configuration was
analyzed, and it was found that the degradation of Zr-H into ZrO2 has no effect on the kff
of the waste package.

Finally, configurations in which the fuel element (fuel matrix, clad, Zr rod, graphite
reflectors) is fully degraded and the DOE SNF canister basket is still intact are
investigated. In these configurations, no neutron absorber is required to keep kef + 2a
below 0.93. The percentage of water in the slurry is varied. kVff + 2a increases from
0.6512 (for a dry slurry) to 0.8 158 (the slurry is mixed with water to fill the entire volume
of the tube) (CRWMS M&O 1999h, Table 6-5, Page 40). These are the bounding
configurations for degraded SNF with intact basket components.

7.3.2.1.2 Degraded TRIGA SNF and Basket, Intact DOE SNF Canister, SRS HLW
Glass, SRS HLW Glass Pour Canister, and Waste Package Basket

In this configuration group, the DOE SNF canister basket has degraded. Therefore, the
degraded fuel elements could fall to the bottom of the DOE SNF canister. Different
stages of degradation of the fuel element are considered. The configuration obtained
under this condition corresponds to class 1. Some of the inner structure has partially
degraded. Therefore, some degraded TRIGA SNF could fall to the bottom of the DOE
SNF canister and be separated from the neutron absorber. For the reasons given in
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Section 7.3.2.1.1, in general, the probability of occurrence for this degradation group is
very small.

Degraded Fuel Cladding- In this configuration, the bare fuel pins have settled on the
bottom of the DOE SNF canister and the Zr rods are intact. The degradation products of
both the cladding and the basket with a variable fraction of water surround the fuel pins.
In this configuration, not only is it not probable for the SNF to degrade faster than the
components outside the DOE canister due to the reasons given in Section 6.2.1.1, since
all the components outside the DOE canister stay intact, there is no path for the neutron
absorber to escape out of the waste package. A representation of this configuration is
shown in Figure 7-4. The advanced neutron absorber matrix is either:

* Mixed with the goethite and homogenized over the DOE SNF canister
volume.

* Degraded and settled on the bottom of the DOE SNF canister under the fuel
rods.

* Trapped amongst the fuel rods.

In this set of configurations, the absorber matrix from 45 1-mm advanced neutron
absorber matrix tubes is assumed to be mixed with the goethite. The amount of water in
this mixture is varied. kdfr increases by as much as 7% as the amount of water in the
mixture increases from 40% to 78%. kfr+ 2cr is maximized (0.839) when the mixture is
homogenized over the entire volume of the DOE SNF canister (CRWMS M&O 1999h,
Table 6-6, Page 41).

The number of absorber matrix tubes needed to stay subcritical after the degradation
process is also investigated. kff + 2cr of the waste package is 0.9050 if the DOE SNF
canister basket contains 18 1-mm tubes of advanced neutron absorber matrix (which
corresponds to 3.6 kg of Gd homogenized over the entire DOE SNF canister volume)
(CRWMS M&O 1999h, Table 6-6, Page 41). The density of water added to the
goethite/advanced neutron absorber matrix mixture is also varied from I g/cm3 to 0.3
g/cm3. kff is maximum for a water density of 1 g/cm3. This case presumes the loss of
5.3 kg (60%) of the neutron absorber matrix, which, as mentioned above, is improbable.

A configuration where the advanced neutron absorber matrix (8.9 kg) settles on the
bottom of the waste package is investigated. The fuel rods sit above the layer of
advanced neutron absorber matrix. In this configuration, the waste package is critical
with kff + 2cy of 1.0920 (CRWMS M&O 1999h, Table 6-6, Page 41). However, this
configuration is incredible. Some of the advanced neutron absorber matrix will be
trapped in between the rods (Figure 7-5) during the degradation of the 1-mm tubes. In
this case, the waste package is subcritical with kff + 2cr of 0.8339, if at least 1.5 kg (17%
of initial amount) Gd remains between the rods (CRWMS M&O 1999h, Table 6-6, Page
41).
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The complete degradation of the Zr-rod is also investigated. If the Zr rod is replaced by
water, goethite, and Gd mixture, then the kff of the waste package containing 8.9 kg Gd
(from 45 advanced neutron absorber matrix tubes) decreases by 4.6% (from 0.839 to
0.8015) (CRWMS M&O 1999h, Table 6-6, Page 41).

PtAbsww

Figure 7-4. Cross Section of the DOE SNF Canister (stainless steel tubes degraded)

- Fuel Rod

_Z r Rod

-A Advanced Neuton
Absorber

Figure 7-5. Cross Section of the DOE SNF Canister with Advanced Neutron Absorber Matrix
between the Rods

Degraded Cladding and Partially Fractured Fuel- Partially fractured fuel is
represented as spheres. The radius of the spheres varies. A mixture of water and
degraded stainless steel (goethite) surrounds each sphere. In these configurations, the
graphite reflector and the Zr rods form layers above the goethite. There is no advanced
neutron absorber matrix in the DOE SNF canister. For this scenario, it requires all the
neutron absorber tubes to degrade first and settle at the bottom of the DOE canister
before any other components degrade. Obviously, the probability for these combined
sequences of events to occur is very small. A maximum kfrr+ 2a of 0.6670 was achieved
when the radius of the sphere is 0.1 cm (CRWMS M&O 1999h, Table 6-7, Page 42).
When the radius of sphere is increased to 1 cm, the kff + 2a decreases to 0.6373 (4.4%
decrease). These cases would be expected to be bounded by the completely degraded
fuel cases, but are included for completeness.
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The effect of removed Zr and graphite layer is also investigated (conservative
approximation). A maximum klff + 2a of 0.6673 was achieved (see Figure 7-6)
(CRWMS M&O 1999h, Table 6-7, Page 42) without the Zr layer with 0.1 cm spheres,
which indicates that the Zr and graphite layer has no effect on ker.

ff I ~~~~~~~~~~Umnlum

Figure 7-6. Cross Section of the DOE SNF Canister (fuel degraded)

Fully Degraded Fuel, Zr Rods, Graphite Reflector, and Cladding- In this
configuration, the fuel and the degradation products from the cladding and the basket
form slurry. The amount of water in this slurry varies. In this configuration, everything is
degraded forming a uniform mixture inside the DOE canister. This configuration is also
not very probable because when everything is degraded inside the DOE SNF canister, for
the reasons given in Section 6.2.1.1, very likely all the components outside the DOE SNF
canister have already degraded, which creates less neutron reflection back into the
canister (lower kSff).

The maximum kfr + 2cr is 1.1286 in this configuration. This occurs when the clay
resulting from the degradation of the fuel and basket (fully degraded) has 68.41% water
and no Gd. Only 0.1 kg (1%) Gd is required to remain in the clay to keep the canister
configuration subcritical with the keff + 2a of 0.8288 (CRWMS M&O 1999h, Table 6-8,
Page 43).

7.3.2.1.3 All Waste Package Components Degraded

In this section, the configurations with degraded waste package internal components and
the DOE SNF canister are investigated. The amount of water added to the clay that is
formed from degradation products is varied. Given time (i.e., thousands of years), all
components are assumed to degrade but uniform homogenization of all components is not
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likely. More reactive intermediate configurations are discussed in the section that
follows.

This configuration corresponds to configuration class 1. A maximum kfr + 2a of 0.0722
was obtained when all the internal components of the waste package arc fully degraded
and form a homogenized layer on the bottom of the waste package (CRWMS M&O
1999h, Table 6-9, Page 43). Cases where the degraded fuel forms a layer below the clay
layer were investigated. The maximum kff occurs when both the fuel and the clay layers
are without free water; the remaining volume of the waste package is filled with water.
No Gd is added to the fuel layer. kdr + 2a is then equal to 0.6359 (CRWMS M&O
1999h, Table 6-13, Page 48).

7.3.2.2 TRIGA SNF Degrades After the Other Internal Components

In the cases described in this section, the components external to the DOE SNF canister
are the first ones exposed to aqueous attack, and start to degrade first (CRWMS M&O
1999g, Page 31). The waste package basket (made of carbon steel) degrades fastest and
much of the SRS HLW glass is degraded before water penetrates the DOE SNF canister.
Then the DOE SNF canister contents start to degrade. This configuration requires the
degradation of all steel materials inside the waste package and DOE canister except the
fuel rods. This is very unlikely to occur since the corrosion rate of the fuel rod material is
about the same as the steel. Additionally, the combined probability for all of the
sequence of events to occur, from the degradation of all the materials to uniform mixing
within the waste package, is very small.

In the following sections, different stages of degradation of the DOE SNF canister and its
internal components are analyzed with the assumption that the other internal components
of the waste package are fully degraded. The amount of water is also varied.

7.3.22.1 Intact DOE SNF Canister Shell

In this group of configurations, the DOE SNF canister shell is partially intact with some
degradation on the outer surface only (CRWMS M&O 1999i, Page 42). The stainless
steel resulting from the degradation of the outer surface of the DOE SNF canister
(CRWMS M&O 1999i, Page 44) is added to the clay resulting from degradation of the
SRS HLW glass, the SRS HLW glass pour canisters and the waste package basket. The
configurations considered had a range of water concentration in the clay. The canister
locations at the bottom of the waste package and the upper part of the clay were
considered. A range of degradation stages of the internal components of the DOE SNF
canister was considered. In each of these stages, the internal components of the DOE
SNF canister are in the most reactive configuration identified in the previous sections.
The following is a list of these stages:

* Only the cladding is degraded. The DOE SNF canister basket and the fuel
remain intact. The DOE SNF canister is in the configuration shown in Figure
7-2. A maximum kefr + 2a of 0.8095 (CRWMS M&O 1999h, Table 6-10,
Page 44) was achieved when the clay has no water, the DOE SNF canister is
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on the bottom of the waste package and there is no Gd present in the DOE
SNF canister. The remaining void space of the waste package is flooded
with water. The effect of the degradation of the internal components of the
waste package outside the DOE SNF canister is negligible (key + 2a of the
waste package is 0.8069, Section 7.3.2.1.1) (CRWMS M&O 1999h, Table 6-
2, Page 38).

The cladding and the basket are degraded. The fuel rods have settled to the
bottom of the DOE SNF canister. A cross section of the waste package in this
configuration is shown in Figure 7-7. The DOE SNF canister shell is intact;
the remains of the fuel rods are on the bottom of the DOE SNF canister; and
the components outside of the DOE SNF canister (waste package basket,
HLW glass, and HLW glass pour canisters) are fully degraded and form clay.
The percentage of water in the clay is variable. The maximum kfr + 2a is
0.9394 (CRWMS M&O 1999h, Table 6-11, Page 45) in this configuration
group as opposed to 0.9252 when the internal components of the waste
package outside the DOE SNF canister are intact (CRWMS M&O 1999h,
Table 6-6, Page 41). In this configuration 4.1 kg (466%) Gd is required to be
distributed in the clay layer to reduce the kfr + 2a to 0.9095. This reactive
configuration occurs when the clay resulting from the degradation of the
HLW glass and the HLW glass pour canisters have no water. The DOE SNF
canister is on the bottom of the waste package.

* All internal components of the waste package except the DOE SNF canister
shell are degraded. The maximum kff + 2a in this configuration is 0.8338
(CRWMS M&O 1999h, Table 6-12, Page 46) as opposed to 0.8288
(CRWMS M&O 1999h, Table 6-8, Page 43) when the HLW glass and the
waste package basket are intact. In this case, the clay resulting from the
degradation of the SRS HLW glass, the SRS HLW glass pour canisters and
the waste package basket has no free water. The DOE SNF canister is on the
bottom of the waste package and has 0.1 kg Gd mixed with degraded SNF
rods (Section 7.3.2.1.2, subsection Fully Degraded Fuel, Zr Rods, Graphite
Reflector, and Cladding).

7.3.2.2.2 TRIGA SNF Intact, Other Internal Components Degraded

In this group of configurations, all internal components of the waste package including
the DOE SNF canister are degraded, but the fuel is intact. This configuration
corresponds to configuration class 1, which results from the degradation of waste
package basket and HLW glass canisters, followed by the degradation of the DOE SNF
canister and the supporting structure inside. The configuration may be characterized by
intact TRIGA SNF settled on the bottom of the waste package, surrounded by clay. The
water volume fraction in the clay is varied from 0% to 50.5%. This configuration is
highly unlikely because the fuel could not stay intact while all other components degrade.
Based on geochemistry calculation results, with average reaction rates it takes more than
300,000 years for the glass to degrade while it takes only 75,000 years for the TRIGA
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SNF to degrade. Gd coating needs to be added to the structural tubes in the DOE SNF
canister to keep the kff under the interim critical limit value of 0.93. Figure 7-8 shows a
cross-sectional view of the waste package in this configuration. A maximum kfr + 2o of
1.0378 was achieved when the clay is mixed with water and homogenized over the entire
waste package volume (CRWMS M&O 1999h, Table 6-13, Page 47). In this
configuration, only the clay contains 2.7 kg Gd. In this case the Gd is homogenized over
the entire clay volume, which is very incredible. Therefore, a similar configuration with
4.1 kg Gd homogenized in a layer of clay that covers only the fuel is also investigated. In
this case, kff + 2cr is 0.9146. The Figure 7-9 shows a cross-sectional view of the waste
package in this configuration.

A configuration with the TRIGA SNF rods fully degraded is also investigated. If the
glass degrades before the DOE SNF canister, then the TRIGA SNF forms a layer on the
bottom of the waste package with a layer of clay above. Figure 7-10 shows a Cross
section of the waste package in this configuration. The layer of TRIGA SNF with Gd is
mixed with varying percentages of water and clay. The water percent in the layer of clay
above the TRIGA SNF is also varied. A maximum key+ 2a of 0.6359 is achieved when
the fuel and clay layers are not mixed, no extra water is considered in the clay, and no Gd
is used (CRWMS M&O 1999h, Table 6-13, Page 48).

Figure 7-7. Degraded Waste Package Cross Section
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Figure 7-8. Waste Package Cross Section with the TRIGA SNF Intact on the Bottom

Figure 7-9. Waste Package Cross Section with the TRIGA SNF Intact on the Bottom Covered by
a Layer of Clay
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Figure 7-10. Waste Package Cross Section with the Fuel Degraded on the Bottom

7.3.2.3 Intermediate Degraded Configuration

In this section, a configuration using the scenario information from EQ6 Calculations for
Chemical Degradation of TRIGA Waste Packages (CRWMS M&O 1999i, Page 47), is
developed. The cases selected were the worst criticality cases identified by geochemistry
degradation analyses. These analyses showed that most of the fissile material (99%)
remains in the waste package, but only 46% of Gd (46% of initial 8.9 kg in intact
configuration) remains. In this configuration, the glass is quasi-intact but the DOE SNF
canister is fully degraded, and the TRIGA SNF is partially degraded. All degraded
components are in the clay. The degradation configurations assume partial degradation
of the HLW glass and the SNF, and full degradation of the DOE canister. Based on the
discussion presented in Section 6.2.1.1, from the material property point of view, the
sequence of events associated with these configurations are not probable.

A cross-sectional view of the waste package in this configuration is given in Figure 7-11.
A maximum kff + 2a of 0.9977 is achieved when 51% of. the slurry volume is water
(CRWMS M&O 1999h, Table 6-14, Page 49). However, it is very incredible that the Gd
(4 kg [46%]) will be homogenized over the entire volume of the waste package. It is
more likely that the Gd will remain around the fuel as shown in Figure 7-12. In this case,
k.ff -+ 2a is 0.6892 (CRWMS M&O 1999h, Table 6-14, Page 49).
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Figure 7-11. Waste Package Cross Section In an Intermediate Degradation Stage

H~~~~e*

3 TR~~~~~~~~~GA SNF

Figure 7-12. Waste Package Cross Section In an Intermediate Degradation Stage with Gd
Around the Fuel

7A SUMMARY

11l rods of TRIGA SNF with 8.9 kg Gd in the DOE SNF canister basket can be disposed
of in the S-DHLWIDOE Spent Fuel waste package without any criticality concern. The
intact DOE SNF canister does not need any Gd to be below the interim critical limit value
of 0.93. The analyzed intact and degraded waste package configurations cover all
anticipated scenarios. Bounding cases have been used for analyzing the configuration
classes that include a great number of variations.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 STRUCTURAL ANALYSIS CONCLUSIONS

The results from the 2-D FEA calculations show that there is sufficient clearance between
the inner diameter of the support tube and the outer diameter of the DOE SNF canister for
the DOE SNF canister to be removed from the waste package after a tipover DBE, which
results in the bounding dynamic load.

The maximum deformations in each component of the waste package shown in Section
3.3.2 are acceptable. The outer barrier is directly exposed to a dynamic impact with an
essentially unyielding surface. Therefore, local plastic deformations are unavoidable on
the outer surface. Similarly, the waste package basket support structure receives direct
impacts of the HLW glass pour canisters, which results in limited permanent
deformations of the basket plates.

The results given in Section 3.3.2 show that there would be no interference between any
of the fuel rods and the basket structure inside the DOE SNF canister.

In the light of the above discussions, it is concluded that the performance of the 5-
DHLWJDOE Spent Fuel waste package design is structurally acceptable when exposed to
a tipover event, which is the bounding DBE within the criteria specified in the SDD.

The SDD criteria for structural calculations (SDD 1.2.2.1.3, SDD -1.2.2.1.4, and SDD
1.2.2.1.6), cited in Section 2.2.1, have TBV-245. The analysis of the results indicates
that the waste package will withstand the events mentioned in the structural criteria by
meeting the limits by a margin of more than a factor of two. Therefore, the TBV-245 is
non-critical and is not carried through the conclusions in this section.

8.2 THERMAL ANALYSIS CONCLUSIONS

Based on the 2-D FEA calculations given in Section 4, the TRIGA waste package
satisfies all relevant governing criteria, as listed in Table 8-1. The maximum
temperatures are shown in Table 8-1. The HLW glass dominates the thernal heat output
of the waste package. The HLW glass and TRIGA SNF temperatures are below the
limits.

The SDD criteria for thermal calculations (SDD 1.2.1.8 and SDD 1.2.4.9), cited in
Section 2.2.2, have TBV-241 and TBV-251. As shown in Table 8-1 the analysis of the
results indicates that the cladding temperature criterion is met by more than 100 IC, and
the heat output limit is met by more than 5,000 W. The maximum waste package heat
output limit affects the repository performance. Since the actual heat output of 5-
DHLW/DOE Spent Fuel waste package with the DOE SNF canister containing TRIGA
SNF will not increase, an increase in the limit will have no effect on the conclusions
presented here. A decrease in the maximum heat output limit, on the other end, will
decrease the total heat generated in the waste package and therefore result in lower
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temperatures throughout the waste package. Hence the maximum DOE SNF cladding
temperature limit will not be exceeded. Therefore, the TBV-241 and TBV-25 1 are non-
critical and are not carried through the conclusions in this section. Note that TBD-179 (to
be determined) in SDD 1.2.1.8 does not apply, since it is a temperature criteria for DOE
fuels with cladding other than zircaloy or stainless steel.

Table 8-1. TRIGA Codisposal Waste Package Thermal Results and Governing Criteria

TRIGA Codisposal Waste
Waste Package Metric SDD Criterion Package Value

Maximum waste package heat output 18,000 W 5,227 W
Maximum HLW temperature 400 'C 214.5 SC

Maximum DOE SNF fuel cladding temperature i 350 'C 213.1 *C
codisposal waste package ' 350

NOTE: * This summary report does not specificafly report the results for HLW glass canisters. SDD
Criterion (SDD 1.2.1.6) from CRWMS M&O (1999o) for maximum HLW temperature is listed
for Infornation only.

8.3 SHIELDING ANALYSIS

The results of MCNP dose rate calculations show that the maximum dose rate on the
outer surfaces of the waste package is below 355 rem/h [SDD 1.2.4.7] design limit by
over a factor of 24. The maximum surface dose rate, which corresponds to the middle
segments of the waste package outer radial surface, is 14.060 ± 0.565 rem/.L The
contribution of the neutron dose rate to the total dose rate is negligible.

The SDD criterion for shielding calculations (SDD 1.2.4.7), cited in Section 2.2.3, has
TBV-248. The analysis of the results indicates that the dose rate at all external surfaces
of a loaded and sealed disposal container is below the criterion limit by a margin of more
than a factor of 24. Therefore, the TBV-248 is non-critical and is not carried through the
conclusions in this section.

8.4 GEOCHEMISTRY ANALYSIS

The degradation analyses followed the generic degradation analysis methodology
developed for application to all DOE SNF. This methodology identifies potential critical
configurations from intact through degraded. Sequences of events and/or processes of
component degradation were developed. Standard scenarios from the master scenario list
in the topical report were refined using the unique characteristics of TRIGA SNF.
Potentially critical configurations were identified and analyzed.

In the longer run cases (>300,000 yr.), most of the uranium was lost, with 0 to 14% of U
remaining at the end of the run. In the shorter run cases (-40,000 yr.) with the high rates
of glass degradation, the U remaining at the end of the run ranged from 0 to 11%. The
worst cases from stand point of criticality resulted in the highest U remaining (99.9%)
and the lowest Gd remaining (47%/) at the end of the run (-40.000 yr.). This case
occurred with high rate of steel degradation, average rate for glass degradation, and high
water drip rate. This scenario, is unlikely because the degradation process in the waste
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package starts at the satne time. The degradation in sequence resulted in essentially no
loss of Gd, and a few percent loss of U from the SNF.

8.5 INTACT AND DEGRADED CRITICALITY ANALYSES

All possible intact configurations, including different fuel enrichments and rod
geometries, optimum moderation conditions, and neutron absorber distribution were
investigated. The results of 3-D Monte Carlo calculations from the criticality analyses
showed the requirement of kfr + 2a less than or equal to 0.93 is satisfied for any credible
configurations of TRIGA fuel. In the intact configuration, the presence of Gd in the DOE
SNF canister basket is not necessary to meet this requirement.

A number of parametric analyses were run to address or bound the degraded
configuration classes discussed in Section 6.2.1. These parametric analyses addressed
identification of optimum moderation, optimum spacing, optimum fissile concentration,
and neutron absorber concentration/distribution requirements.

Two worst case degradation scenarios that lead to bounding configurations were
investigated for the criticality analysis of the degraded waste package. In the first
scenario, the DOE SNF canister degrades faster than the other internal components of the
waste package. In the second scenario, the DOE SNF canister degrades slower than the
other internal components of the waste package. In both scenarios, all aspects of
degraded configurations, including optimum moderation conditions and neutron absorber
distribution were investigated. Variations of the final stage of degradation, common to
both scenarios (all internal components of the waste package degraded) were also
analyzed.

The results for the degraded analysis indicate that the highest kff is achieved if the fuel
rods are intact in the degraded DOE SNF canister (basket fully degraded). This
configuration results in kff + 2a of less than or equal to 0.93 with at least 8.9 kg Gd
included in the DOE SNF Canister. The state of the other internal components of the
waste package has a negligible impact on kefr.

In summary, 111 rods of the most reactive TRIGA SNF with 8.9 kg Gd in the DOE SNF
canister basket can be disposed of in the 5-DHLW/DOE Spent Fuel waste package
without any criticality concern. The analyzed intact (undegraded, but re-arranged) and
degraded waste package configurations cover all anticipated scenarios. Bounding cases
have been used for analyzing the configuration classes that include a great number of
variations. With this design, there will be approximately 9 DOE SNF canisters with
TRIGA SNF, which corresponds to 9 waste packages, to dispose of 955 TRIGA SNF
rods.

The SDD criterion for criticality calculations (SDD 1.2.1.5), cited in Section 2.2.5, has
TBD-235. Intact and degraded criticality calculations include variations in moderator
composition and moderator densities, which encompass flooding the waste package.
Occurrence of design basis events, including those with the potential for flooding the
disposal container prior to disposal container sealing, is considered and analyzed by
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making very conservative assumptions through many different intact and degraded
configurations. Therefore, the TBD-235 is non-critical and is not carried through the
conclusions in this section.

8.6 ITEMS IMPORTANT TO SAFETY

As part of the criticality licensing strategy, items that arc important to safety are being
identified during evaluation of the representative fuel type that have been designated by
the NSNFP for analysis. As a result of the analyses performed for the evaluation of the
codisposal viability of TRIGA (UZrH) fuel, several items are identified as important to
safety. The DOE SNF canister shell is naturally an item that is important to safety since
it confines the fissile rods to a specific geometry and location within the waste package.
The basket that was designed for the DOE SNF canister containing the TRIGA SNF is
also an important safety item since it confines the fissile rods to a specific geometry and
provides thermal neutron absorption due to its high iron content. Based on the
conclusions derived in Section 8.5, some amount of neutron absorber must be distributed
on or in the DOE SNF canister basket; therefore, the neutron absorber material placed in
or on the DOE SNF canister basket is an item important to safety.

All calculations are based on I 11 TRIGA fuel rods per waste package. It was shown (in
Section 7.3.1) that no neutron absorber is required for the case of an intact waste package
configuration. On the other hand, it was shown (in Section 7.3.2) that degraded
configurations do require a neutron absorber to keep keir below 0.93. The degraded
configurations include varying degrees of degradation resulting in many different
geometric configurations and fissile distributions. Therefore, these degraded
configurations also bound the other types of TRIGA SNFs as long as the limits on fissile
mass and enrichment are not exceeded. The total mass of U-235 in a fuel rod should not
exceed the one used in deriving the conclusions in this report, which is equivalent to that
of TRIGA FLIP with 70% enrichment and 137 g U-235 per rod. This results in a waste
package mass limit of 15.2 kg of U-235.

The shielding source terms and thermal heat output of the fuel rods must not exceed the
ones used in the analyses. Specifically, the total gamma sources must not exceed
3.68E+15 gammas/s/canister of HLW and 2.6754E+13 gammas/s/rod of TRIGA fuel.
HLW glass thermal power should not exceed 690 W. If these limits are exceeded,
additional analyses must demonstrate that HLW glass canisters and/or fuel rods with
higher shielding source terms or thermal heat outputs will meet the required criteria.
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